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ABSTRACT 

Modelling Strategy for the Characterization and Prediction of IIFK-Based Hydrogel 

Stiffness for Cell Culture Applications 

By Eter Othman 

 

Due to the similar nature 3D synthetics share with in vivo cell conditions, peptide-based 

hydrogels pose an attractive strategy for the culturing of stem cells. One aspect of this unique cell 

culturing technique is the tunability of the hydrogel’s stiffness, a quality linked to stem cell 

differentiation. Due to this linkage, a methodology in which specific cell lineages are achieved 

within IIFK hydrogel cultures is proposed. This work provides an analysis for the peptide 

scaffold IIFK; it characterizes the effect between different peptide and PBS concentrations over 

the resulting hydrogel stiffness and develops a mathematical model to further elucidate this 

interaction. Nine different hydrogel formulations were made (with a minimum of eleven 

replicates each) and each of its replicate’s stiffness (storage modulus, Pa) was measured through 

rheological experiments. Then, two different methods of replicate selection were conducted and 

various models were derived, each using either of the two replicate selection methods and 

incorporating a specific number of replicates in their creation. Regardless of sample selection and 

replicate number, the generated models show extremely high significances between IIFK 

hydrogel stiffness and PBS concentrations over the resulting hydrogel stiffness. Data analysis 

shows that for IIFK, the hydrogel stiffness bears a strong behavior that can be modeled by a full 

quadratic equation. However, the data also shows that the dependency of the model is strongly 

correlated with the datasets chosen to produce it, with number of replicates and replicate values 

both resulting in differences in each model’s predictive reliability (e.g., 82% vs 91%). Therefore, 

while this thesis demonstrates the ability to model IIFK hydrogel behaviour with high 

predictability ratings, it also establishes the necessity of both producing more replicates as well as 

selecting the best values for IIFK-based hydrogel modelling. 
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CHAPTER 1: INTRODUCTION 

 

Bioprinting is a novel technique in which constructs are made for their use in biomedical 

applications [1]. A few popular constructs made for such purposes are dubbed hydrogels [2]. This 

type of construct can be made from a vast array of materials and via the inclusion of a number of 

laboratory techniques [3]. For instance, one such hydrogel is agarose-based, which is made by 

dissolving agarose (type VII) in ultra-pure water, autoclaving the mixture, heating it to 80 degrees 

C, and subsequently letting it cool to 40 degrees C in a stainless steel mold [4].  

In contrast to agarose-based gels, peptide-based gels have much simpler gelling 

requirements in that they neither require any heating instruments nor autoclaving procedures in 

their creations [5]. Peptide-based hydrogel constructs are made in either one of two ways. Similar 

to other hydrogels, the first method of hydrogel construct creation is via the use of custom molds 

customarily made as simple or complex as it pertains their usage; some examples include those of 

hollow cylinders [6] or even rat brain structures [7]. The second way of construct formation 

involves its printing using a robot arm following instructions on a G-code coding file. Due to the 

customizability of the G-code, the printed constructs are able to be printed in a vast array of three-

dimensional shapes, including those of organs [7]. Furthermore, in the case that the printing “ink” 

is functionalized to biological systems (i.e., is able to be integrated with living biological entities), 

such 3D constructs have the ability to house cells for the purpose of cell culturing [8].  

In either hydrogel formations methods (via robotic means or molds), in contrast to 2D 

culturing mediums –which are typically cell culture dishes- 3D constructs provide a more natural 

environment in which the cells grow in and have shown to promote more viability and gene 

expression levels than the alternative, at the very least for specific types of hydrogel formulations 

[5]. Furthermore, due to the tunability of specific hydrogel parameters, hydrogels are able to 

embody various conditions with only a few alterations in the peptide sequence design [9].  
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For the sake of this thesis, the hydrogel of interest is the one composed of the ultrashort 

peptide IIFK (Ile-Ile-Phe-Lys). This hydrogel was chosen since previous studies observed high 

cell viability within its culture [5]. In contrast, hydrogels composed of the ultrashort peptide IIZK 

(Ile-Ile-Cha-Lys) instead form stiffer gels, despite achieving lower cell viability within their cell 

cultures []. Whether this aspect can be attributed to the variability of stiffness throughout the 

individual gel, the inability of cells to migrate to nutrient-rich areas, the lack of high nutrient 

diffusion rates from the culture media, or all the factors mentioned, such aspects of hydrogel 

culturing protocols remain not completely understood. Moreover, unlike cell viability, cell 

differentiation was not a property that was investigated, at least not in the absence of special cell 

differentiation media (e.g., chondrogenic media) or differentiation factors (e.g., TGF-beta). This 

is an important aspect of culturing to consider since many types of differentiation media are very 

ineffective cost options [10]- [11], especially if many differentiated cell types are involved.  

 One characteristic of hydrogel constructs that has been shown to influence cell 

differentiation is its intrinsic stiffness, at least in the case for mesenchymal stem cells (MSCs)  

[12]- [17] [18]. Overall, many studies have observed that MSCs cultured in low stiffness 

hydrogels are linked to adipogenic cell differentiation [15]- [18], intermediate stiffnesses to 

chondrogenic differentiation [13]- [14] [17] [18], and high stiffnesses to osteogenic 

differentiation [15]- [18]. Unfortunately, since the notion of what constitutes as “high” or “low” 

stiffnesses is quite variable across various hydrogel types, its reported values cannot be used as a 

baseline for different hydrogels (e.g., IIFK-based hydrogels). Whether this is due to the 

variability of hydrogel types between the studies, the sources of the cultured cells used, or each 

study’s respective tested stiffnesses, no one stiffness value is characterized as being ideal for 

obtaining a particular cell lineage. For instance, one study found that MSCs derived from bone 

marrow formed a mineralized and collagen-1-rich matrix similar to bone in alginate-based 

hydrogels at stiffnesses of 17 kPa [16]. Conversely, another study found that adipose-derived 
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MSCs went through osteogenic differentiation on 30 kPa hydrogels composed of a mixture 

between 10% acrylamide/0.3%bis-acrylamide 9 (w/v)  [18]. These two studies exemplify the 

difficulty to pinpoint specific stiffness points to test for optimal cell differentiation types, 

especially since hydrogel type has such a great influence on cell differentiation as well.  

Another noteworthy point in relation to IIFK-based hydrogels is that -due to their 

novelty- the full range of their stiffness values remains to be measured. Because of this, one of 

the aims of this thesis is to fill this gap of knowledge. However, since both the synthesis of IIFK 

and the measurement of its hydrogel’s stiffness are neither time nor cost effective, only a few 

hydrogel formulations’ stiffnesses were measured, enough to form a central composite design. 

Using this design will allow us to compensate for the experimental aspect of high expenditures, 

paving the way for another goal of this thesis paper: to provide a predictive model that is able to 

accurately in silico determine the stiffnesses of different formulations of IIFK hydrogels 

mathematically. This way not only will the model provide a good basis for future stiffness-related 

experiments but will avoid the consumption of additional synthesis materials and reagents. This 

work will therefore hopefully provide the groundwork for more cost-efficient cell differentiation 

culture practices by taking in consideration the effect IIFK hydrogel stiffness has on cell 

differentiation patterns, consequently not requiring expensive differentiation media or other 

differentiation factors in their protocols. For instance, a single bottle of chondrogenic 

differentiation media (100mL) can cost up to 2,200 Saudi riyals from some vendors. Another 

pertinent example is TGF-beta3, a growth factor commonly used in chondrogenic differentiation; 

a single 100 µg vial of this can cost up to 3,000 Saudi riyals. Both these examples demonstrate 

the necessity of deriving simpler and more cost-efficient cell differentiation protocols, especially 

in studies where cell studies are ongoing for long durations. 

More so, the overall methodology presented in this paper (regarding the building of a 

specific hydrogel’s stiffness-dependent model) may exemplify the similarities or otherwise of 

https://www.sigmaaldrich.com/SA/en/substance/mesenchymalstemcellchondrogenicdifferentiationmedium1234598765?gclid=Cj0KCQiA8t2eBhDeARIsAAVEga3hOW3TtcGZQ-hqYaFumrAQ8sP4Kr8aD6z9YcU-gw0b05sN-m3K6ssaAsxYEALw_wcB&gclsrc=aw.ds
https://www.peprotech.com/en/recombinant-human-tgf-3-ecoli-derived
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numerous hydrogel types, at least in the overall behaviour of their stiffnesses. What this means is 

that even if differentiation patterns aren’t significantly changed as a result of stiffness, this thesis 

would still elucidate the characteristic stiffness of a single type of hydrogel while simultaneously 

provide a methodological base for the investigation of others.  

 

CHAPTER 2: RESULTS AND DISCUSSION 

 

2.1 Experimental Stiffnesses of Principal IIFK Hydrogel Formulations 

The first step in developing a model correlating an IIFK hydrogel’s stiffness with its formulation 

is the experimental measurement of that hydrogel’s storage modulus, a value that denotes tougher 

materials as it gets higher and likewise [1]. Furthermore, the storage modulus could be exploited 

with a model to better characterize and predict a peptide stiffness. To enable the modelling of the 

gathered data in a statistical software, first an experiment design consisting of nine different 

formulations of IIFK hydrogels were selected. Since the preparation of an IIFK-based hydrogel is 

primarily based of two components (amount of IIFK and concentration of PBS), the stiffness of 

its structure was controlled by their variability, with each parameter having three distinct levels, 

forming a central composite design. Therefore, these two parameters were chosen to be evaluated 

in the experimental design. The reasoning behind the selection of peptide amounts within 2mg 

and 14mg was due to two reasons: the long wait time associated with the hydrogel’s formation 

below 2mg of peptide and the high rate of nozzle clogging during bioprinting applications when 

using peptide amounts above 13mg. 

Secondly, due to the nature of IIFK hydrogels variability and operator error, statistically a 

minimum of 11 replicates for each hydrogel composition were made and their storage moduli 

measured. The resulting storage moduli of each hydrogel formulation is shown in Figure 1 and 

will be referred to in the rest of this document as the principal hydrogel formulations. Replicate 
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outliers are marked in circles. As can be seen below, hydrogels formulated with higher amounts 

of IIFK and higher PBS concentrations have much larger stiffness variations than the contrary. 

Whether this is due to the heterogeneity of the prepared hydrogels due to operator error remains 

to be seen. Nonetheless, the data supports the notion of hydrogel stiffness tunability, using only 

peptide amount differences and PBS changes.  

 

Figure 1. Experimental Stiffnesses of Principal IIFK Hydrogel Formulations 

 

2.2 Data Selection and Stiffness Differences Across IIFK Hydrogel Formulations  

The second step in the development of an IIFK hydrogel’s stiffness model is the selection of 

values to include in its creation. This is an important step since the high variability of any one 

hydrogel condition’s stiffness will negatively affect the overall accuracy of that model’s 

predictive ability. As such, two types of data selection processes were compared, dubbed “Sample 

selection A” and “Sample selection B”, of which their methodologies are emphasized in Section 

4.3. In order to determine whether PBS concentration and/or IIFK amounts changes were enough 

to cause a significant change in the forming hydrogels’ stiffnesses, 2-way ANOVA tests with 
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post-hoc Tukey’s tests were conducted; this analysis was conducted in order to determine 

whether hydrogel stiffness tunability can be affected drastically via the alteration of one of its 

variable parameters. The importance of this analysis rests in the idea that unlike PBS (which is a 

commercially available reagent commonly used in cell culturing protocols) peptides are 

manufactured in-house and are a time- and reagent-extensive process. Therefore, this analysis 

was conducted to test whether PBS changes in hydrogel formulations have the same degree of 

hydrogel stiffness changes as do peptide amount changes. The results of those tests can be seen in 

Table 1 below.  

Table 1. Two-way ANOVA: Difference between IIFK Hydrogel Formulations 

Difference in 

hydrogel 

formulation 

Formulation A Formulation B 

P-Value 

Sample 

selection A 

Sample 

selection B 

Only IIFK 

amount (mg) 
2mg IIFK with 4X PBS 14mg IIFK with 4X PBS 2.28 x 10-6 6.86 x 10-7 

2mg IIFK with 7X PBS 14mg IIFK with 7X PBS 1.19 x 10-5 1.80 x 10-5 

2mg IIFK with 10X PBS 14mg IIFK with 10X PBS 5.10 x 10-8 7.09 x 10-10 

Only PBS 

concentration 
2mg IIFK with 4X PBS 2mg IIFK with 10X PBS 1.30 x 10-5 8.21 x 10-5 

8mg IIFK with 4X PBS 8mg IIFK with 10X PBS 0.0002 4.37 x 10-5 

14mg IIFK with 4X PBS 14mg IIFK with 10X PBS 5.65 x 10-6 4.19 x 10-8 

Both IIFK 

amount (mg) 

and PBS 

concentration 

2mg IIFK with 4X PBS 14mg IIFK with 10X PBS 1.32 x 10-8 6.89 x 10-10 

2mg IIFK with 10X PBS 14mg IIFK with 4X PBS 0.000120 1.89 x 10-5 

Note: the Tukey test considers a P-value <0.001 to be highly significant, <0.02 as very 

significant, and <0.05 as significant. 

 

As can be seen in Table 1, regardless of the method of data selection used (A or B), all 

listed comparisons show highly significant (p-value < 0.001) differences between the stiffnesses 

achieved by any two hydrogel formulations. However, just by comparing the magnitudes of the p-

values obtained signifies the importance of sample selection in the development of a model as 

well as the establishment of a true difference. Because of this, when modelling hydrogel stiffness, 
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more replicates may need to be evaluated and/or other selection methodologies considered. 

Nonetheless, the data supports the idea of hydrogel stiffness tunability, at least in regard to those 

made with IIFK.  

Another approach that may yield better predictive models is the building of models with 

smaller changes in IIFK amounts or PBS concentration (e.g., in the range from 2-8mg IIFK and 

4X-7X PBS instead of 2mg-14mg and 4X-10X, respectively). Unfortunately, the building of such 

a model would require more rheological data as each model must be made with a minimum of 9 

different hydrogel formulations (a requirement of a central composite design). While this 

endeavor was planned to be conducted following the obtainment of rheology data for the 

principal hydrogel formulations, a closer evaluation of other projects involving IIFK-based 

hydrogels showed high variability of its characteristics. For instance, while this paper reports 

certain stiffness values of certain formulations of IIFK-based hydrogels, those same formulations 

show drastically different values when measured in other papers [5]. Moreover, upon the inquiry 

of the drastic differences between rheological datasets, it was elucidated that perhaps IIFK batch 

variation could result in such values, therefore hindering my ability in obtaining more rheology 

data (as the batch used in obtaining rheology for the principal formulations was depleted). 

 

2.3 Data Selection and Stiffness Differences within IIFK Hydrogel Sub-

Formulations 

Another aspect that is of interest is the deduction of which of the two hydrogel formation 

parameters (IIFK amount and PBS concentration) gives rise to the biggest change in its measured 

stiffness. This is a particularly noteworthy point since unlike IIFK, which must be synthesized in 

a time-consuming process, PBS solutions are much easier to obtain and are used in other 

applications as well. The results of this statistical analysis can be seen in Table 2 below. 
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Table 2. Two-way ANOVA: Difference within IIFK Hydrogel Sub-Formulations 

Difference in 

formulations 
Sub-formulation A Sub-formulation B 

P-Value 

Sample 

selection A 

Sample 

selection B 

PBS concentrations 

(4X, 7X, 10X) 

 

4X PBS 7X PBS 3.81 x 10-5 0.0020538 

4X PBS 10X PBS 1.87 x 10-9 9.57 x 10-10 

7X PBS 10X PBS 0.014806 1.95 x 10-6 

IIFK amounts  

(2mg, 8mg, 14mg) 

2mg IIFK  8mg IIFK  9.56 x 10-10 9.56 x 10-10 

2mg IIFK  14mg IIFK 9.56 x 10-10 9.56 x 10-10 

8mg IIFK 14mg IIFK 0.057055 0.00050672 

Note: the Tukey test considers a P-value <0.001 to be highly significant, <0.02 as very 

significant, and <0.05 as significant. 

 

Due to the high differences of p-values calculated between sample selection methods, it is 

hard to discern which hydrogel parameter elicits a greater degree of stiffness change, although in 

almost all cases do their variations pose highly significant differences. For instance, while 

comparing the stiffnesses attained by hydrogels made of 8mg and 14mg of IIFK, the sample 

selected via method A is not significant (p-value = 0.057055) while the sample selected via 

method B is highly significant (p-value = 0.00050672). Despite this specific example, the rest of 

the calculated p-values seem to somewhat agree on the significance between any two hydrogel 

sub-formulations. What this translates to is that while neither parameter seems to fare better in 

increasing hydrogel stiffness, increasing either one will produce a significantly stiffer hydrogel. 

Because of this observation as well as IIFK’s time-consuming price point, the remainder of this 

thesis will focus on the changing of PBS concentrations to induce tunable hydrogel stiffness 

ranges. 

 

2.4 Model Composition via Minitab Statistical Software 

The next step in the development of a model that explains IIFK hydrogel stiffness as a function of 

its components is the usage of regression methods to analyze its behaviour. For this purpose, a 
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statistical software called Minitab was used. In it, different replicate groups of varying numbers 

of replicates (minimum six, maximum 10) underwent four different regression types, which are 

summarized in Table 3. These characteristic equations are used for the development of an 

interactive surface plot later on, marking their importance. 

Table 3. Regression Types in Minitab Statistical Software 

Linear regression 

𝒔𝒕𝒊𝒇𝒇𝒏𝒆𝒔𝒔 = 𝑪 + [𝒙𝟏 ∙ 𝑰𝑰𝑭𝑲] + [𝒙𝟐 ∙ 𝑷𝑩𝑺] 

Linear with Interaction regression 

𝒔𝒕𝒊𝒇𝒇𝒏𝒆𝒔𝒔 = 𝑪 + [𝒙𝟏 ∙ 𝑰𝑰𝑭𝑲] + [𝒙𝟐 ∙ 𝑷𝑩𝑺] + [𝒙𝟑 ∙ 𝑰𝑰𝑭𝑲 ∙ 𝑷𝑩𝑺] 

Linear with Squares regression 

𝒔𝒕𝒊𝒇𝒇𝒏𝒆𝒔𝒔 = 𝑪 + [𝒙𝟏 ∙ 𝑰𝑰𝑭𝑲] + [𝒙𝟐 ∙ 𝑷𝑩𝑺] + [𝒙𝟑 ∙ 𝑰𝑰𝑭𝑲𝟐] + [𝒙𝟒 ∙ 𝑷𝑩𝑺𝟐] 

Full Quadratic regression 

𝒔𝒕𝒊𝒇𝒇𝒏𝒆𝒔𝒔 = 𝑪 + [𝒙𝟏 ∙ 𝑰𝑰𝑭𝑲] + [𝒙𝟐 ∙ 𝑷𝑩𝑺] + [𝒙𝟑 ∙ 𝑰𝑰𝑭𝑲𝟐] + [𝒙𝟒 ∙ 𝑷𝑩𝑺𝟐]

+ [𝒙𝟓 ∙ 𝑰𝑰𝑭𝑲 ∙ 𝑷𝑩𝑺] 

Where stiffness is the storage modulus (in Pa), C is a constant, xn are coefficients, 

IIFK is the amount of IIFK in the hydrogel (in mg), 

and PBS is the concentration of PBS used in the hydrogel’s formation 

 

Due to the sheer number of regression types as well as the number of replicates each can 

be composed of, many models can be made and evaluated. However, in order to effectively 

compare the reliability of a regression type as it relates to the number of replicates included in it, 

Minitab introduces a factor called the adjusted R2 (R-sq(adj)). Using this factor, it is possible to 

compare the efficacy of two or more models regardless of the number of replicates each is based 

on or the type of regression they’re put through. Using our experimental data, the resulting 

adjusted R2 values were obtained from fitting the rheological measurements to an equation for 

IIFK; this can be seen in Table 4. 
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Table 4. Adjusted R2 (R-sq(adj)) Values Across Regression Types and Replicate Numbers 

Regression  Full quadratic  Linear with 

squares  

Linear with 

interactions  

Linear  

Sample selection A B A B A B A B 

10 replicates 70.44% 85.54% 66.26% 80.72% 62.72% 80.81% 58.75% 76.18% 

9 replicates 74.70% 87.43% 69.67% 82.98% 67.77% 84.06% 62.97% 77.70% 

8 replicates 79.58% 92.80% 73.24% 84.33% 71.84% 87.24% 65.83% 79.13% 

7 replicates 85.60% 90.92% 79.54% 79.80% 75.50% 86.99% 69.86% 76.36% 

6 replicates 85.58% 91.87% 79.59% 82.04% 77.02% 89.33% 71.47% 75.56% 

 

Regardless of the type of sample selection method used on the replicate groups, the 

values in Table 4 indicate that the data representative by hydrogel stiffness is best described via a 

full quadratic equation. Something of interest to note though is that while the highest R-sq(adj) 

for sample selection A is a full quadratic model based on seven replicates, the highest for sample 

selection B is with 8 replicates instead. Another notable observation is that overfitting occurs 

once the number of replicates decreases past the optimal model’s replicate count for both sample 

groups, as evidenced by the sudden decrease in their R-sq(adj). For instance, while the R-sq(adj) 

of the generated full quadratic models made with replicates chosen via selection process A 

generally increase with the inclusion of lesser replicates (i.e., 70.44% using ten replicates and 

85.60% using seven replicates), the generation of a full quadratic model using six replicates 

breaks that increasing pattern via a lower R-sq(adj) (85.58%). This can also be observed for 

models made via replicates chosen via selection process B as well. These pieces of information 

suggest that more replicates are needed, smaller ranges of IIFK and PBS changes may need to be 

considered, or at the very least more techniques to select replicates be developed.  

Another factor that is taken into consideration regarding a model’s reliability is its 

predictive ability, the R-sq(pred). A parameter that ranges from 0% to 100%, the R-sq(pred) 
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measures a model’s capacity to accurately predict a value of some sort, in this model’s case the 

stiffness of an IIFK-based hydrogel. These figures are represented in Table 5 below. As to be 

expected, similar to the results obtained in Table 4 regarding the R-sq(adj), the highest R-

sq(pred) also belongs to the full quadratic regressions, with samples selected using methodology 

A similarly achieving it with seven replicates and sample B with eight replicates.  

Table 5. Predicted R2 (R-sq(pred)) Values Across Regression Types and Replicate 

Numbers 

Regression  Full quadratic  Linear with 

squares  

Linear with 

interactions  

Linear  

Sample 

selection 
A B A B A B A B 

10 

replicates 
64.52% 82.63% 59.60% 76.92% 56.41% 77.46% 51.91% 72.08% 

9 replicates 69.37% 87.43% 63.42% 79.47% 62.27% 81.47% 56.71% 73.80% 

8 replicates 75.04% 91.24% 67.43% 80.93% 66.85% 85.09% 59.81% 75.21% 

7 replicates 82.17% 88.82% 74.82% 75.13% 70.92% 84.54% 64.23% 71.53% 

6 replicates 81.67% 89.93% 74.48% 77.54% 72.07% 87.10% 65.67% 75.56% 

 

2.5 Model Validity: Prediction VS Experimental Data 

While both the R-sq(adj) and the R-sq(pred) parameters are important factors that can evaluate 

the reliability of a given model, such values do not substitute all other noteworthy model 

characteristics, one of which is true model accuracy. In other words, validating the model using 

experimentally obtained data is crucial. For this reason, two different surface plots were made 

using the equations attained from the best regression models of each respective replicate selection 

method: full quadratic seven replicate model for sample selection A and the full quadratic eight 

replicate model for sample selection B.  
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From each of these two plots, the nine principal hydrogel formulations are highlighted 

and their respective stiffnesses noted. The stiffness values for selection method A’s model can be 

seen in Figure 2 while those for selection method B’s model can be seen in Figure 3.  

 

 Since many models were made in the course of this thesis (each with varying replicate 

numbers), each model’s replicate numbers do not necessarily indicate the number of replicates 

Figure 2. Surface Plot of Full Quadratic 7 Replicate Model (Sample Selection A) 

Figure 3. Surface Plot of Full Quadratic 8 Replicate Model (Sample Selection B) 
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needed for comparison. For instance, in a model made with 100 replicates, it is unclear whether 

35, 72, or any number of replicates need to be conducted for comparison. Because of this, in 

addition to the comparison of like-numbered models and experimental replicate numbers (e.g., 10 

replicate experimental data and a 10 replicate-based model), other comparisons were made as 

well. These assessments, as they pertain to the full quadratic models made with sample selections 

B, can be seen in Table 6. 

Table 6. Validating Full Quadratic Models: Percent Differences and Standard Deviations 
Sum percent differences are in the first respective columns while the sum of their standard deviations is in the second 

column (italicized) 

 

# Experimentally obtained replicates of hydrogel formulations  

(sample B, averaged) 
Sum 

10 9 8 7 6 
% 

difference 

Standard 

deviation 

# 

Replicates 

in model 

10 112.33 15.38 120.90 17.64 124.71 17.81 158.55 23.88 150.48 21.55 666.97 96.26 

9 97.93 13.43 43.32 6.18 56.27 6.97 95.51 16.04 128.49 18.13 421.52 60.75 

8 90.31 12.23 44.85 5.72 31.96 4.53 87.69 13.94 100.78 14.93 355.59 51.35 

7 108.89 15.35 92.47 14.90 77.13 12.42 104.85 14.20 118.24 15.78 501.58 72.65 

6 113.56 15.91 122.57 18.06 102.50 16.38 144.14 19.65 120.92 15.44 603.69 85.44 

Sum 

% 

difference 523.02 424.11 392.57 590.74 618.91 

 
Standard 

deviation 72.3 62.5 58.11 87.71 85.83 

 

To interpret the data presented in Table 6, each non-italicized cross section of a row and 

column (aside from the Sum column and Sum row) represents the summed percent differences 

between two values: a given model’s predicted hydrogel stiffness and the average of a specified 

number of experimental replicates. For example, the value 44.85 in the row [# Replicates in 

model = 8] and column [# Experimentally obtained replicates … = 9] signifies that when 

comparing the average of nine experimentally obtained stiffnesses (of each hydrogel formulation) 

with their respective hydrogel formulation’s stiffnesses in a full quadratic model based on eight 

replicates, the sum of the absolute values of the percent difference equals 44.85%. The value of 

5.72 beside it (italicized) represents the sum of the standard deviations of the individual percent 
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differences included in that sum (44.85). The Sum row (on the bottom) shows the sum of each of 

the percent differences and standard deviations of each column (experimental replicate number); 

it therefore demonstrates how the number of experimental replicates can affect the suitability of 

stiffness comparison with a model. Similarly, the Sum column (on the right) shows the sum of 

each of the percent differences and standard deviations of each row (number of replicates model 

is based on); because of this, these sums show how model validity is affected by the number of 

replicates used in their creation. 

All in all, looking at the data presented in Table 6, the eight-replicate full quadratic 

model is shown to empirically provide the closest estimations for IIFK hydrogel stiffness, with its 

comparison to the eight-replicate average giving the least summed percentage difference as well 

as the least standard deviation in those estimations. While this may suggest that similarly liked 

models and replicates can be compared with high accuracy, all other models showed otherwise. 

Something of interest to note, however, is that neither increasing nor decreasing the replicate 

count improves the accuracy of the attributed model. This is evidenced by the increase in percent 

differences when compared with the ten- and six-replicate models. However, such a difference 

could be attributed to the specific experimental data points gathered. In either case, more 

replicates are needed to discern the true effect of replicate inclusion or exclusion.  

2.6 Cell Culture Studies  

In order to determine the effect of IIFK hydrogel stiffness on MSC differentiation, cell culture 

studies were set up. These consisted of IIFK hydrogels of the mentioned principle hydrogel 

formulations made and molded using the wells in a 24-well plate in triplicate (nine formulations 

with three samples each). They would then be seeded with MSC grown in 2D culture flasks at a 

specific seeding volume of 4,000 cells/cm2. Since the effect of stiffness would be investigated 

over 28 days, two 24-well plates were set up for confocal images at day 14 (early differentiation) 

and day 28 (late differentiation).  
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Two early differentiation markers were chosen for each of the three MSC lineages investigated: 

CEBPD (delta) and CEBPB (beta) for adipogenesis; SOX9 and SOX5 for chondrogenesis; and 

Runx2 and Sp7 for osteogenesis. Additionally, two late differentiation markers were also 

selected: PPARG (gamma) and CEBPA (alpha) for adipogenesis; COL10A1 and COL2A1 for 

chondrogenesis; and BGLAP and SPP1 for osteogenesis. These items were purchased from 

Thermofisher Scientific. The original plan was to conduct the gene expression analyses on day 7 

for early differentiation and day 21 for the late differentiation. Unfortunately, due to the 

accidental happenstance of cell culture contamination on day 5 post-culture, this resulted in the 

lack of cell data available for publishing. Even more so, while the hope of this thesis was to 

investigate cell culture differentiation patterns as a result of IIFK-hydrogel stiffness, the cell data 

couldn’t be redone; this is because the batch of peptide used for the rheological measurements 

was depleted (and previous observations suggested batch variability).  

 

CHAPTER 3: CONCLUSIONS 

When it comes to cell culturing practices, many protocols are devised to ensure various cell-

related factors remain optimal. One such protocol that is present in many cell culturing 

methodologies is the use of three-dimensional peptide-based hydrogels -for instance, of IIFK- 

which was shown to increase cell viability. However, with the usage of hydrogels comes the 

introduction of another factor: stiffness, which studies observed has a prominent effect on 

mesenchymal stem cell differentiation. Because of this parameter, this thesis not only aims to 

provide the background in which IIFK hydrogel stiffness is traversed but design a model in which 

it can be predicted for future cell culture practices. This thesis covers many facets of model 

building, from the gathering of the principal hydrogel formulations’ stiffnesses to deducing the 

accuracy of the produced model. However, there are several challenges observed when 

developing the modeling, which will be addressed in this chapter. The first challenge -and 
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perhaps the most prominent- of the given model is the notion of insufficient replicate 

measurements or experimentally tested hydrogel conditions. This is a limitation not only of time 

but also of resources, as peptides are both costly to manufacture and time-consuming to measure 

their resulting hydrogels. Another peptide-based constraint concerns the idea of batch-specific 

parameters, a concept that mostly affects high-volume peptide-based experiments, which is the 

case of the one presented in this thesis. Fortunately, more data points or hydrogel conditions may 

be able to offset any or all of the batch-related differences. The second limitation presented in the 

progression of this thesis pertains to the difficulty in the optimization for optimal replicate 

selection technique. This is especially true in the case of hydrogel stiffness since such values have 

a high tendency of deviating at high measurements. One method that could alleviate such a 

drawback is via the incorporation of machine learning modelling techniques or by shortening the 

range of IIFK and PBS changes included in the produced models. Unfortunately, while more 

rheological states of IIFK hydrogels were considered for measuring (to shorten the range of 

formulations from a max limit of 8mg IIFK instead of 14mg and 7X instead of 10X for PBS), the 

depletion of the batch of IIFK used for the initial rheological measurements hindered this 

endeavor. The second limitation -which also relates to the aforementioned one- refers to the 

complexity of assigning weights to any one replicate’s value. In other words, making the choice 

to include a value and assign a weight or discarding it and measuring another one poses a 

complex process in which automation is needed. This is perhaps one of the greater limitations of 

the model, exacerbated only by the manual input and assessment of data in various analysis tools. 

And finally, the last limitation pertains to the uncertainty of what parameters to truly consider 

when formulating and measuring hydrogel stiffness. For instance, while IIFK-based hydrogels are 

composed mainly of IIFK and PBS, the intrinsic parameters of each of those components may be 

a variant (e.g., PBS temperature, PBS pH, IIFK water content, and etcetera). Because of this, such 

a limitation may need to be considered in future works. All in all, while the first two of the 
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mentioned limitations do pose hindrances in the determination of the true accuracy of the 

proposed models, this thesis still demonstrates the possibility of applying a modelling strategy to 

predict the values of select points with minimal percent differences. With the synthesis of more 

IIFK, more replicates may be added to the model or even other hydrogel formulations’ stiffnesses 

measured. This way, the model’s validity will be corroborated throughout the range of hydrogel 

formulations rather than focus its entirety on a mere few. Moreover, while it was with great 

misfortune and sorrow that the conduction of cell culture studies was not able to commence due 

to peptide batch exhaustion and contamination errors, overall, the enhancement of the model will 

not only form the baseline of the characterization of IIFK’s stiffness spectrum but form the 

precedent needed to link it with perhaps cost-efficient and reproducible three-dimensional 

culturing practices in which certain cell lineages can be achieved more readily through the 

tunability of hydrogel stiffness. 

 

CHAPTER 4: METHODS 

 

4.1 IIFK (Ac-Ile-Ile-Phe-Lys-NH2) synthesis 

Peptide was synthesized by solid-phase peptide synthesis (SPPS) using a CS136X CS Biopeptide 

synthesizer. The peptide coupling was conducted on rink amide resin by aging the resin in a 

mixture of TBTU (3eq.), HOBt (3eq.) DIPEA (6 eq.), and Fmoc-protected amino acid (3eq.). We 

used 20% (v/v) piperidine/DMF to deprotect the Fmoc group on the N-terminus of the peptide 

sequence before continuing to the next coupling step. After coupling the last amino acid to the 

peptide sequence on the resin, the sequence was capped with an acetyl group. All of those steps 

were conducted within the synthesizer. The resin was then transferred out of the synthesizer and 

cleaved with an acidic solution of TFA, TIS, and water. The collected peptide was purified using 
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an Agilent 1260 Infinity Prep-HPLC with Zorbax PrepHT SB-C18 column. The purity of the 

peptides was further analyzed by analytical LC-MS and NMR. 

 

4.2 IIFK Hydrogel Preparation for Rheology 

Hydrogels were prepared by dissolving a given amount of IIFK powder in 1mL of MilliQ water 

and vortexed until dissolved. The IIFK solution was left to sit for at least half an hour to lower the 

amount of air bubbles present due to high-speed vortexing. To avoid the forming hydrogels from 

attaching to the 8 mm rheology rings they are molded in, the rings were soaked in Sigmacote for 

20 minutes and allowed to dry in the fume hood for 1 hour. The hydrogels were then made by 

pipetting 135 microliters of the IIFK solution into each and all of the rings (up to 12 rings) and 

then 15 microliters of a given concentration of PBS, depending on the hydrogel’s composition. 

Each hydrogel formulation was incubated in a lidded and Parafilmed plastic petri dish for at least 

20 hours (and no more than 24 hours) prior to the data gathering process. Wet Kimwipes were 

kept in the petri dishes to avoid the hydrogels from dehydrating during the incubation. 

 

4.3 Rheological Data Gathering and Analysis 

Stiffnesses (storage moduli, in Pa) of all hydrogel formulations were gathered using a rheometer 

set to 5-minute time sweeps at a temperature of 37°C. All hydrogel formulations (principal and 

secondary) had at least 11 replicates and were prepared as mentioned in section 4.1 above. 

 

4.4 Rheological Data Selection Process 

Data selection was performed in order to lower the standard deviation as much as possible in the 

rheological datasets for each hydrogel formulation. Replicate groups for the use in statistical 

analyses were selected using one of two methods (although both methods excluded outliers). The 

first (referred to as A in this thesis) pertained to the inclusion of values within the 25th and 75th 
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percentile and the addition of those closest to the average in the cases where more replicates were 

needed. The second method (referred to as B in this thesis) concerned the following steps: 

ordering the data lowest to highest; grouping said data in groups of N replicates, starting from the 

first replicate; calculating the standard deviation of each group and noting the lowest; noting that 

standard deviation’s respective replicate group. Both methods revise their selections in the case 

that an outlier is amongst them due to low standard deviation. 

 

4.5 Minitab Statistical Analysis 

 

4.5.1 Design of Experiment  

The design of the experiment was set as a response surface based off a full face-centered central 

composite design with 1 block, 13 runs, and 2 continuous factors (mg IIFK and PBS 

concentration). In order to have each principal hydrogel formulation have the same number of 

replicates, the block is set on the replicates. The levels for the design are the cube points. The first 

factor, mg IIFK, has 3 levels (2 mg, 8 mg, and 14 mg) while the second factor, PBS 

concentration, also has 3 levels (4X, 7X, 10X), forming a central composite design. The resulting 

response surface is therefore based on the replicates of 9 principal hydrogel formulations, which 

can be seen in the highlighted boxes in Table 7 below. 

Table 7. Principal Hydrogel Formulations Listed by Main Components 

 PBS concentration 

4X 7X 10X 

A
m

o
u
n
t 

o
f 

II
F

K
 2mg 2mg IIFK with 4X PBS 2mg IIFK with 7X PBS 2mg IIFK with 10X PBS 

8mg 8mg IIFK with 4X PBS 8mg IIFK with 7X PBS 8mg IIFK with 10X PBS 
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14mg 14mg IIFK with 4X PBS 14mg IIFK with 7X PBS 14mg IIFK with 10X PBS 

 

4.5.2 Regression Analysis 

Rheological data was entered manually into Minitab according to the number of included 

replicates as well as the method of selecting such replicates (refer to section 4.3 above). All types 

of regression analyses were made on the datasets in this thesis (full quadratic, linear with 

interactions, linear with squares, and linear regression). Each regression analysis’ model summary 

and regression equation were recorded. 

 

4.6 Two-Way ANOVA Statistical Analysis 

MATLAB code was used to conduct a 2-way ANOVA test with post-hoc Tukey’s test on each of 

the rheological replicate groups shown in this thesis. Both types of sample selections used the 

replicate group that was used to produce the highest accuracy model (7 replicate group for sample 

selection A, 8 replicate group for sample selection B).  P-values below 0.05 are considered 

significant, while those below 0.02 are considered very significant, and those below 0.001 are 

considered highly significant. 

 

4.7 Interactive Response Surface Plot Generation 

MATLAB code was used to generate interactive response surface plots from the regression 

equations produced by Minitab (refer to section 4.4.2). This was done to allow the selection of 

untested hydrogel formulations and determine their respective predicted stiffnesses for the 

purpose of comparison.  
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