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TITLE 

 

Abstract 

The extracellular matrix (ECM) is a complex, hierarchical material containing structural and 

bioactive components. This complexity makes decoupling the effects of biomechanical 

properties and cell-matrix interactions difficult, especially when studying cellular processes in a 

3D environment. Matrix mechanics and cell adhesion are both known regulators of specific 

cellular processes such as stem cell proliferation and differentiation. However, more information 

is required about how such variables impact various neural lineages that could, upon 

transplantation, therapeutically improve neural function after central nervous system (CNS) 

injury or disease. Rapidly Assembling Pentapeptides for Injectable Delivery (RAPID) hydrogels 

are one biomaterial approach to meet these goals, consisting of a family of peptide sequences 

that assemble into physical hydrogels in physiological media. In this study, we studied our 

previously reported supramolecularly-assembling RAPID hydrogels functionalized with the 

ECM-derived cell adhesive peptide ligands RGD, IKVAV, and YIGSR. Using molecular 

dynamics simulations and experimental rheology we demonstrated that these integrin-binding 

ligands at physiological concentrations (3-12 mM) did not impact assembly of the KYFIL 

peptide system. In simulations, molecular measures of assembly such as hydrogen bonding and 

pi-pi interactions appeared unaffected by cell-adhesion sequence or concentration. Visualizations 

of clustering and analysis of solvent accessible surface area (SASA) indicated that the integrin-

binding domains remained exposed. KYFIL or AYFIL hydrogels containing 3 mM of integrin-

binding domains resulted in mechanical properties consistent with their non-functionalized 

equivalents. This strategy of doping RAPID gels with cell-adhesion sequences allows for the 

precise tuning of peptide ligand concentration, independent of the rheological properties. The 

controllability of the RAPID hydrogel system provides an opportunity to investigate the effect of 

integrin-binding interactions on encapsulated neural cells to discern how hydrogel 

microenvironment impacts growth, maturation, or differentiation. 

 

1. Introduction 

Hydrogels are water-swollen polymer networks capable of mimicking biochemical and 

biophysical attributes of the native extracellular matrix (ECM) [Murphy, and Lampe, 2015; 

Russell, and Lampe, 2016; Brown, and Anseth, 2017] . Due to their tailorable properties, 

engineered hydrogels have a wide range of therapeutic applications including cell-based 

therapies [Marquardt et al., 2020; Zhong et al., 2010; Payne et al., 2019] . Hydrogels require 

crosslinking for assembly, which can be mediated by either covalent or physical interactions. In 

addition to naturally-occurring physical hydrogels like gelatin, collagen, and alginate, synthetic 

and natural polymers have been grafted with moieties that physically interact to create robust 

hydrogels [Mann et al., 2017; Dånmark et al., 2016; Ding et al., 2018; Wong Po Foo et al., 2009; 

Clarke et al., 2017; Rodell et al., 2013; Sumey et al., 2023]. Another physical gelation 

mechanism builds on supramolecular assembly of small peptide molecules, in some cases only 2-

5 amino acids long, that create fiber networks held together by physical interactions such as 

hydrogen bonding and pi-pi stacking [Tang et al., 2019a; Schneider et al., 2002; Hartgerink et 

al., 2001; Jayawarna et al., 2006; Smith et al., 2008]. Frequently, these physical interactions 

endow the bulk hydrogel with shear-thinning and self-healing abilities, thereby enabling 

injection and cell delivery. With their robust and controllable physical properties, peptide gels 
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make excellent biomaterial candidates for cellular instruction if they can be modified to support 

direct cellular interactions. 

 

While hydrogels are useful for mimicking aspects of the ECM and are conducive to cell growth, 

understanding the factors that influence specific processes in central nervous system (CNS) cell 

types remains elusive. Some mimics of the CNS extracellular matrix (ECM) support 

physiologically relevant development of cell morphologies and interactions [Larsen, and Yong, 

2004; Banerjee et al., 2009; Veiga et al., 2011; Lee et al., 2012; Diao et al., 2015; Meco et al., 

2020]. Both specific cell-matrix interactions as well as mechanical properties of the 

microenvironment influence the differentiation and proliferation of lineage-restricted progenitor 

cells, such as oligodendrocyte precursor cells (OPCs) [Asmani et al., 2013] [Urbanski et al., 

2016; Russell, and Lampe, 2017]. Thus, in order to properly investigate cell-matrix interactions 

of neural cells and their surrounding microenvironment independent of the influence of 

differential biomechanical cues, it is important to decouple the synergistic effects of 

biomechanical properties and integrin-binding on cell fate. We have previously shown our 

hydrogel system, rapidly assembling pentapeptides for injectable delivery (RAPID), to be an 

excellent candidate for encapsulating neural cells with easily tunable rheological properties 

[Tang et al., 2019a; Tang et al., 2019b]. The modularity of this fiber-forming peptide system 

would permit the study of integrin-mediated cell-matrix interactions of encapsulated cells 

independently of hydrogel stiffness. 

 

Cell-ECM interactions are frequently governed by adhesive peptide sequences like RGD, 

IKVAV, and YIGSR. These sequences have been successfully immobilized in synthetic 3D 

hydrogels to bind integrins on the cell surface and modulate cell behavior [Weber et al., 2007; 

Tibbitt, and Anseth, 2009; Miller et al., 2010; Madl et al., 2016]. These adhesive sequences have 

specific impacts on neural phenotype in 3D hydrogels, where their presence may be an important 

determining factor. RGD is derived from fibronectin, but is also found in collagen type I, 

fibronectin, laminin, and other matrix proteins [Thompson et al., 1991]. In hydrogels, RGD 

increases neurite outgrowth from both dorsal root ganglia neurons [Lampe et al., 2013] and 

neural stem cells (NSCs) [Fischer et al., 2007]. The laminin-derived adhesion sequence IKVAV 

significantly enhances regeneration of neural tissue in a rat brain surgery model [Ty et al., 2013]. 

The integrin receptor ligand YIGSR, found in the laminin β chain, promotes neuronal cell 

adhesion [Yu et al., 1999; Weber et al., 2007], neurite sprouting, and regeneration [Cui et al., 

2016]. Collectively, these integrin-binding sequences have proven beneficial for neural cell 

growth and development and therefore should be considered when designing a biomaterial 

system for the CNS.  

 

Incorporating such adhesive peptides into a self-assembled hydrogel system may be 

advantageous. Some peptide-based biomaterials including RADA and IKVAV-modified PAs 

specifically support neural cell growth and differentiation in vitro and in vivo [Ylä-Outinen et al., 

2014; Liedmann et al., 2012; Gelain et al., 2007; Silva et al., 2004; Tysseling et al., 2010]. 

Furthermore, the supramolecular and dynamic nature of peptide amphiphiles (PAs) incorporating 

IKVAV, such as previously noted peptide amphiphiles, further enhances neuronal branching and 

maturation [Álvarez et al., 2023]. However, there is a potential tradeoff between new 

functionality and assembly/gelation: adding any additional motifs to a peptide hydrogel has the 

potential to disrupt physical crosslinking, especially with particularly small peptide assemblers. 
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Furthermore, the sequence intended for cell-binding must be accessible to integrin interactions, 

rather than buried in a physical crosslink. In addition to experiments probing hydrogel 

mechanics, molecular dynamics can help characterize assembly behavior and adhesion motif 

availability by monitoring the early stages of molecular assembly, providing a map of molecular 

interactions responsible for gelation as well as ligand accessibility to solvent within clusters of 

peptides .  

 

Leveraging recent advancements in computing power, simulation of soft materials systems has 

become a useful tool to synergistically inform, direct, and supplement in vitro biomaterial design 

and development [Smith, and Hall, 2001; Gartner, and Jayaraman, 2019]. While various methods 

of simulations aid in the design of soft materials, molecular dynamics (MD), has proven to be 

effective for studying peptide design and engineering as a means for linking molecular driving 

forces to self-assembled structure and macroscopic properties. [Frederix et al., 2015; Tang et al., 

2019a; V. Alegre-Requena et al., 2019; Prhashanna et al., 2019; Wang et al., 2020; Hilderbrand 

et al., 2021]. Using MD, the molecular interactions controlling peptide self-assembly can be 

probed such as hydrogen bonding and pi-pi stacking, thus informing new peptide designs and 

their impact on hierarchical structures spanning multiple length scales (e.g., peptide 

oligomerization and hydrogel assembly) [Condon, and Jayaraman, 2018; Li et al., 2014a; 

A. Taylor et al., 2022; A. Taylor et al., 2020; Mansbach, and Ferguson, 2017]. Frederix et al. 

used simulations and experiments to explore the behavior of short (3 amino acid) peptide 

sequences, connecting course-grained MD predictions of assembly to experimental observations 

of gelation [Frederix et al., 2015].  Previously, we used atomistic MD to characterize the 

assembly of several different RAPID sequences into hydrogels, demonstrating excellent 

agreement between simulation and experiment regarding propensity for β-sheet secondary 

structure, peptide clustering, hydrogel formation, and hydrogel stiffness [Tang et al., 2019a]. 

Overall, atomistic MD simulations provide an opportunity to probe the effects of incorporating 

cell-adhesive sequences into small peptides molecules on the early stages of peptide clustering 

and fiber assembly, thus facilitating the molecular design of neural tissue-mimetic biomaterials.   

 

Inspired by our previous computational and experimental efforts examining RAPID hydrogel 

assembly, in this study we investigate the assembly of RAPID peptides functionalized with 

RGD, IKVAV, and YIGSR integrin-binding peptide sequences at various concentrations. 

Through a combined computational/experimental approach, we relate the intra- and inter-

molecular interactions of each amino acid in the system to peptide assembly, cell-adhesive 

sequence availability, and hydrogel formation. We present a hydrogel system that can be facilely 

prepared and ultimately used to direct cell fate. Through atomistic MD, we examine the intra- 

and inter-molecular interactions of RAPID peptides governing the efficacy of hydrogel assembly 

and cell adhesive sequence presentation in vitro. Our results indicate the potential of RAPID 

hydrogels to provide suitable integrin-binding and mechanical cues to create a microenvironment 

for directing cell fate. 

 

2. Methods and Materials 
 

Simulation Setup of KYFIL Peptide System 

We conducted simulations of both unmodified (control) KYFIL as well as systems containing 

modified KYFIL (Figure 1). Using the molecular editing software Avogadro 1.2.0 [Hanwell et 
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al., 2012] , we generated protein databank (.pdb) files of the LYS-TYR-PHE-ILE-LEU (KYFIL) 

peptide as well as the following peptides modified with known integrin-binding motifs: ARG-

GLY-ASP-LYS-TYR-PHE-ILE-LEU (RGDKYFIL), ILE-LYS-VAL-ALA-VAL-LYS-TYR-

PHE-ILE-LEU (IKVAVKYFIL), and TYR-ILE-GLY-SER-ARG-LYS-TYR-PHE-ILE-LEU 

(YIGSRKYFIL). The C-terminus of all four peptide sequences were amidated using Avogadro 

1.2.0. We used the web-based CHARMM-GUI built-in “PDB Reader” to generate corresponding 

protein structure files (.psf) for these peptides using a CHARMM36m forcefield [Jo et al., 2008; 

Jo et al., 2014; Park et al., 2023].  The individual peptide .pdb and .psf files can be found in 

Supplemental Information. Next, we used Visual Molecular Dynamics 1.9.3 (VMD) along with 

an in-house Tcl script, available in the SI, to add and arrange components of the initial peptide 

system [Humphrey et al., 1996]. For the unmodified KYFIL sequence, we used the 

corresponding .pdb and .psf files for KYFIL to generate a cubic array of 64 KYFIL peptides (4 x 

4 x 4). Each peptide was positioned 32 Å away from other peptides, and 5 Å from the edge of the 

water box, as measured from the peptide center of mass, and oriented randomly as to not 

introduce any artificial bias in the starting configuration. This spacing ensured that solvating the 

system with explicit TIP3P water using VMD’s built-in solvate plugin followed by neutralizing 

and ionizing using VMD’s built-in ionize plugin to add a physiological NaCl concentration 

(~150 mM), yielded a peptide concentration in the system of ~45 mM (~3 wt%), similar to 

concentrations used to form gels experimentally [Tang et al., 2019a]. The initial configuration 

for each system contained between ~180,000 and ~240,000 atoms within an approximately cubic 

box of water measuring 130 Å x 130 Å x 130 Å for all systems. For each modified KYFIL 

peptide (RGDKYFIL, IKVAVKYFIL, and YIGSRKYFIL), we generated three unique systems 

containing 64 peptide systems, having either 4, 8, or 16 modified peptides substituted in place of 

unmodified KYFIL peptides. To distribute the RGD-, IKVAV-, and YIGSR-modified peptides 

throughout the entire system, we divided the cube into four sections of 16 peptides. A random 

number generator was then used to determine which unmodified KYFIL peptide(s) in each 

section would be replaced with either an RGDKYFIL, IKVAVKYFIL, or YIGSRKYFIL 

peptide. These modified KYFIL systems were made to achieve physiologically-relevant 

adhesion sequence concentrations of ~3 mM, ~6 mM, and ~12 mM [Jung et al., 2011]. A more 

detailed description of this process can be found in the SI containing the full in-house script. 

 

Performing a Simulation on a Peptide System  

We used Nanoscale Molecular Dynamics 2.14 (NAMD) to simulate the peptide behavior in these 

systems for 100 ns at constant number of moles, temperature, and pressure (NPT) using periodic 

boundary conditions to mimic benchtop conditions [Phillips et al., 2020]. Before each 

simulation, the system was first energy minimized for 10,000 steps. The temperature and 

pressure of the system were set to 300 K and 1 atm, respectively, via Langevin dynamics of all 

non-hydrogen atoms and a hybrid Nose-Hoover Langevin piston. The full configuration file can 

be found in SI. The systems were then simulated for 100 ns with a 2 fs time step and 

configurations were stored every 500 time steps. We quantified and visualized peptide self-

assembly over the simulation trajectory by using information on atom position, energy, and bond 

angles and lengths provided by in binary files (.dcd) and NAMD standard output files (.out). 

Visualizations of each system are available in SI Figures 1-3. Energy profiles in each simulation 

confirmed that the potential energy reached a plateau within the first 60 ns for each trajectory 

and that systems have reached equilibrium (SI Figure 8).  
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Clustering Analysis 

We performed clustering analysis to quantify peptide proximity to other peptides to gauge the 

extent to which they assemble. A pair of peptides was defined to be part of the same “cluster” if 

the distance between the two peptide’s centers of mass fell below a specified cutoff value of 15 

Å. The center of mass distance cutoff was determined by first analyzing two different peptide 

systems (the unmodified KYFIL system and the 16 peptide IKVAVKYFIL system) at 14 Å, 15 

Å, and 16 Å with all three values yielding qualitatively similar clustering results (SI Figure 4).  

Using an in-house Tcl script, we parsed through every combination of a peptide’s position in 

relation to the other 63 peptides to generate a list of peptide pairs, with data analyzed every 12.5 

ns in each system. The number of unique groupings was counted to determine the number of 

clusters at each time step in the analysis. Block averaging of the final 40 ns was conducted to 

provide relative comparisons between systems (SI Figure 5). 

 

Hydrogen Bond Quantification 

To quantify the number of hydrogen bonds at each time point over the course of the 100 ns 

simulation, we used the built-in VMD hydrogen bond calculator. VMD’s hydrogen bond 

calculator quantifies hydrogen bonds by determining the distance and angle between hydrogen, 

oxygen, and nitrogen atoms that are capable of hydrogen bonding for each peptide in the system 

and returning a list of hydrogen bonds found every 50 frames. In this work, we examined 

peptide-peptide hydrogens and used the VMD hydrogen bond calculator’s geometric criteria, 

which defines hydrogen bonds as a bond between a hydrogen and an atom (the donor, D) and 

another atom (the acceptor, A) such that the distance D-A is less than or equal to 3 Å and the 

angle D-H-A is less than or equal to 20o [McDonald, and Thornton, 1994; Weinhold, and Klein, 

2012]. Hydrogen bond data was decimated using the Python package SciPy’s decimate function, 

using a decimate value of 5 [Virtanen et al., 2020]. The data was further smoothed by applying a 

moving average algorithm using a window size of 21 for each respective system. Additionally, 

we performed a block averaging analysis on this decimated data to understand overall trends 

after equilibration (SI Figure 6). The analysis was conducted by taking the average and standard 

deviation from the aforementioned decimated list of hydrogen bonds for the last 40 ns in each 

system. 

 

Pi-Pi Interaction Quantification 

We used the VMD plug-in RIP-MD to quantify pi-pi interactions in each peptide system every 

nanosecond [Contreras-Riquelme et al., 2018]. RIP-MD measures the distance between the 

geometric centers of aromatic rings of each peptide in the system. If the distance between the 

two centers of mass of aromatic rings of different peptides was less than 6 Å in any one of three 

configurations (T, sandwich, or parallel-displaced), then this was counted as a pi-pi interaction. 

In this work, we only examine pi-pi interactions between peptides and exclude other pi-pi 

interactions such as pi-cation interactions. Additionally, we performed a block averaging 

analysis on this data to understand overall trends after equilibration (SI Figure 7). The analysis 

was conducted by taking the average and standard deviation from the number of pi-pi 

interactions for the last 40 ns in each system. 

 

Relative Solvent Accessible Surface Area (relSASA) Quantification 

We quantify solvent accessible surface areas (SASA) to examine the accessibility of cell 

adhesion motifs. Higher SASA values would suggest a greater amount of amino acid 
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accessibility to cells in experiments. To quantify the amount of solvent that is accessible to each 

amino acid in the system after 100 ns, we used an in-house script that leveraged the built-in 

solvent accessible surface area (SASA) tool in VMD with a water probe radius of 1.4 Å. Relative 

SASA (relSASA) for each amino acid was then calculated by normalizing each SASA value to 

the maximum empirical SASA value found in literature [Tien et al., 2013].  

 

Peptide Synthesis 

All peptides were synthesized with an amidated C-terminus. Amidated KYFIL was purchased 

from Genscript (>98% purity) and used as provided. All integrin-binding motif peptides were 

synthesized by solid-phase chemistry on a Gyros Protein Technologies Tribute (for rheology 

experiments). From a TentaGel R Rink Amide Resin, peptides were synthesized in the C-

terminal to N-terminal direction using standard Fmoc techniques as previously described [Tang 

et al., 2019a]. Solvents and Fmoc (fluorenylmethoxycarbonyl) protected amino acids were 

purchased from Gyros Protein Technologies. After all amino acids were coupled, the resin was 

washed three times with dichoromethane (DCM). Cleavage of the peptides from the resin was 

accomplished by shaking the resin with 10 mL of an acid cocktail containing trifluoroacetic acid 

(TFA)/triisopropylsilane/H2O (95:2.5:2.5 v/v/v) for 2 h at room temperature. The solution 

containing deprotected cleaved peptide was collected, and the peptide precipitated by the 

addition of cold diethyl ether followed by two washes with cold ether after centrifugation. 

Peptides were dried overnight, redissolved in deionized water, and purified by dialysis in 

semipermeable cellulose ester membranes with a molecular weight cutoff of 100-500 Da 

(Spectra/Por, Spectrum Laboratories Inc., Rancho Dominguez, CA). The dialysis buffer 

(deionized water) was changed every 12 h for 2 days. All peptides were lyophilized and stored at 

4 °C until use. 

 

Hydrogel Formation and Rheological Properties 

Lyophilized peptides were dissolved in 1X phosphate-buffered saline (PBS) to a final 

concentration of 1.5 wt.%, inclusive of the specified concentration of modified KYFIL. To 

evaluate the viscoelastic properties of the hydrogel forming peptides, 25 μL aliquots of the 

hydrogel were pipetted into 5 mm molds on glass cover slips. Gels were removed from the molds 

and rheology was performed 10 minutes after induction of gelation (Anton Par, P25S 25 mm 

parallel steel plates) with a gap height of 250 μm. Storage (G’) and Loss (G”) moduli were 

measured as a function of strain (%) ranging from 0.01 to 100% with a constant frequency of 10 

rad/s. Frequency sweeps were performed at angular frequencies ranging from 1 to 100 rad/s at 

0.1% strain. For recovery experiments, a step-time procedure was utilized with a series of 

applied oscillatory strains. Initially, samples were subjected to 0.01% strain for 100 s followed 

immediately by a 500% strain for 50 s, and cycled 5 times. All steps were performed at a fixed 

oscillation frequency of 10 rad/s.   

 

3. Results and Discussion 
3.1 Computational analysis of peptide assembly incorporating adhesion motifs 

We previously described a family of shear-thinning peptide hydrogels conducive to cell survival 

and injection based on the peptide sequences KYFIL [Tang et al., 2019a; Tang et al., 2019b]. 

While the presence of RGD, IKVAV, and YIGSR adhesion sequences cell adhesion sequences 

can improve cell viability and stem cell differentiation of synthetic biomaterials [LeBaron, and 

Athanasiou, 2000][Patel et al., 2019],  in our system, the presence of these cell-adhesive 
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sequences may also impact assembly of KYFIL and resulting physical properties. Thus, we used 

atomistic molecular dynamics simulations to investigate the impact of both the presence and 

concentration of these three different integrin-binding, cell adhesion sequences on the assembly-

governing molecular interactions of 10 different KYFIL self-assembling peptide systems (Figure 

1, Table 1). A pure KYFIL system with 64 KYFIL peptides served as a control for all doped 

systems. The total peptide concentration in each system remained constant at ~ 30 mg/ml (~ 3 

wt% or 45 mM). 

  

We performed atomistic molecular dynamics for 100 ns atomistic simulations of each KYFIL 

system. Using VMD we visualized the trajectories of peptides in each system (SI Figures 1-3). 

Snapshots of the simulation trajectory in the modified 4 RGDKYFIL peptide system demonstrate 

dynamic peptide clustering (Figure 2). In this system, we readily observed that the RGD 

sequence remains accessible and is not buried internally to the clusters it forms. Similarly, the 

RGD integrin-binding motif appears to remain accessible in each of the simulated peptide 

systems at other RGD concentrations (SI Figure 1). By inspection, the IKVAV (SI Figure 2) and 

YIGSR (SI Figure 3) sequences appear to be well distributed through their respective systems at 

each concentration as well. For all systems, the peptides interacted in a dynamic manner, while 

leading to an increase in peptide assembly over time that tended to stabilize around 60 ns. The 

trajectories of each system were then analyzed to examine the ability of modified KYFIL 

peptides to form gels. 

 

We first investigated the propensity for the various peptides to group, or “cluster”, together as a 

means to study assembly. We previously showed that the assembly propensity of KYFIL 

peptides from MD simulations correlates with peptide gelation experimentally [Tang et al., 

2019a]. In this study, we screened our peptide systems for clustering by determining the distance 

between the centers of mass of each of the peptides in the system. If the centers of mass of two 

peptides were closer than 15 Å, we considered them to be clustered and plotted the number of 

clusters as a function of time, peptide sequence, and concentration of modified peptides. We note 

that using 14 and 16 Å as a cut-off distance produced similar results for both a pure and modified 

KYFIL system (SI Figure 4). Over time, the number of peptide clusters rapidly decreased over 

the first 40 ns (and thus the number of peptides per cluster increased), suggesting a positive 

correlation between time and the number of peptide molecules assembled into supramolecular 

clusters (Figure 3). Overall, the little difference in cluster formation of the modified KYFIL 

systems compared to the pure KYFIL system suggests minimal impact of adhesion ligands on 

gelation in vitro at these concentrations. To confirm this observation, we performed a block 

average analysis on the clustering behavior after 60 ns (SI Figure 5), using a limited set of data 

points. When compared to KYFIL, there does not appear to be any notable ( > 1 standard 

deviations) differences when compared to all modified KYFIL systems. However, there is 

perhaps a trend toward a lower degree of clustering (greater # of clusters) in with increasing 

concentrations in the RGDKYFIL and YIGSRKYFIL peptide systems.  

 

While clustering suggests the propensity of peptide assembly and hydrogel formation, we can 

also use simulations to analyze the type and quantity of molecular interactions and thereby 

provide mechanistic insight into the assembly process. Interactions like hydrogen bonding and 

pi-pi stacking play a key role in the formation and stabilization of peptide secondary structure 

formation, and therefore we quantify them here to determine the role of the modified KYFIL 
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sequences on assembly [Bordo, and Argos, 1994; Wang et al., 2016; Gray et al., 2022]. Over the 

first ~40 ns of each simulation, the number of hydrogen bonds in each of our systems increases 

in a nearly linear manner, and then this increase slows and approximately plateaus after ~60 ns in 

all systems except the 4 RGDKYFIL, 16 RGDKYFIL, and 16 IKVAVKYFIL systems (Figure 

4). This suggests that each system reaches equilibrium around 60 ns into the trajectory. Near the 

end of the simulation the amount of hydrogen bonding varies little from system to system, 

although most modified systems appear to have slightly greater H-bonding than the pure KYFIL 

system. We performed a block average analysis on the hydrogen bonding behavior after 60 ns. 

There are no quantifiable differences between any peptide system. This suggests that the 

existence of modified KYFIL sequences in the system does not impact hydrogen bonding 

capability.  

 

Pi-pi interactions can also drive peptide assembly in biological systems [Wang et al., 2016; 

C. Edwards-Gayle, and W. Hamley, 2017; Gray et al., 2022]. Because of the aromatic groups 

present in each KYFIL system, it is pertinent to investigate not only the impact hydrogen 

bonding has on gelation, but also the impact of pi-pi interactions. Similar to hydrogen bonding, 

there appears to be a linear increase in the number of pi-pi interactions in each system until 50 ns 

(Figure 5). After 50 ns, the number of pi-pi interactions seems to plateau and remain relatively 

constant for the remainder of the simulation. Interestingly, the trend in pi-pi interactions for all 

modified KYFIL peptide systems over all 100 ns appears to follow the behavior of the pure 

KYFIL system much more closely than the trends seen with hydrogen bonding behavior. 

According to a block averaging analysis of the pi-pi interactions of each system from 60-100 ns, 

the systems have incredibly similar numbers of pi-pi interactions after their plateaus, all well 

withing one standard deviaion (SI Figure 7). However, there is a potential trend toward higher 

concentrations of integrin-binding-motif-modified KYFIL leading to fewer pi-pi interactions. We 

also note that despite YIGSRKYFIL having more capability to pi interact with other aromatic 

groups in the system (referring to the additional tyrosine on the N-terminus unique to this 

peptide), it does not appear to have additional pi-pi interactions in comparison to the other 

peptide simulations. Moreover, the presence of 30 or more pi-pi interactions in each system 

conveys the fact that pi-pi interactions are important contributors in KYFIL peptide hydrogel 

assembly. 

 

Solvent accessible surface area (SASA) is an important metric for gauging accessibility of each 

amino acid in the system. Because we are doping KYFIL with adhesion-binding amino acid 

sequences, these sequences should be exposed to solvent in situ to avail them for interaction with 

cells in vitro to mediate adhesion to KYFIL-based hydrogels. In pure KYFIL systems, lysine is 

typically the most exposed and phenylalanine and tyrosine are the most buried (Figure 6). 

Phenylalanine and tyrosine are the only amino acids in our systems with the capability of pi-pi 

interaction. Given the presence of pi-pi interactions in all peptide systems, these amino acids 

may be buried (low SASA) because of these interactions. In all modified KYFIL systems, the N-

terminal residues, and indeed the entire N-terminal integrin-binding portion, of each peptide 

consistently had the highest relSASA value. These data suggest that the cell adhesion sequences 

are likely to be available for cellular binding when presented in KYFIL-based hydrogels. The 

results of these simulations are particular interesting in the case of YIGSRKYFIL (Figure 6) 

since the tyrosine that belongs to the cell-adhesion motif YIGSR is one of, if not the most 

exposed amino acid in the YIGSRKYFIL systems despite YIGSRKYFIL having more capability 
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to pi interact with other aromatic groups in the system, indicating it does not take part in these 

interactions.  

 

Together, the simulations suggest that cell adhesion motifs can be attached to the N-terminus of 

KYFIL without appreciably interfering with KYFIL molecular interactions important for 

assembly and gelation. The number of hydrogen bonds in the modified systems appears to be 

slightly greater than the pure KYFIL system (albeit not significantly so) which could support an 

association of XXX-KYFIL dopants with each other, rather than a broad distribution. However, 

the pi-pi interactions of YIGSRKYFIL would be expected to be higher if the modified KYFIL 

dopants were phase-segregating, and such an effect is not observed. It is possible that the YIGSR 

sequence is subject to intramolecular interactions via pi-pi interactions with the bound KYFIL 

sequence, although our simulation experiments do not indicate such unavailability. 

Visualizations of each system at snapshots throughout the simulation trajectory also provide no 

evidence of integrin-binding-motif segregation. The SASA data suggest that these sequences will 

be presented on the solvent-accessible periphery of these assemblies and therefore be available 

for interactions with cells. Encouraged by these findings, we proceeded to study these sequences 

experimentally, first using rheology to gauge the effects of the modified KYFIL sequences on 

hydrogel mechanics prior to cell studies. 

 

3.2 Hydrogel rheological characterization 

One advantage of these dynamic peptide hydrogels is their injectability, that is, their ability to 

shear-thin and self-heal due to their viscoelastic behavior, with a modulus that can be tuned in 

the regime of healthy brain tissue [Tang et al., 2019a]. Here, we evaluated the mechanical 

properties of 1.5 wt. % hydrogels, and found that the incorporation of RGD, IKVAV, and 

YIGSR-modified peptides did not alter the storage modulus of RAPID hydrogels. We tested the 

impact on both KYFIL and AYFIL gelation, as we previously established that these two 

sequences yield hydrogels with different mechanics, and therefore could approximate the 

stiffness of different biological tissues. In both cases, hydrogels were formed by mixing 22 mM 

of AYFIL or KYFIL peptides with 2 mM of the same peptide modified with the respective cell-

adhesive ligands. This ligand concentration was based off published multifactorial experiments 

to optimize endothelial cell growth as a function of individual cell-adhesive ligand incorporation, 

and demonstrated that there was significant cell growth for cells seeded on hydrogels with cell-

adhesive ligand concentrations from 1.5 mM to 6 mM [Jung et al., 2011]. For all KYFIL and 

KYFIL-functionalized samples, the storage modulus (G) was found to be ~8.5 kPa (Figure 6) 

versus ~3 kPa for AYFIL hydrogels (Figure 7) at 10 rad/s. These stiffnesses are consistent with 

previously published results of RAPID hydrogel systems [Tang et al., 2019a; Tang et al., 2019b], 

where it was reported that 1.5 wt % KYFIL hydrogels had a storage modulus ranging from 8-9 

kPa, and 1.5 wt % AYFIL hydrogels had a stiffness of 3.2 kPa. This suggests we can reliably 

tune the mechanical properties of the hydrogel while maintaining a constant ligand 

concentration.  

 

Multiple high-strain (100%) sweep cycles, with 30 s recovery periods, were performed to 

evaluate RAPID hydrogels’ ability to self-heal following mechanical deformation. All cell-

adhesive motif functionalized RAPID hydrogels had relatively similar recovery profiles 

compared to non-functionalized hydrogel controls (Figure 7I-L, Figure 8I-L). Following a 500% 

strain, KYFIL hydrogels repeatedly recovered gel behavior within 14 seconds. Within 1 minute, 
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the gel recovered ~70% of its initial G. For AYFIL hydrogels, following a 500% strain, 

hydrogels recovered 82% of its initial G within a minute. One potential difference amongst 

systems is that in the stress recovery experiments, RGDAYFIL and YIGSRAYFIL appear to 

recover from the high strain condition more slowly than pure AYFIL.  

 

Sensitivity to ligand presence, or ligand type, may be dependent on stiffness of the hydrogel or 

the ability of cells to remodel it. AYFIL hydrogels are less stiff than KYFIL hydrogels and have 

a lower G’/G’’ crossover point in strain sweeps. This indicates that encapsulated cells may be 

more able to push and pull on the matrix to rearrange the nanofibrous matrix and the integrin-

binding sites. This increased mobility in supramolecular peptide hydrogels may be beneficial to 

cell development, but also may lead to more rapid hydrogel erosion/degradation [Álvarez et al., 

2023]. In all cases, even after multiple high-strain cycles, the hydrogel rapidly and repeatedly 

recovers its mechanical strength—rendering these materials suitable for biomedical applications 

that require injection. These mechanical characteristics are well suited for uniform encapsulation 

of cells in 3D, ex vivo, and then injection via a minimally invasive technique. 

 

4. Conclusions 
Using atomistic molecular dynamics simulations, we established that incorporating cell-adhesive 

sequences into RAPID hydrogels up to 12 mM does not appreciably impact peptide assembly 

mechanisms. Quantification of peptide clustering demonstrated remarkable agreement across all 

our simulation systems and integrin-binding motif concentrations. Hydrogen bonding and pi-pi 

stacking are not negatively impacted by the presence of cell adhesion sequences, which may in 

fact increase inter-peptide interactions. This correlated well with the physical behavior of 

gelation, where adhesion sequences did not statistically change storage or loss moduli. 

Furthermore, the shear-thinning behavior of hydrogels was unchanged at concentrations of the 

integrin-binding motif relevant to cell encapsulation. IKVAV, RGD, and YIGSR functionalized 

hydrogels had similar material mechanics, and increased levels of cell metabolic activity 

compared to non-functionalized hydrogel controls. Collectively, our results demonstrate that we 

can append a number of different motifs without substantially impacting the assembly mechanics 

facilitated by the KYFIL (or AYFIL) sequence. Notably, for instance, RGD is particularly 

hydrophilic while IKVAV is substantially more hydrophobic, and both yield similar assembly as 

determined by both computational and physical experiments. The hydrogel system presented 

here allows for independent adjusting of the concentration of multiple cell-adhesive ligands 

without any changes to the mechanical properties of the hydrogel. Such a platform presents an 

opportunity to further explore the effect of peptide ligand presentation on a number of facets of 

cell behavior, laying the groundwork for future explorations of neural cell fate. The facile 

preparation of functionalized RAPID hydrogels should be widely applicable to other studies at 

understanding the effects of matrix-bound ligands involving 3D hydrogel encapsulation studies.  

 

5. Acknowledgements 
The authors acknowledge Research Computing at The University of Virginia for providing 

computational resources and technical support that have contributed to the results reported within 

this publication. The authors wish to thank Prof. Rachel Letteri at the University of Virginia for 

helpful discussions and advice.  

 



12 

 

6. Statement of Ethics 
This work was conducted according to ethical practices for experimental design and analysis. All 

authors have contributed to the manuscript and approved submission. No animal or human data 

were used in this study. 

 

7. Conflict of Interest Statement 
The authors declare that they have no conflicts of interest to disclose. 

 

8. Funding Sources 
This work was financially supported through the Center for Advanced Biomanufacturing at the 

University of Virginia, the National Science Foundation grant DMR 2104723, and the 

Commonwealth Health Research Board of Virginia grant number 207-08-20. PAT acknowledges 
start up funds from the University of Virginia. CEC received support from the UVA Harrison 
Award. ARK and ATT received support from the UVA Engineering Dean’s Undergraduate 

Research Fellows program. Funding agencies had no role in study design; collection, analysis, 

and interpretation of data; or writing of this report. 

 

9. Author contributions 
KJL, ATT, ARK, CDA, and JDT conceived the experimental concepts and design. ATT, JDT, 

CEC, LJH, and PAT developed computational simulation and analysis methods. ATT conducted 

computational simulations and analysis. ARK and JDT conducted rheology experiments and 

performed data analysis. ATT, ARK, CDA, JDT, PAT, and KJL interpreted the data and wrote 

and edited the manuscript. KJL supervised the project. 

 

10.  Data Availability Statement 
All data generated or analyzed during this study are included in this article and its supplementary 

material files. Further enquiries can be directed to the corresponding author. Simulation data and 

code will be shared in a publicly available repository upon acceptance of this article. 

 

11.  References 
Álvarez Z, Ortega JA, Sato K, Sasselli IR, Kolberg-Edelbrock AN, Qiu R, et al.: Artificial 

extracellular matrix scaffolds of mobile molecules enhance maturation of human stem cell-

derived neurons. Cell Stem Cell 2023;30:219-238.e14.  

Asmani MN, Ai J, Amoabediny G, Noroozi A, Azami M, Ebrahimi-Barough S, et al.: Three-

dimensional culture of differentiated endometrial stromal cells to oligodendrocyte 

progenitor cells (OPCs) in fibrin hydrogel. Cell Biol Int 2013;37:1340–1349.  

A. Taylor P, Huang H, L. Kiick K, Jayaraman A: Placement of tyrosine residues as a design 

element for tuning the phase transition of elastin-peptide-containing conjugates: 

experiments and simulations. Molecular Systems Design & Engineering 2020;5:1239–

1254.  

Commented [LKJ(7]: Two references that are cited in the 

manuscript, are listed below, but in inappropriate order 

because the citation includes an "A" in front. Both begin "A. 

Taylor" where the A is actually the middle initial. I am 

providing the full proper citation here for both: 

 

Taylor PA, Huang H, Kiick KL, Jayaraman A: Placement of 

tyrosine residues as a design element for tuning the phase 

transition of elastin-peptide-containing conjugates: 

experiments and simulations. Molecular Systems Design & 

Engineering 2020;5:1239–1254.  

 

Taylor PA, Kloxin AM, Jayaraman A: Impact of collagen-

like peptide (CLP) heterotrimeric triple helix design on 

helical thermal stability and hierarchical assembly: a coarse-

grained molecular dynamics simulation study. Soft Matter 

2022;18:3177–3192.  

Commented [LKJ(6]: Three references cited in the 

manuscript and not included in the list below should be 

added: 

 

Hanwell, M.D., Curtis, D.E., Lonie, D.C., Vandermeersch, 

T., Zurek, E. and Hutchison, G.R. (2012) Avogadro: An 

Advanced Semantic Chemical Editor, Visualization, and 

Analysis Platform. Journal of Cheminformatics, 4, 17. 

http://dx.doi.org/10.1186/1758-2946-4-17  

 

Jo S, Kim T, Iyer VG, Im W. CHARMM-GUI: a web-based 

graphical user interface for CHARMM. J Comput Chem. 

2008 Aug;29(11):1859-65. doi: 10.1002/jcc.20945.  

 

Jo S, Cheng X, Islam SM, Huang L, Rui H, Zhu A, Lee HS, 

Qi Y, Han W, Vanommeslaeghe K, MacKerell AD Jr, Roux 

B, Im W. CHARMM-GUI PDB manipulator for advanced 

modeling and simulations of proteins containing nonstandard 

residues. Adv Protein Chem Struct Biol. 2014;96:235-65. 

doi: 10.1016/bs.apcsb.2014.06.002.  

 

Sang-Jun Park, Nathan Kern, Turner Brown, Jumin Lee, 

Wonpil Im, 

CHARMM-GUI PDB Manipulator: Various PDB Structural 

Modifications for Biomolecular Modeling and Simulation, 

Journal of Molecular Biology, 

Volume 435, Issue 14, 

2023, 

167995, 

ISSN 0022-2836, 

https://doi.org/10.1016/j.jmb.2023.167995. 

https://doi.org/10.1016/j.jmb.2023.167995


13 

 

A. Taylor P, M. Kloxin A, Jayaraman A: Impact of collagen-like peptide (CLP) heterotrimeric 

triple helix design on helical thermal stability and hierarchical assembly: a coarse-grained 

molecular dynamics simulation study. Soft Matter 2022;18:3177–3192.  

Banerjee A, Arha M, Choudhary S, Ashton RS, Bhatia SR, Schaffer DV, et al.: The influence of 

hydrogel modulus on the proliferation and differentiation of encapsulated neural stem cells. 

Biomaterials 2009;30:4695–4699.  

Bordo D, Argos P: The Role of Side-chain Hydrogen Bonds in the Formation and Stabilization of 

Secondary Structure in Soluble Proteins. Journal of Molecular Biology 1994;243:504–519.  

Brown TE, Anseth KS: Spatiotemporal hydrogel biomaterials for regenerative medicine. Chem 

Soc Rev 2017;46:6532–6552.  

C. Edwards-Gayle CJ, W. Hamley I: Self-assembly of bioactive peptides, peptide conjugates, and 

peptide mimetic materials. Organic & Biomolecular Chemistry 2017;15:5867–5876.  

Clarke DE, Pashuck ET, Bertazzo S, Weaver JVM, Stevens MM: Self-Healing, Self-Assembled 

β-Sheet Peptide-Poly(γ-glutamic acid) Hybrid Hydrogels. J Am Chem Soc 

2017;139:7250–7255.  

Condon JE, Jayaraman A: Development of a Coarse-Grained Model of Collagen-Like Peptide 

(CLP) for Studies of CLP Triple Helix Melting. J Phys Chem B 2018;122:1929–1939.  

Contreras-Riquelme S, Garate J-A, Perez-Acle T, Martin AJM: RIP-MD: a tool to study residue 

interaction networks in protein molecular dynamics. PeerJ 2018;6:e5998.  

Cui G-H, Shao S-J, Yang J-J, Liu J-R, Guo H-D: Designer Self-Assemble Peptides Maximize the 

Therapeutic Benefits of Neural Stem Cell Transplantation for Alzheimer’s Disease via 

Enhancing Neuron Differentiation and Paracrine Action. Mol Neurobiol 2016;53:1108–

1123.  

Dånmark S, Aronsson C, Aili D: Tailoring Supramolecular Peptide–Poly(ethylene glycol) 

Hydrogels by Coiled Coil Self-Assembly and Self-Sorting. Biomacromolecules 

2016;17:2260–2267.  

Diao HJ, Low WC, Milbreta U, Lu QR, Chew SY: Nanofiber-mediated microRNA delivery to 

enhance differentiation and maturation of oligodendroglial precursor cells. J Control 

Release 2015;208:85–92.  

Ding L, Jiang Y, Zhang J, Klok H-A, Zhong Z: pH-Sensitive Coiled-Coil Peptide-Cross-Linked 

Hyaluronic Acid Nanogels: Synthesis and Targeted Intracellular Protein Delivery to CD44 

Positive Cancer Cells. Biomacromolecules 2018;19:555–562.  

Farrukh A, Ortega F, Fan W, Marichal N, Paez JI, Berninger B, et al.: Bifunctional Hydrogels 

Containing the Laminin Motif IKVAV Promote Neurogenesis. Stem Cell Reports 

2017;9:1432–1440.  



14 

 

Fischer SE, Liu X, Mao H-Q, Harden JL: Controlling cell adhesion to surfaces via associating 

bioactive triblock proteins. Biomaterials 2007;28:3325–3337.  

Frederix PWJM, Scott GG, Abul-Haija YM, Kalafatovic D, Pappas CG, Javid N, et al.: Exploring 

the sequence space for (tri-)peptide self-assembly to design and discover new hydrogels. 

Nature Chem 2015;7:30–37.  

Gartner TEI, Jayaraman A: Modeling and Simulations of Polymers: A Roadmap. Macromolecules 

2019;52:755–786.  

Gelain F, Lomander A, Vescovi AL, Zhang S: Systematic studies of a self-assembling peptide 

nanofiber scaffold with other scaffolds. J Nanosci Nanotechnol 2007;7:424–434.  

Grant DS, Kinsella JL, Fridman R, Auerbach R, Piasecki BA, Yamada Y, et al.: Interaction of 

endothelial cells with a laminin A chain peptide (SIKVAV) in vitro and induction of 

angiogenic behavior in vivo. J Cell Physiol 1992;153:614–625.  

Grant DS, Zukowska Z: Revascularization of ischemic tissues with SIKVAV and neuropeptide Y 

(NPY). Adv Exp Med Biol 2000;476:139–154.  

Gray VP, Amelung CD, Duti IJ, Laudermilch EG, Letteri RA, Lampe KJ: Biomaterials via peptide 

assembly: Design, characterization, and application in tissue engineering. Acta 

Biomaterialia 2022;140:43–75.  

Haines-Butterick L, Rajagopal K, Branco M, Salick D, Rughani R, Pilarz M, et al.: Controlling 

hydrogelation kinetics by peptide design for three-dimensional encapsulation and 

injectable delivery of cells. Proc Natl Acad Sci U S A 2007;104:7791–7796.  

Hartgerink JD, Beniash E, Stupp SI: Self-Assembly and Mineralization of Peptide-Amphiphile 

Nanofibers. Science 2001;294:1684–1688.  

Heilshorn SC, Liu JC, Tirrell DA: Cell-binding domain context affects cell behavior on engineered 

proteins. Biomacromolecules 2005;6:318–323.  

Hilderbrand AM, Taylor PA, Stanzione F, LaRue M, Guo C, Jayaraman A, et al.: Combining 

simulations and experiments for the molecular engineering of multifunctional collagen 

mimetic peptide-based materials. Soft Matter 2021;17:1985–1998.  

Humphrey W, Dalke A, Schulten K: VMD: Visual molecular dynamics. Journal of Molecular 

Graphics 1996;14:33–38.  

Jayawarna V, Ali M, Jowitt TA, Miller AF, Saiani A, Gough JE, et al.: Nanostructured Hydrogels 

for Three-Dimensional Cell Culture Through Self-Assembly of 

Fluorenylmethoxycarbonyl–Dipeptides. Advanced Materials 2006;18:611–614.  

Jung JP, Moyano JV, Collier JH: Multifactorial optimization of endothelial cell growth using 

modular synthetic extracellular matrices. Integr Biol (Camb) 2011;3:185–196.  



15 

 

Lampe KJ, Antaris AL, Heilshorn SC: Design of three-dimensional engineered protein hydrogels 

for tailored control of neurite growth. Acta Biomaterialia 2013;9:5590–5599.  

Larsen PH, Yong VW: The expression of matrix metalloproteinase-12 by oligodendrocytes 

regulates their maturation and morphological differentiation. J Neurosci 2004;24:7597–

7603.  

LeBaron RG, Athanasiou KA: Extracellular matrix cell adhesion peptides: functional applications 

in orthopedic materials. Tissue Eng 2000;6:85–103.  

Ledur PF, Liu C, He H, Harris AR, Minussi DC, Zhou H-Y, et al.: Culture conditions tailored to 

the cell of origin are critical for maintaining native properties and tumorigenicity of glioma 

cells. Neuro Oncol 2016;18:1413–1424.  

Lee S, Leach MK, Redmond SA, Chong SYC, Mellon SH, Tuck SJ, et al.: A culture system to 

study oligodendrocyte myelination processes using engineered nanofibers. Nat Methods 

2012;9:917–922.  

Li NK, Quiroz FG, Hall CK, Chilkoti A, Yingling YG: Molecular Description of the LCST 

Behavior of an Elastin-Like Polypeptide. Biomacromolecules 2014a;15:3522–3530.  

Li X, Liu X, Josey B, Chou CJ, Tan Y, Zhang N, et al.: Short laminin peptide for improved neural 

stem cell growth. Stem Cells Transl Med 2014b;3:662–670.  

Liedmann A, Rolfs A, Frech MJ: Cultivation of Human Neural Progenitor Cells in a 3-dimensional 

Self-assembling Peptide Hydrogel. J Vis Exp 2012;3830.  

Liu C, Sage JC, Miller MR, Verhaak RGW, Hippenmeyer S, Vogel H, et al.: Mosaic analysis with 

double markers reveals tumor cell of origin in glioma. Cell 2011;146:209–221.  

Lourenço T, Grãos M: Modulation of Oligodendrocyte Differentiation by Mechanotransduction. 

Front Cell Neurosci 2016;10:277.  

Madl CM, Katz LM, Heilshorn SC: Bio-Orthogonally Crosslinked, Engineered Protein Hydrogels 

with Tunable Mechanics and Biochemistry for Cell Encapsulation. Adv Funct Mater 

2016;26:3612–3620.  

Mann JL, Yu AC, Agmon G, Appel EA: Supramolecular polymeric biomaterials. Biomater Sci 

2017;6:10–37.  

Mansbach RA, Ferguson AL: Coarse-Grained Molecular Simulation of the Hierarchical Self-

Assembly of π-Conjugated Optoelectronic Peptides. J Phys Chem B 2017;121:1684–1706.  

Marquardt LM, Doulames VM, Wang AT, Dubbin K, Suhar RA, Kratochvil MJ, et al.: Designer, 

injectable gels to prevent transplanted Schwann cell loss during spinal cord injury therapy. 

Sci Adv 2020;6:eaaz1039.  



16 

 

McDonald IK, Thornton JM: Satisfying Hydrogen Bonding Potential in Proteins. Journal of 

Molecular Biology 1994;238:777–793.  

Meco E, Zheng WS, Sharma AH, Lampe KJ: Guiding Oligodendrocyte Precursor Cell Maturation 

With Urokinase Plasminogen Activator-Degradable Elastin-like Protein Hydrogels. 

Biomacromolecules 2020;21:4724–4736.  

Miller JS, Shen CJ, Legant WR, Baranski JD, Blakely BL, Chen CS: Bioactive hydrogels made 

from step-growth derived PEG-peptide macromers. Biomaterials 2010;31:3736–3743.  

Murphy NP, Lampe KJ: Mimicking biological phenomena in hydrogel-based biomaterials to 

promote dynamic cellular responses. J Mater Chem B 2015;3:7867–7880.  

Nakamura M, Mie M, Mihara H, Nakamura M, Kobatake E: Construction of a multi-functional 

extracellular matrix protein that increases number of N1E-115 neuroblast cells having 

neurites. Journal of Biomedical Materials Research Part B: Applied Biomaterials 

2009;91B:425–432.  

Patel R, Santhosh M, Dash JK, Karpoormath R, Jha A, Kwak J, et al.: Ile-Lys-Val-ala-Val 

(IKVAV) peptide for neuronal tissue engineering. Polymers for Advanced Technologies 

2019;30:4–12.  

Payne SL, Tuladhar A, Obermeyer JM, Varga BV, Teal CJ, Morshead CM, et al.: Initial cell 

maturity changes following transplantation in a hyaluronan-based hydrogel and impacts 

therapeutic success in the stroke-injured rodent brain. Biomaterials 2019;192:309–322.  

Phillips JC, Hardy DJ, Maia JDC, Stone JE, Ribeiro JV, Bernardi RC, et al.: Scalable molecular 

dynamics on CPU and GPU architectures with NAMD. J Chem Phys 2020;153:044130.  

Prhashanna A, Taylor PA, Qin J, Kiick KL, Jayaraman A: Effect of Peptide Sequence on the 

LCST-Like Transition of Elastin-Like Peptides and Elastin-Like Peptide–Collagen-Like 

Peptide Conjugates: Simulations and Experiments. Biomacromolecules 2019;20:1178–

1189.  

Rodell CB, Kaminski AL, Burdick JA: Rational design of network properties in guest-host 

assembled and shear-thinning hyaluronic acid hydrogels. Biomacromolecules 

2013;14:4125–4134.  

Rodrigues GMC, Gaj T, Adil MM, Wahba J, Rao AT, Lorbeer FK, et al.: Defined and Scalable 

Differentiation of Human Oligodendrocyte Precursors from Pluripotent Stem Cells in a 3D 

Culture System. Stem Cell Reports 2017;8:1770.  

Russell LN, Lampe KJ: Engineering Biomaterials to Influence Oligodendroglial Growth, 

Maturation, and Myelin Production. Cells Tissues Organs 2016;202:85–101.  

Russell LN, Lampe KJ: Oligodendrocyte Precursor Cell Viability, Proliferation, and Morphology 

is Dependent on Mesh Size and Storage Modulus in 3D Poly(ethylene glycol)-Based 

Hydrogels. ACS Biomater Sci Eng 2017;3:3459–3468.  



17 

 

Schneider JP, Pochan DJ, Ozbas B, Rajagopal K, Pakstis L, Kretsinger J: Responsive Hydrogels 

from the Intramolecular Folding and Self-Assembly of a Designed Peptide. J Am Chem 

Soc 2002;124:15030–15037.  

Silva GA, Czeisler C, Niece KL, Beniash E, Harrington DA, Kessler JA, et al.: Selective 

differentiation of neural progenitor cells by high-epitope density nanofibers. Science 

2004;303:1352–1355.  

Smith AM, Williams RJ, Tang C, Coppo P, Collins RF, Turner ML, et al.: Fmoc-Diphenylalanine 

Self Assembles to a Hydrogel via a Novel Architecture Based on π–π Interlocked β-Sheets. 

Advanced Materials 2008;20:37–41.  

Smith AV, Hall CK: Protein refolding Versus aggregation: computer simulations on an 

intermediate-resolution protein model11Edited by F. Cohen. Journal of Molecular Biology 

2001;312:187–202.  

Sumey JL, Johnston PC, Harrell AM, Caliari SR: Hydrogel mechanics regulate fibroblast DNA 

methylation and chromatin condensation. Biomater Sci 2023;11:2886–2897.  

Tang JD, Mura C, Lampe KJ: Stimuli-Responsive, Pentapeptide, Nanofiber Hydrogel for Tissue 

Engineering. J Am Chem Soc 2019a;141:4886–4899.  

Tang JD, Roloson EB, Amelung CD, Lampe KJ: Rapidly Assembling Pentapeptides for Injectable 

Delivery (RAPID) Hydrogels as Cytoprotective Cell Carriers. ACS Biomater Sci Eng 

2019b;5:2117–2121.  

Thompson HL, Burbelo PD, Yamada Y, Kleinman HK, Metcalfe DD: Identification of an amino 

acid sequence in the laminin A chain mediating mast cell attachment and spreading. 

Immunology 1991;72:144–149.  

Tibbitt MW, Anseth KS: Hydrogels as extracellular matrix mimics for 3D cell culture. 

Biotechnology and Bioengineering 2009;103:655–663.  

Tien MZ, Meyer AG, Sydykova DK, Spielman SJ, Wilke CO: Maximum Allowed Solvent 

Accessibilites of Residues in Proteins. PLoS One 2013;8:e80635.  

Ty C, Mh C, Wh C, My H, Tw W: Neural stem cells encapsulated in a functionalized self-

assembling peptide hydrogel for brain tissue engineering. Biomaterials 2013;34. DOI: 

10.1016/j.biomaterials.2012.11.043 

Tysseling VM, Sahni V, Pashuck ET, Birch D, Hebert A, Czeisler C, et al.: Self-assembling 

peptide amphiphile promotes plasticity of serotonergic fibers following spinal cord injury. 

J Neurosci Res 2010;88:3161–3170.  

Unal DB, Caliari SR, Lampe KJ: 3D Hyaluronic Acid Hydrogels for Modeling Oligodendrocyte 

Progenitor Cell Behavior as a Function of Matrix Stiffness. Biomacromolecules 

2020;21:4962–4971.  



18 

 

Urbanski MM, Kingsbury L, Moussouros D, Kassim I, Mehjabeen S, Paknejad N, et al.: 

Myelinating glia differentiation is regulated by extracellular matrix elasticity. Sci Rep 

2016;6:33751.  

V. Alegre-Requena J, Saldías C, Inostroza-Rivera R, Díaz DD: Understanding hydrogelation 

processes through molecular dynamics. Journal of Materials Chemistry B 2019;7:1652–

1673.  

Veiga S, Ly J, Chan PH, Bresnahan JC, Beattie MS: SOD1 overexpression improves features of 

the oligodendrocyte precursor response in vitro. Neurosci Lett 2011;503:10–14.  

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, et al.: SciPy 1.0: 

fundamental algorithms for scientific computing in Python. Nat Methods 2020;17:261–

272.  

Wang J, Liu K, Xing R, Yan X: Peptide self-assembly: thermodynamics and kinetics. Chemical 

Society Reviews 2016;45:5589–5604.  

Wang Y, An Y, Shmidov Y, Bitton R, Deshmukh SA, Matson JB: A combined experimental and 

computational approach reveals how aromatic peptide amphiphiles self-assemble to form 

ion-conducting nanohelices. Mater Chem Front 2020;4:3022–3031.  

Weber LM, Hayda KN, Haskins K, Anseth KS: The effects of cell-matrix interactions on 

encapsulated beta-cell function within hydrogels functionalized with matrix-derived 

adhesive peptides. Biomaterials 2007;28:3004–3011.  

Weinhold F, Klein RA: What is a hydrogen bond? Mutually consistent theoretical and 

experimental criteria for characterizing H-bonding interactions. Molecular Physics 

2012;110:565–579.  

Wong Po Foo CTS, Lee JS, Mulyasasmita W, Parisi-Amon A, Heilshorn SC: Two-component 

protein-engineered physical hydrogels for cell encapsulation. Proceedings of the National 

Academy of Sciences 2009;106:22067–22072.  

Ylä-Outinen L, Joki T, Varjola M, Skottman H, Narkilahti S: Three-dimensional growth matrix 

for human embryonic stem cell-derived neuronal cells. J Tissue Eng Regen Med 

2014;8:186–194.  

Yu X, Dillon GP, Bellamkonda RB: A laminin and nerve growth factor-laden three-dimensional 

scaffold for enhanced neurite extension. Tissue Eng 1999;5:291–304.  

Zhong J, Chan A, Morad L, Kornblum HI, Fan G, Carmichael ST: Hydrogel matrix to support 

stem cell survival after brain transplantation in stroke. Neurorehabil Neural Repair 

2010;24:636–644.  

Zong H, Parada LF, Baker SJ: Cell of origin for malignant gliomas and its implication in 

therapeutic development. Cold Spring Harb Perspect Biol 2015;7:a020610.  



19 

 

 

  
Commented [LKJ(8]: The following may be deleted as 

they are no longer cited in the manuscript: 

Grant and Tukowska, 2000 

Grant, et al, 1992 

Heilshorn et al., 2005 

Ledur, et al, 2016 

Li et al., 2014b 

Liu et al., 2011 

Nakamura, et al., 2009 

Zong, et al, 2015 



20 

 

Captions: 

 

Figure 1. Schematic of computational methods for MD system formation. For a pure KYFIL 

system, the C-terminus-amidated KYFIL peptide is replicated and placed into a 4 x 4 x 4 box 

with 32 Å spacing. This system is then solvated with explicit TIP3P water and ~150 mM of 

NaCl. For modified KYFIL systems, a similar 4 x 4 x 4 box is created with 4, 8, or 16 randomly 

located KYFIL peptides replaced with a corresponding modified KYFIL peptide. This system is 

then solvated with explicit TIP3P water and ~150 mM of NaCl. Each system is then run for 100 

ns (water not shown for clarity) and subsequently analyzed. The example modified peptide 

system shows 60 KYFIL (grey) and 4 RGDKYFIL (red) peptides. 

 

Figure 2. Modified KYFIL-based peptides assemble into supramolecular structures. Simulations 

in explicit solvent of KYFIL (grey) and RGDKYFIL (red) begin with 64 peptides randomly 

oriented on a 4 x 4 x 4 grid. These example snapshots are rendered from the simulation of the 

RGDKYFIL 4 Pep system. Simulations over the course of 100 ns display dynamic clustering of 

peptides, observable even after as little as 25 ns. RGD remains accessible and is not buried 

internally to the clusters. 

 

Figure 3. Clustering analysis of modified peptide systems incorporating integrin-binding 

ligands. The number of clusters for the 3 mM, 6 mM, and 12 mM A) RGDKYFIL, B) 

IKVAVKYFIL, and C) YIGSRKYFIL peptide systems from 0 ns to 100 ns. Over 100 ns, the 

number of clusters decreases (from 64 at t = 0) as a function of time in each system. There 

appears to be little difference between each of the respective systems, suggesting that the 

addition and concentration of adhesion sequences to the parent KYFIL system has little impact 

on clustering behavior in this concentration regime. 

 

Figure 4. Hydrogen bonding quantification in simulations of modified peptide systems. The 

number of hydrogen bonds increases over time for the 3 mM, 6 mM, and 12 mM A) 

RGDKYFIL, B) IKVAVKYFIL, and C) YIGSRKYFIL systems over 100 ns. Over 100 ns, there 

appears to be a linear increase in the number of hydrogen bonds for each sample for the first ~60 

ns with the hydrogen bonding activity having a less consistent trend there after. At the end of 100 

ns, the amount of hydrogen bonding varies little as a function of the concentration of modified 

KYFIL peptides in the system. For all modified KYFIL systems hydrogen bonding is greater 

than in the pure KYFIL system after 100 ns. Hydrogen bond data shown has been decimated by a 

factor of 5 and smoothed using a moving average algorithm. 

 

Figure 5. Quantification of pi-pi stacking in modified peptide systems. Pi-pi interactions of the 3 

mM, 6 mM, and 12 mM A) RGDKYFIL B) IKVAVKYFIL, and C) YIGSRKYFIL systems 

increase over 100 ns. After 100 ns, there appears to be a similar number of pi-pi interactions for 

each of the modified peptide systems as well as the unmodified KYFIL control. The data was 

smoothed by applying a moving average algorithm using a window size of 5 for each respective 

system. 

 

Figure 6. The relative solvent accessible surface area (relSASA) values for each modified 

peptide after a 100 ns MD simulation. SASA values have been normalized to each amino acid’s 

respective molecular weight to account for differences in amino acid surface area. For all 
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samples, the N-terminus of each modified peptide consistently has the highest relSASA value, 

with well solvated amino acids throughout the integrin-binding ligands. This indicates that these 

cell adhesion sequences could be available for cellular binding in an experimental hydrogel. This 

is particularly notable as some of these amino acids are more hydrophobic or capable of pi-pi 

interactions, but they appear well solvated, whereas the KYFIL motif in the modified systems 

appears largely buried, apparently due to intermolecular peptide interactions. Based on the pure 

KYFIL control system, amino acids containing aromatic groups (Y, F) appear to be driving the 

supramolecular assembly. 

 

Figure 7. Rheological properties of 1.5 wt. % KYFIL hydrogels at pH 7.4 (n = 3 for all 

samples). A - D) Angular frequency sweep of control KYFIL, RGDKYFIL, IKVAVKYFIL, and 

YIGSRKYFIL peptide sequences, respectively, at constant strain of 0.1%. G' is an order of 

magnitude greater than G” indicating hydrogelation has occurred. E - H) Strain sweep of gelling 

control KYFIL, RGDKYFIL, IKVAVKYFIL, and YIGSRKYFIL peptide sequences, 

respectively, at constant angular frequency of 10 rad/s. Above the critical strain at 5%, the 

material becomes progressively more fluid-like, where G' starts to increase and G'' begins to 

decrease. I - L) Five step strain sweeps of 0.1 % (100 s) and 500 % strain (50 s), followed by a 

100 s recovery period, were performed on control KYFIL, RGDKYFIL, IKVAVKYFIL, and 

YIGSRKYFIL hydrogel peptide sequences, respectively. The hydrogel recovered 80% of its 

initial G' within several seconds. The hydrogel repeatedly recovered its mechanical strength 

following multiple high strain cycles. 

 

Figure 8. Rheological properties of 1.5 wt. % AYFIL hydrogels at pH 7.4 (n = 3 for all 

samples). A - D) Angular frequency sweep of control AYFIL, RGDAYFIL, IKVAVAYFIL, and 

YIGSRAYFIL peptide sequences, respectively, at constant strain of 0.1%. G' is an order of 

magnitude greaten than G” indicating hydrogelation has occurred. E - H) Strain sweep of gelling 

control AYFIL, RGDAYFIL, IKVAVAYFIL, and YIGSRAYFIL peptide sequences, 

respectively, at constant angular frequency of 10 rad/s. Above the critical strain at 5%, the 

material becomes progressively more fluid-like, where G' starts to increase and G'' begins to 

decrease. I - L) Five step strain sweeps of 0.1 % (100 s) and 500 % strain (50 s), followed by a 

100 s recovery period, were performed on control AYFIL, RGDAYFIL, IKVAVAYFIL, and 

YIGSRAYFIL hydrogel peptide sequences, respectively. The hydrogel recovered 80% of its 

initial G' within several seconds. The hydrogel repeatedly recovered its mechanical strength 

following multiple high strain cycles. 


