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Abstract 

 Biological components and complex structures allow natural tissues and cells to have 

remarkable properties and functions. When studied individually, proteins have been found to 

have intriguing and unique mechanical properties at the nanoscale. Interest has increased to 

create synthetic materials that accurately mimic protein nanomechanics at a macroscopic level, 

but this poses a challenge because protein-incorporated synthetic materials often do not perform 

as expected. We hypothesize that decreased performance is due to topological defects in polymer 

networks. Herein, we designed protein-based block copolymers that are capable of self-

association to construct polymer networks. By engineering the mid-block with flexible and rigid 

protein blocks, we were able to find the optimal ratio between the flexible and rigid blocks, that 

provide greater network strength, caused by increased effective crosslinking density. Specifically, 

a mid-block ratio where the contour length of the flexible domain is similar to the length of the 

tertiary structure of the rigid domain increases the gel strength from about 2.5 kPa when 

presenting an only flexible mid-block to about 7 kPa, meaning network defects were reduced. 

This platform for reducing network defects creates a foundation for improving polymer network 

designs and may allow for increased accuracy in translating protein nanomechanics in synthetic 

materials.   
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Chapter 1: Introduction 

Motivation 

 Natural tissues and cells have remarkable properties and functions due to their intricate 

networks of proteins. Proteins have unique chemical and mechanical features that help to play an 

important role in the overarching properties of cells and tissues. When it comes to creating 

materials that mimic the structure and function of natural tissues and cells, recreating these 

complex structures with multiple proteins functioning together is far out of reach. However, 

single molecule studies have revealed that individual proteins themselves have interesting 

properties at the nanoscale.1-4 The ability to take these properties from the nanoscale and 

accurately capture them at a macroscopic level would provide a functional improvement on 

biosynthetic materials. However, current efforts have shown that synthetic materials often do not 

perform to their expectations, possibly due to topological defects that negatively impact their 

effective crosslinking densities and mechanical properties.5-7 Preventing or even reducing 

topological defects would improve the ability to capture protein nanomechanics in a macroscopic 

material.  

Background 

 Hydrogels are polymer networks that are capable of absorbing a high content of water.8 

They have porous networks that can be tailored to provide various mechanical properties and can 

therefore be used in a variety of applications.8 Chemical hydrogels include crosslinks that 

connect through covalent bonds, while physical hydrogels include crosslinks that associate 

through non-covalent interactions and have reversible interactions such as hydrogen bonding.8 
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Due to their versatility, hydrogels are a great platform for designing materials to transfer protein 

nanomechanics into macroscopic materials.  

 A classical challenge associated with hydrogels are that synthetic materials often do not 

perform as expected due to topological defects. Polymer networks are designed on the basis of 

having an ideal crosslinking network, but in reality these networks contain many defects. Defects 

such as free chains, dangling chains, loops, and bridge entanglements can negatively impact the 

mechanical properties of the material as a whole (Figure 1).5-6,9-10 Primary loops not only have a 

negative impact on the mechanical properties of a hydrogel, but they also impact the entire gel 

formation.6 According to previous studies, it has been shown that if more than 30% of the 

network includes primary loops, the gel will not form at all.6 The density of higher order loops 

have been shown to correspond in a one to one ratio to the density of primary loops.9-10 There are 

currently no proven methods or designs for preventing or reducing defects; however, it has been 
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Figure 1. Topological defects found in polymer networks including free chains, 
dangling chains, loops, and bridges. Adapted from (Li et. al. 2015).5



shown that primary loops tend to decrease as chain length increases, and bridge entanglements 

tend to decrease as chain length decreases.5 Overall, topological defects in hydrogel networks 

create an obstacle in properly capturing protein nanomechanics in synthetic materials.  

By looking at complex networks and structures in nature, possible solutions for reducing or 

preventing defects can be found. One cell that has been marveled for its astonishing complex 

structure is the red blood cell (RBC). The RBC cytoskeleton is a complex mesh-like network 

that consists of ~20 major proteins (Figure 2).11 The perfect structure of this network allows 

the protein components to all function together to transfer mechanical properties to the cell 

globally and give the RBC it’s remarkable deformable nature.11   

!13

Figure 2. The complex structure of the red blood cell cytoskeleton. The multiple proteins that contribute to 
this intricate network are labeled. Adapted from (Lux, 2016).11



One of the most abundant proteins in the cytoskeleton is spectrin, which is a globular 

protein composed of triple-helical coiled-coil repeats.12 There are two types of spectrin (α-

spectrin and β-spectrin) that associate with each other in an antiparallel fashion through 

electrostatic interactions.11-12 Single-molecule stretching-relaxation studies on spectrin have 

shown the individual unfolding of spectrin repeats through representative sawtooth peaks.1-2 

During relaxation, no special features were observed on the curve, meaning spectrin proteins 

behave like a Gaussian random coil.1 The peaks also show hysteresis between stretching and 

relaxing, indicating that spectrin dissipates energy and behaves like a shock absorber.3 It is 

interesting to note that the structure recovers after relaxing that is visible in the sawtooth curve 

when spectrin is re-stretched (Figure 3).1 
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Figure 3. Stretch-relax cycles of a spectrin molecule. 
Adapted from (Rief et al. 1999).1



Another notable protein in the RBC network is ankyrin, which attaches spectrin to the cell 

membrane.11-12 Ankyrin proteins are composed of nearly identical α-helical repeats that stack 

on top of each other through hydrophobic interactions and produce solenoidal structure (Figure 

4).14 Single molecule studies of ankyrin have shown that individual repeats unfold at similar 

force magnitudes when stretched by external forces.4 When relaxed, compared to any other 

studied proteins, including spectrin, using single-molecule force spectroscopy, a similar 

magnitude of force is observed, indicating that ankyrin repeats can rapidly and forcefully 

recover their original structure even in the process of relaxing.4 When repeatedly stretched and 

relaxed, ankyrin exhibits almost or no hysteresis meaning that it behaves similar to a 

nanospring (Figure 5).4,15 Due to this, ankyrin is assumed to be an important contributor in the 

fast recovery from RBC deformability.4,11  
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Figure 4. A) Single repeat structure of ankyrin proteins. Adapted from (Chakrabarty & Parekh, 
2014).13 B) Solenoid structure of 12 tandem ankyrin repeats. Adapted from (Michaely et. al. 2002).14 

A. B.



The structure of the spectrin and ankyrin proteins aid in the intricate, but well organized 

network of the RBCs cytoskeleton.11 Polymer networks, including protein-based biosynthetic 

polymer networks, have been commonly designed using flexible Gaussian random coils 

(Figure 1).16-18 It is likely that the flexible domain allows more topological defects to form, and 

if properly incorporated, a rigid domain in the polymer network may reduce defects.  
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Figure 5. The unfolding (blue) and refolding forces (red) of ankyrin repeats measured using atomic 
force microscopy (AFM). Adapted from (Lee et. al. 2006).4

Figure 6. Stability of AR proteins with one to six ankyrin repeats. A) The stability of AR proteins 
with increasing concentration of GdnHCl. B) The stability of AR proteins with increasing 
temperature. Adapted from (Wetzel et. al. 2008).19

A. B.



Native proteins can often be structurally unstable and are difficult to synthesize and 

maintain their intact structures in synthetic materials. To overcome this obstacle, the Plückthun 

group developed synthetic ankyrin repeat (AR) proteins by comparing native ankyrin repeat 

sequences. The synthetic AR proteins that are able to be produced by general protein synthesis 

using Escherichia coli (E. coli), were designed with one to six ankyrin repeats with N and C 

capping sequences on both ends, named NI1C to NI6C respectively.19 The chemical and 

thermal stabilities were investigated and found that synthetic AR proteins become thermally 

and chemically stable as the numbers of ankyrin repeats within the individual proteins increase 

(Figure 6).19 For example, AR proteins with 6 ankyrin repeats are stable at high temperatures 

(stable ~95°C), and high concentrations of GdnHCl (stable ~8M) that generally denature most 

proteins.19  

NI6C has been shown through previous studies to be a good representation for native 

ankyrin proteins, both structurally and mechanically.19,21 Each internal repeat of NI6C is 

composed of two α-helices and a loop, and individual repeats are stacked on top of each other 
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Figure 7. Structure of NI6C. A) Diagram of NI6C with 6 internal ankyrin repeats and an N and C 
cap. Adapted from (Lee et al. 2012).20  B) Detailed structure of two internal ankyrin repeats in 
NI6C. Each repeat consists of two alpha helices and a loop. Adapted from (Lee et. al. 2010).21

A. B.



through hydrophobic interactions that construct a rigid tertiary structure similar to native 

ankyrin proteins (Figure 7).19 Single molecule studies using atomic force microscopy (AFM) 

found that NI6C produces similar mechanical behavior to native ankyrin proteins.15,21 When 

external forces are applied to individual proteins, the sawtooth peaks show that individual 

repeats of NI6C also unfold at a similar force magnitude just like native ankyrin.15,21 NI6C also 

exhibits almost or no hysteresis during unfolding and refolding, meaning that this synthetic 

protein accurately captures the nanomechanics of native ankyrin proteins (Figure 8).15,21 

Therefore, NI6C is a sensible choice to incorporate into biosynthetic materials due to its rigid 

structure, and because it is easy to handle during synthesis and remains structurally stable in 

various conditions.  

Incorporating a rigid domain, using NI6C, into common protein-based polymer designs 

may allow for reduced topological defects and increased effective crosslinking densities, 

resulting in increased gel strength. Polymer designs using end crosslinkers with a Gaussian 

random coil as a mid-block have existed for a long time, but the Tirrell group integrated this 
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Figure 8. The unfolding (red) and refolding (blue) force extension curves of NI6C 
measured using AFM. Adapted from (Lee et. al. 2010).21



concept in biology and developed telechelic protein polymers.16-18 A well-known telechelic 

protein polymer design is used with (1) a flexible Cx protein mid-block, which is a 

polyelectrolyte polymer-like protein composed of the protein sequence [(AG)3PEG]x that 

behaves like a flexible Gaussian random coil and (2) a monomer of coiled-coil oligomeric 

structures on either end of the flexible mid-block.16-18 The monomer of end-blocks acts as a 

physical crosslinker consisting of a sequence derived from a fragment of rat cartilage 

oligomeric matrix protein (COMP).16-18 COMP includes five parallel α-helices that are 

wrapped around each other in a superhelix form (Figure 9).22 Hydrophobic interactions 

stabilize the coiled-coil structure internally, and polar residues lie outside for external 

interactions.22 It is important to note that previous studies using COMP as end-blocks in a tri-

block system have shown that it only interacts in a parallel fashion, and does not form 

antiparallel interactions (Figure 9).17 This means that a flexible mid-block with a shorter chain 

length can possibly prevent primary loops as the mid-block chain would be required to stretch 

in an unfavorable conformation, but primary loops would be possible if the mid-block chain is 

long enough to allow parallel interactions to form.17 However, when incorporating the rigid 

NI6C into this telechelic polymer platform, a protein-based block copolymer design would not 

be dependent on orientations of end-block crosslinkers and may reduce not only primary loops, 

but other types of topological defects as well.  
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Objective 

The goal of this research is to investigate how to reduce topological defects in polymer 

networks that will potentially improve accuracy for capturing protein nanomechanics in 

macroscopic materials. We hypothesize that the addition of a rigid structure (NI6C) in the mid-

blocks of a pre-existing telechelic protein polymer design will reduce topological defects. We 

propose three different approaches to investigate this hypothesis, (1) a mid-block with only a 

rigid structure compared to a mid-block with only a flexible coil, (2) a mid-block containing 

both flexible coil and rigid structures with differing ratios of these domains, and (3) the 

comparison of asymmetrical and symmetrical mid-blocks between rigid and flexible domains. 

With the design that includes only the rigid NI6C in the mid-block, the entire chain would be 

completely rigid, which has the potential to leave many dangling chains because the chain 
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Figure 9. A) The coiled-coil structure of cartilage oligomeric matrix protein (COMP). Adapted from 
(https://www.ebi.ac.uk/pdbe/).23 B) Cross-linking configurations of PCxP tri-block polymer networks 
(self-assembling multi domain artificial proteins). The P domain only forms parallel associations. The 
antiparallel loop would not form due to COMP’s oligomerization preferences. The parallel loop is 
possible depending on the length of Cx. Adapted from (Loh & Scherman, 2012).24

A.

B.



would be hindered in solution to locate crosslinking points. Therefore, our second approach 

includes a block copolymer design with differing ratios of flexible (Cx) to rigid blocks (NI6C) 

that may allow for slight flexibility to easily locate crosslinking partners (Figure 10). Further, 

symmetrical designs may improve specific crosslinking by allowing for flexibility on either 

end. These flexible domains should not be long enough to allow primary loops to occur over 

the rigid block, and the overall chain length should be an optimal length to reduce bridge 

entanglements. If topological defects are reduced, then this design platform may be used to 

improve the accuracy of translating protein nanomechanics to the macroscopic properties of 

synthetic materials. 
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Figure 10. Approach for designing protein-based block copolymers to reduce topological defects. Both 
symmetrical and unsymmetrical mid-blocks are included which are constructed using different ratios of rigid 
(NI6C) to flexible (Cx) domains. 
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Chapter 2: Research Methods 

 Various protein-based block copolymer designs were constructed using the physical 

crosslinker COMP and various mid-blocks with rod and coil like proteins. Genes encoding 

proteins for each hydrogel/network were expressed using bacterial hosts and purified by metal 

affinity chromatography, and fast protein liquid chromatography with anion-exchange columns. 

Circular dichroism was used to characterize the secondary structure of the rod-like protein 

(NI6C) throughout the designed protein synthesis process and across a range of temperatures to 

ensure the rigid structure is present in the resulting material. Once the hydrogels were formed by 

COMP oligomerization, then rheology was used to characterize the mechanical properties of 

each material in order to investigate the mid-block design that reduced the most defects.  

Design Approach 

 Two controls were used with mid-blocks that only contain flexible Cx domains. 

Experimental mid-block designs were constructed with two different ratios of the rigid NI6C 

block to the flexible Cx blocks. The physical crosslinker, a monomer of COMP which can form a 

pentameric coiled-coil (denoted P), was used in all designs. The first control includes a Cx mid-

!22

x Number of amino acids L0 (nm) R (nm)

2 18 6.66 2.16

3 27 9.99 2.67

4 36 13.32 3.10

15 135 49.95 6.10

20 180 66.60 7.00

24 216 79.92 7.67

Table 1. Calculations for contour length (L0) and end to end chain length (R) for C2, C3, C4, C15, C20, & C24 using the 
worm like chain (WLC) model. Persistence length (P) is 0.37nm for Cx proteins, and contour length (L0) is calculated 
by the number of amino acids multiplied by the persistence length (P). 



block of C24 because it has a similar number of amino acids to NI6C, and when the end to end 

length was calculated using the wormlike chain (WLC) model it was found to have a similar 

theoretical length as the folded length of NI6C, which is roughly 7-8nm in length. Each ankyrin 

repeat is about 1nm in length in its folded conformation.21 P-C2-P was also included as a control 

because C2 has the closest contour length as the folded length of NI6C. The end to end chain 

length of Cx proteins was determined using the WLC model and the contour length was 

calculated by numbers of amino acids and protein persistence length (Table 1). The equation 

below describes the end to end chain length from the WLC model where P is the persistence 

length and L0 is the contour length.25  

{R2} = 2PL0 [1-(P/L0)(1-e-L
0
/P)] 

 The ratios of rigid to flexible domains were designed to minimize gel defects (Figure 11). 

P-NI6C-P was designed with only a rigid mid-block to prevent the protein from forming primary 

loops. Two different ratios of flexible to rigid blocks were tested, C4:NI6C and C2:NI6C. These 

ratios were incorporated into an unsymmetrical mid-block to still prevent primary loops, but 

allow for some flexibility to locate crosslinking partners on one end. The varying ratios of Cx to 

NI6C ensure that different chain lengths are included to test the effect of chain length on 

topological defects and the resulting mechanical properties. Lastly, these ratios were 

incorporated into a symmetrical design to test the effect of symmetry. In theory, the symmetrical 

designs would still have a rigid block in the middle to prevent primary loops, but have small 

flexible regions on either end to allow for flexibility to reach crosslinking partners. Ideally, these 

protein-based block copolymer designs would help to reduce dangling chains, but not allow the 
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flexible chain to be long enough to form primary loops. The NI6C protein was also expressed 

and purified alone for characterization purposes.   

 

Protein Synthesis 

 Protein gene sequences contained an N-terminal 6xHis tag and were synthesized through 

GenScript (Piscataway, NJ). The genes were inserted into pET26b vectors using BamHI and 

HindIII restriction enzyme sites. The plasmids were then transformed into E. Coli strains BL21 

(DE3) and C41 (DE3) to carry out overexpression of proteins. The bacteria culture was grown at 

37°C in terrific broth (TB) containing 1mM Kanamycin solution. Protein overexpression was 

induced with 0.5mM isopropyl-1-B-D-thiogalactoside (IPTG) at an OD600 of ~1.0. Protein 

expression then continued for 18-24 hours at 24°C. The bacterial cells were harvested by 

centrifugation at 10,000xg for 5min and lysed in 8M Urea using sonication (pH 8.0). Proteins 

!24

Figure 11. Schematic of all protein-based block copolymer designs with varying mid-blocks using rigid and 
flexible blocks, NI6C and Cx respectively. P-C2-P and P-C24-P serve as controls with mid-blocks including only 
flexible domains. Mid-blocks were designed with two different ratios of rigid to flexible proteins and include both 
symmetrical and unsymmetrical designs.  

P-C2-PP-C24-P

P-NI6C-P

P-C2-NI6C-P

P-C4-NI6C-P

P-C1-NI6C-C1-P



were purified through Ni-NTA-affinity chromatography where they were washed with 8M Urea 

(pH 6.2) and eluted with 8M Urea (pH 8.0) and 250mM Imidazole. Proteins were then dialyzed 

against a 20mM tris solution and deionized water to remove salts and some impurities before 6M 

Urea (pH 8.0) was added to the solution. Fast protein liquid chromatography (FPLC) was then 

used for further purification. Molecular weights of all proteins were determined using sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Dialysis was performed again 

in a 20mM tris solution and deionized water to remove salts before flash freezing with liquid 

Nitrogen and lyophilizing. Proteins were then stored long term in lyophilized state at -20°C 

(Figure 12).  

FPLC 

 Lyophilized, post water dialysis protein samples were prepared in a tris 20mM + 6M 

Urea (pH 8.0) buffer to a concentration of ~3mg/mL. FPLC for all proteins was done on a Bio-

Rad NGC Scout 10 Plus Chromatography System (Bio-Rad Laboratories Inc, Hercules CA, 

!25

Figure 12. Diagram showing protein synthesis, purification, and hydrogel fabrication process. 



USA) using a 5mL affinity column. Tris 20mM + 6M Urea (pH 8.0) was used for the wash buffer 

(Buffer A), and tris 20mM + 6M Urea + 2M NaCl (pH 8.0) was used for the elution buffer. All 

buffers and protein samples were filtered using a 0.2µm vacuum or syringe filter prior to running 

FPLC.  

MALDI 

 MALDI-TOF mass spectrometry was used to determine each of the designs intact 

molecular weight. About 0.5mg of lyophilized protein samples were dissolved in 200uL of 50:50 

ACN:H2O with 0.1% Formic Acid. The sample was then prepared in a 1:10 sample to matrix 

ratio for MALDI analysis. All MALDI data was collected using a Bruker MALDI-TOF 

instrument (Bruker Inc, Billirica Mass, USA) and run with a linear positive method and a mass 

range of 5-75 kDa.  

Circular Dichroism 

 Circular Dichroism (CD) was used to measure the secondary structure of the NI6C 

protein throughout different stages of purification and hydrogel fabrication to ensure the process 

did not alter the secondary structure. Proteins in the liquid state were dialyzed against 100mM 

phosphate buffer (pH 7.5) and diluted to ~0.3mg/mL. Lyophilized proteins were weighed and 

dissolved in 100mM phosphate buffer (pH 7.5) to obtain a concentration of 0.3mg/mL. Protein 

samples were filtered using a 0.2µm syringe filter prior to measuring the signal. All CD 

measurements were obtained using an Olis DSM-20 CD spectrophotometer (Olis Inc, Bogart 

GA, USA). Measurements were collected using a 0.1cm path length cuvette over 260-190nm 

with a 5 second integration time. All measurements were performed at 20°C. Three scans were 

collected along with a scan of the corresponding buffer. The signal of the buffer was subtracted 
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from the signal for the protein and then the three scans were averaged. The mean residue 

ellipticity was then calculated from the average in machine units.   

 CD was also used to measure the stability of the structure of the NI6C protein across a 

range of temperatures. Temperature sweeps were obtained using lyophilized protein samples and 

dissolved in 100mM Phosphate buffer to a concentration of 0.3mg/mL. Protein samples were 

filtered using a 0.2µm syringe filter prior to measuring the signal. All CD measurements were 

obtained using an Olis DSM-20 CD spectrophotometer. Measurements were collected using a 

0.1cm path length quartz cuvette over 260-190nm with a 5 second integration time. 

Measurements were performed at 25°C, 50°C, 75°C, 95°C, and the again at 25°C after cooling. 

Three scans were collected along with a scan of the corresponding buffer at the same 

temperature. The signal of the buffer was subtracted from the signal for the protein and then the 

three scans were averaged. The equation below describes the mean residue ellipticity [Θ] that 

was calculated by multiplying the averaged value in machine units (mdeg) by 100 and then 

dividing that value by the product of the protein concentration in mg/mL, the number of residues, 

and the path length of the cuvette in cm.26  

The units for mean residue ellipticity are recorded in cm2dmol-1. The equation below describes 

the derivation of units for mean residue ellipticity [Θ].26 
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[Θ] = 100・θ / C・N・l

M-1m-1 = 
1000・cm3

mol・100・cm
=

mol
=

10・cm2

cm2dmol-1



Hydrogel Fabrication 

 Lyophilized proteins were weighed and dissolved in 20mM tris buffer (pH 8.0) to obtain 

a concentration of 10% w/v. Hydrogels formed by P domain oligomerization, and were stored at 

4°C until rheology testing was conducted.  

Rheology 

 Rheology testing was conducted to characterize the mechanical properties for viscoelastic 

protein-based materials. Various tests were conducted such as frequency sweeps, strain sweeps, 

and creep tests. All rheology measurements were performed on a TA instruments DHR2 (TA 

Instruments, New Castle DE, USA). A steel 20mm diameter cone geometry with a sandblasted 

surface to reduce slipping, and a one degree angle was used for all tests. For frequency sweeps, a 

constant strain of 1% was applied with the frequency ranging from 0.01 to 100 rad/s. For strain 

sweeps, the frequency was kept constant at 10rad/s and the strain ranged from 0.01-1000% 

strain. During creep tests, a constant stress of 50 Pa and 5 Pa was applied to all samples, and 

during stress-relaxation tests a constant strain of 5% was applied. A sample size range of 6-9 was 

used for all designs. Statistical analysis was performed using a mixed design ANOVA and t-tests 

to characterize the significance of the rheology results.  
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Chapter 3: NI6C Characterization 

Introduction 

 Topological defects are a classical challenge associated with synthetic materials that 

cause them to underperform mechanically. Natural structures like cells and tissues inspire the 

idea that incorporating a rigid structure into common telechelic protein polymer designs may 

allow for more specific networks to be formed. Ankyrin is a rod-like protein that contributes to 

the complex structure of the cytoskeleton of RBCs.11 Ankyrin has been found to have remarkable 

nanospring behavior and elastic properties that are important in an RBCs ability to handle 

mechanical stresses that they may encounter throughout the cardiovascular system.4 If a rigid 

protein like ankyrin were included in the design of synthetic materials, then topological defects 

may be able to be reduced.  

 NI6C is a synthetic protein that has been shown to be a good representation for native 

ankyrin proteins.19,21 It contains six identical ankyrin repeats along with an N and C cap.19 This 

particular AR protein has been shown to be easily expressed in E. coli and have a stable 

secondary structure at high temperatures (95°C) and high concentrations of GdnHCl (8M).19 

NI6C resembles ankyrin in that (1) it contains two α-helices and a loop that gives it rigid tertiary 

structure, and (2) single molecule studies have shown that it produces similar nanospring 

behavior.15,19,21 Due to stability, ability to be easily synthesized, and rigid structure, NI6C could 

be a functional building block in synthetic materials.  

 Processes of synthesizing proteins for synthetic materials use harsh conditions that often 

denature proteins. Particularly, when a histidine tag is used for the purification process, a 

denaturing protocol is then used to completely expose the His-tag to allow for better success. 
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Both GdnHCl and urea can be used to denture proteins, but they typically have different effects 

and extents of denaturization.27 Urea is uncharged unlike the salt GdnHCl, and so it is usually a 

better choice for the stability of proteins to be used in further applications.27 In order to use 

proteins in synthetic material applications, they then need to be subjected to processes like 

dialysis, flash freezing, and lyophilization. Although NI6C has previously been shown to be 

stable in high conditions of GdnHCl, the effect of Urea, along with further synthetic material 

production processes, on the stability of NI6C’s structure is unknown.19  

 If NI6C is to be incorporated as a rigid domain into the design of protein-based block 

copolymers to reduce topological defects in polymer networks, then it is vital to be certain that 

the rigid structure of NI6C is maintained throughout these conditions and intact in the final 

product. Here, NI6C was synthesized and purified using a denaturing protocol with 8M urea. The 

secondary structure was then compared to NI6C purified using a native protocol. The secondary 

structure of NI6C was also measured at different stages of the purification and lyophilization 

process. Lastly, the stability of the secondary structure of NI6C was analyzed at high 

temperatures, and then after cooling to ensure it agreed with previous studies.19 

Methods 

Protein Synthesis 

 NI6C sequence taken from Lee (created by the Plückthun group). NI6C gene sequence 

contained an N-terminal 6xHis tag and was synthesized through GenScript. The gene was 

inserted into the pET26b vector using BamHI and HindIII restriction sites. The plasmid was then 

transformed into E. Coli strains BL21 for overexpression of the protein. The bacteria culture was 

grown at 37°C in Lysogeny broth (LB) containing 1mM Kanamycin solution. Protein 

!30



overexpression was induced with 0.5mM isopropyl-1-B-D-thiogalactoside (IPTG) when the 

OD600 reached ~0.8. Protein expression then continued for 10-12 hours at 24°C. The bacterial 

cells were harvested by centrifugation at 5000xg for 10min. Proteins were purified using two 

different methods, a denaturization method using 8M Urea and a native method. A denatured 

purification method using 8M Urea is required for the hydrogel fabrication process, but the 

native method was included for NI6C to compare and ensure that the secondary structure was not 

affected in this process. Cells were lysed using 8M Urea (denatured) and 10mM Imidazole 

(native) then purified through Ni-NTA-affinity chromatography, and lastly dialyzed against 

deionized water to remove final impurities. Molecular weights of purified proteins were 

determined using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Lastly, all proteins were lyophilized and stored long term at -20°C.  

Circular Dichroism 

 Circular Dichroism (CD) was used to measure the secondary structure of the NI6C 

protein throughout different stages of hydrogel fabrication. Proteins in the liquid state were 

dialyzed against 100mM phosphate buffer (pH 7.5) and diluted to ~0.3mg/mL. Lyophilized 

proteins were weighed and dissolved in 100mM phosphate buffer (pH 7.5) to obtain a 

concentration of 0.3mg/mL. CD measurements were taken for both native and denatured NI6C 

samples before water dialysis, after water dialysis, and after lyophilization. This was done to 

ensure that the secondary structure of the NI6C protein stayed intact throughout the entire 

hydrogel fabrication process. After ensuring this, a temperature sweep was performed for NI6C 

in native conditions to measure the structure’s stability at increasing temperatures and after 

cooling. An NI6C sample was prepared as previously stated and used to measure the CD signal 
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at 25, 50, 75, 95, and 25 °C. All CD measurements were obtained using an Olis DSM-20 CD 

spectrophotometer. Measurements were collected using a 0.1cm path length cuvette over 

260-190nm with a 5 second integration time. The average of three scans was collected and then 

the mean residue ellipticity was calculated from the machine units. 

Results 

 NI6C was easily expressed in E. coli and purified using both the denaturization and 

native protocols. An SDS-PAGE gel was ran to ensure protein identification and observe purity. 

The theoretical molecular weight of NI6C is 24.8kDa. The SDS-PAGE gel results show that the 

protein under both purification conditions is at the 25kDa band as expected and pure samples 

were obtained (Figure 13).  

 NI6C was then flash frozen and lyophilized, and the stability of the protein was 

characterized following this process. The CD spectra results (Figure 14) show NI6C’s secondary 
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Figure 13. SDS-PAGE gel showing molecular weights (kDa) 
of NI6C in native conditions (N) and denatured conditions with 
8M urea (D). 

NI6C



structure measured at different stages of the hydrogel fabrication process and in two different 

conditions, a native condition and a denatured condition using 8M urea. NI6C has α-helical 

secondary structure and the CD spectra shown has a characteristic pattern of α-helical structure. 

Further, the spectra for NI6C in a denatured condition with 8M urea overlaps with the spectra for 

NI6C in a native condition. At each step in the hydrogel fabrication process (before water 

dialysis, after water dialysis, and after lyophilization) for both native and denatured conditions, 

the CD spectra overlap indicating that the structure of the NI6C protein remains stable 

throughout the entire process.  
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Figure 14. Circular dichroism spectra for NI6C in two different purification conditions and 
at various stages of purification and the hydrogel fabrication method. The two purification 
conditions used were a native purification (no urea) and a denatured purification (8M urea).



 Lastly, the stability of NI6C was quantified at a range of temperatures (25 - 95 °C) and 

after cooling back down to 25°C. The CD spectra results (Figure 15) show NI6C’s secondary 

structure in native conditions measured at these temperatures. The results show that there may be 

a slight decrease in the secondary structure with increasing temperatures, but not to the extent 

that the structure is no longer intact. Upon returning to 25°C there is some reversibility, but the 

signal does not completely return back to its starting point, indicative of  NI6C’s stability at 

temperatures up to 95°C.  

Conclusions 

 The results show that NI6C is a very stable protein under various conditions. It presents 

with α-helical secondary structure as expected and it’s structure remains intact through high 
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Figure 15. Circular dichroism spectra for NI6C at various temperatures ranging from 25°C to 
95°C, and then cooling back to 25°C. 



concentrations of urea up to 8M, throughout the hydrogel fabrication process that includes flash 

freezing and lyophilization, and at high temperatures up to 95°C. Previous studies have shown 

that NI6C is stable in high concentrations of GdnHCl (8M) and at high temperatures.19 The 

results outlined here further characterize the stability of the NI6C protein in different conditions 

and further support the stability of NI6C at temperatures up to 95°C. The slight decrease in 

structure at increasing temperatures and the incomplete reversibility of the protein upon cooling 

line up with results from previous studies.19 Overall, the rigid structure of NI6C does remain 

intact in a wide range of denaturants, soft material production processes, and range of 

temperatures. Due to the stable structure of NI6C, this protein is a sensible choice to use as a 

rigid domain in the design of protein-based block copolymers to reduce topological defects in 

polymer networks. 
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Chapter 4: Protein-based Block Copolymer Approach to Reduce Topological 

Defects   

Introduction 

 Classical challenges associated with constructing polymer networks is that they often 

include topological defects that negatively impact the mechanical properties of the overall 

material.5-7 This creates an obstacle in designing synthetic materials because the resulting 

material does not often perform as expected. A design method for reducing or preventing 

topological defects would improve the accuracy and predictability of synthetic material 

performance.  

 Obstructing topological defects seen in polymer networks include dangling chains, 

primary loops, and bridge entanglements (Figure 16).5-6 Primary loops create a grand challenge 

because they effect the formation of gels along with mechanical properties.6 The density of 

primary loops also corresponds in a one to one ratio to the density of higher order loops.9-10 
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Figure 16. Major topological defects in polymer networks that negatively impact 
mechanical properties. 



Bridge entanglements have been shown to decrease as chain length decreases, but primary loops 

tend to increase as chain length decreases.5 Polymer networks are typically designed using 

flexible Gaussian random coils, and there has currently been no methods to completely prevent 

topological defects.16-18 However, if we look at complex and intricate networks seen in nature, 

such as RBCs, there are often rigid components that aid in creating specific networks.11 Ankyrin 

is a protein with rigid structure that is an important component of an RBCs cytoskeleton.11 A 

synthetic version of ankyrin, named NI6C, has been shown to be a good representation of 

ankyrin both structurally and mechanically.19,21 NI6C has also been shown to be structurally 

stable in various conditions and easy to synthesize.19 If correctly incorporated, a rigid structure 

like NI6C may aid in reducing topological defects in common protein-based polymer networks.  

 Our goal is to investigate design methods for reducing topological defects within protein-

based polymer networks. We hypothesize that the addition of NI6C within the mid-block of 

existing protein-based polymer designs will allow for increased specific crosslinking. Various 

designs with this addition were investigated, which included (1) a completely rigid mid-block, 

(2) mid-blocks with mixed flexible and rigid domains in two different ratios, and (3) mid-blocks 

with symmetrical and unsymmetrical designs of flexible to rigid domains. These designs were 

produced in protein-based block copolymers containing flexible (Cx) blocks, rigid (NI6C) 

blocks, and P crosslinkers. Designs were then characterized using common rheology testing to 

determine their effect on topological defects.  

Methods 

 Hydrogel mid-blocks were designed using NI6C and short Cx blocks in an attempt to 

reduce topological defects. Hydrogels were designed with P crosslinkers that have α-helical 
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structure, are roughly 6nm in length, and bind in a parallel fashion.17 First, P-NI6C-P was 

designed with only a rigid block to prevent primary loops and bridge entanglements from 

occurring, however; dangling chains are still possible.  

 Next, P-C4-NI6C-P was designed to reduce dangling chains by allowing for some 

flexibility to reach crosslinking points. This ratio was decided by the WLC model to calculate the 

contour length of C4, which is 13.32nm. In order for the P domains to form a primary loop the Cx 

chain would have to be long enough to fold over the rigid NI6C block and then fold over the 

other P domain to bind in a parallel fashion. Therefore, it would have to be at least the combined 

length of NI6C and a P domain (~14nm) for a primary loop to be possible. A flexible region of 

C4 that has a contour length of 13.32nm will prevent primary loops from occurring (Figure 17). A 

design was then created with half this ratio to further prevent bridge entanglements by reducing 
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Figure 17. Simulation and calculation of longest Cx chain capable of preventing primary loops in a mid-block 
containing both rigid and flexible blocks. 

7-8nm

Form primary loop

6nm

Cx contour length (L0) > ~14nm 
for a primary loop to form

To prevent primary loops: Cx L0 < 14nm

C4 L0 = 13.32nm

P-C4-NI6C-P
x L0 (nm)

2 6.66

3 9.99

4 13.32

15 49.95

20 66.60

24 79.92



the total chain length (P-C2-NI6C-P). The same ratio was then used in a symmetrical design to 

test the effect of symmetry (P-C1-NI6C-C1-P). These shorter Cx chains on either side were 

introduced to add flexibility to both ends of the rigid block for increased ability to reach 

crosslinking partners.  

 Two controls were used consisting of mid blocks that only contain the flexible Cx protein, 

one with C24 and one with C2. C24 has the closest end to end length to NI6C while C2 has the 

closest contour length to NI6C. Theoretically, C24 due to its longer chain length will contain 

many bridge entanglements, and C2 with a much shorter chain length will contain many primary 

loops. With the parallel conformation of P domains, C2 will not be able to form primary loops; 

however, it could form higher order loops and may still contain dangling chains and bridge 

entanglements with its complete flexibility.  

Synthesis  

 The gene sequences contained an N-terminal 6xHis tag and were synthesized through 

GenScript. The gene was inserted into the pET26b vector using BamHI and HindIII restriction 

sites. The plasmid was then transformed into E. Coli strains BL21 to carry out overexpression of 

the protein. The bacteria culture was grown at 37°C in Terrific broth (TB) containing 1mM 

Kanamycin solution. Protein overexpression was induced with 0.5mM isopropyl-1-B-D-

thiogalactoside (IPTG) when the OD600 reached ~1.0. Protein expression then continued for 

18-24 hours at 24°C. The bacterial cells were harvested by centrifugation and lysed in 8M Urea 

using sonication (pH 8.0). Proteins were purified through Ni-NTA-affinity chromatography and 

then dialyzed against 20mM tris (pH 8.0) and deionized water to remove some impurities. 

Affinity chromatography was then performed on all proteins using a BioRad NGC Scout 10 Plus 
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Chromatography System. Molecular weights of all proteins were determined using sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Lastly, all proteins were flash 

frozen with liquid Nitrogen and then lyophilized. Proteins were then stored long term in 

lyophilized state at -20°C. Hydrogels were formed by weighing and dissolving lyophilized 

proteins in 20mM tris buffer (pH 8.0) to obtain a concentration of 10% w/v. 

Rheology 

 Rheology testing was conducted to characterize the mechanical properties of each 

material. Various tests were conducted such as frequency sweeps, strain sweeps, and creep tests. 

All rheology measurements were taken on a TA instruments DHR2. A steel 20mm diameter cone 

geometry with a sandblasted surface and a one degree angle was used for all tests. For frequency 

sweeps, a constant strain of 1% was applied with the frequency ranging from 0.01 to 100 rad/s. 

For strain sweeps, the frequency was kept constant at 10rad/s and the strain ranged from 

0.01-1000% strain. During creep tests, a constant stress of either 50 Pa or 5 Pa was applied, and 

during stress-relaxation test a constant strain of 5% was applied.  

 The sample size for P-C24-P, P-C2-NI6C-P, and P-C1-NI6C-C1-P was 6 while the sample 

size for P-C2-P and P-NI6C-P was 7, and lastly a sample size of 9 was used for P-C4-NI6C-P. 

Statistical analysis of all rheology data was performed to analyze significance. A mixed design 

ANOVA was ran to compare the multiple designs together. Then, t-tests were performed to 

compare each design to another assuming two tailed distribution and homoscedasticity.  

Results 
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 The replacement of a rigid block for typical flexible blocks in common tri-block polymer 

hydrogel designs was first characterized by comparing rheology results for P-NI6C-P with the 

two controls, P-C24-P and P-C2-P (Figure 18). The storage modulus (G’) within the linear 

viscoelastic region of P-NI6C-P was significantly greater than the G’ for both P-C24-P (p < 

0.0000001) and P-C2-P (p < 0.00001). The loss factor (tan δ) is a measurement of the loss 

modulus (G’’) over the storage modulus (G’) that characterizes the strength of the colloidal 

forces of the material. As the loss factor increases the material gets more viscous, but as it 

!41

Figure 18. Comparison of the storage modulus (G’), tan δ, critical strain (γc), and critical frequency 
(ωc) for P-C24-P, P-C2-P, and P-NI6C-P. 

P-NI6C-PP-C24-P P-C2-P



decreases the material becomes more elastic (see Appendix B for the explanation of the storage 

modulus, loss modulus, and the loss factor). The results show that P-NI6C-P is a significantly 

more elastic material than both P-C24-P (p < 0.0000001) and P-C2-P (p < 0.00000001). The 

critical strain (γc) is the maximum strain for a given material within its viscoelastic region where 

G’ exceeds 5% of the first measurement in a strain sweep (see Appendix B for the strain sweep 

of P-NI6C-P and explanation of the critical strain). Although P-C24-P can sustain significantly 

more strain than P-C2-P (p < 0.0000000001) and P-NI6C-P (p < 0.000000001) due to its greater 

chain length, P-NI6C-P can sustain a comparably greater amount of strain than P-C2-P (p < 

0.001) that has a similar chain length. The critical frequency (ωc) is the point during a frequency 

sweep where G’ and G’’ crossover, and relaxation time is indicated by the inverse of this point. 

Physical crosslinking interactions like P domains are frequency dependent because they bind and 

unbind in a transient manner. Therefore, the crossover point indicates that the material starts to 

behave like a solid because the strain rate is equal to or greater than the transient crosslinking 

timescale. During higher frequencies of the frequency sweep, G’ will plateau which means that 

the material is no longer experiencing the effects due to transient crosslinking (see Appendix B 

for the frequency sweep of P-NI6C-P and explanations of the critical frequency, relaxation time, 

and physical hydrogel point). The results show that the critical frequency for P-NI6C-P is 

significantly lower than P-C24-P (p < 0.00001) and P-C2-P (p < 0.000001), and this indicates that 

P-NI6C-P has a significantly higher relaxation time.  
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 P-NI6C-P was then compared to designs with two different ratios of flexible to rigid 

blocks, P-C2-NI6C-P and P-C4-NI6C-P (Figure 19). The addition of C2 did not significantly alter 

the G’, but with the addition of a longer flexible region, C4, the G’ significantly decreased (p < 

0.000000001). The loss factor showed similar results, where the addition of C2 did not 

significantly alter the elasticity of the material. However, with the addition of C4, the material 

becomes significantly more viscous (p < 0.00000001). P-C4-NI6C-P however, is able to 

withstand a significantly greater amount of strain than P-NI6C-P (p < 0.000000001) and P-C2-
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Figure 19. Comparison of the storage modulus (G’), tan δ, critical strain (γc), and critical 
frequency (ωc) for P-NI6C-P, P-C2-NI6C-P, and P-C4-NI6C-P. 

P-C2-NI6C-P P-C4-NI6C-PP-NI6C-P



NI6C-P (p < 0.000000001) due to its longer chain length. P-C2-NI6C-P resulted in a significantly 

lower critical frequency than P-NI6C-P (p < 0.0001) and P-C4-NI6C-P (p < 0.0000000001) 

giving it a significantly higher relaxation time.  

 Lastly, P-C2-NI6C-P was compared to a design with an equal ratio in a symmetrical 

orientation (P-C1-NI6C-C1-P) to test the effect of symmetry in reducing defects (Figure 20). A 

symmetrical design resulted in a significantly decreased G’ (p < 0.0001). As indicated by a lower  

critical frequency, an unsymmetrical design results in a significantly higher relaxation time than 
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Figure 20. Comparison of the storage modulus (G’), tan δ, critical strain (γc), and critical 
frequency (ωc) for P-C2-NI6C-P and P-C1-NI6C-C1-P. 

P-C2-NI6C-P P-C1-NI6C-C1-P



the symmetrical design (p < 0.00001). The loss factor and critical strain of the material are not 

significantly affected by symmetry due to an equal chain length and ratio of flexible to rigid 

blocks.  

Discussion 

 The results indicate that the addition of a rigid block in protein-based polymer designs 

increases the elasticity and strength of viscoelastic materials. As seen in previous studies, if the 

chain length with P crosslinkers is long enough primary loops will form17, and as the chain 

length increases so does the occurrence of bridge entanglements.5 The direct relationship 

between topological defects and mechanical properties has been previously shown to have a 

negative impact.6 Therefore, it is likely that the control, P-C24-P, contains many bridge 

entanglements due to its long chain length along with some primary loops that reduce it’s overall 

mechanical properties (Figure 21). With P crosslinkers used in this study, primary loops are not 

capable of forming in P-C2-P because the chain length is not long enough to allow for parallel 

binding. However, higher order loops such as secondary loops are capable of occurring, and 

there is most likely some dangling chains and bridge entanglements causing a decrease in 

mechanical properties. Dangling chains would be caused by an increased hindrance associated 

with a much shorter chain length, but with the mid-block still being completely flexible, bridge 

entanglements are still capable of forming (Figure 21). The rigid design of P-NI6C-P prevents 

primary loops and bridge entanglements from occurring, however; with a completely rigid 

design and a mid-block where the length of the tertiary structure is about equal to that of the 

contour length of the mid-block in P-C2-P, there is still hindrance in finding specific crosslinking 

interactions, especially with a crosslinker that only associates in a parallel fashion (Figure 21). 
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Therefore, P-NI6C-P likely contains dangling chains that still result in a decrease in its expected 

mechanical properties.  

 The addition of short flexible blocks shows that there is an optimal ratio of rigid to 

flexible regions for polymer networks when it comes to reducing topological defects. Although 

C4 is not long enough to allow formation of primary loops, it does increase the chain length by 

about three times that of P-NI6C-P. This causes an increased risk of bridge entanglements in the 

network, and with one end being completely rigid, hindrance in finding crosslinking partners is 

still present (Figure 22). By decreasing the chain length in P-C2-NI6C-P, the results show an 

increase in overall mechanical properties from P-C4-NI6C-P that is likely related to a decrease in 

bridge entanglements (Figure 22). The chain length is increased from P-NI6C-P to P-C2-NI6C-P, 
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P-C24-P

P-NI6C-P

Figure 21. Representation of each network design in solution for controls: P-C2-P and P-C24-P in 
comparison with P-NI6C-P. Circled are topological defects such as bridge entanglements, primary 
and secondary loops, and dangling chains. 

P-C2-P



but there is no significant difference between the two for values of G’, the loss factor, or the 

critical strain indicating that the addition of C2 may have no effect on the formation of bridge 

entanglements. However P-C2-NI6C-P  does result in a significantly lower critical frequency and 

higher relaxation time that is most likely due to an increase in crosslinking associations within 

the network, leaving less dangling chains (Figure 22). 

 Lastly, the results for the effect of symmetry showed that an unsymmetrical design 

produced a slightly stronger and more structured material. From these results it can be concluded 

that for networks containing P crosslinkers, an unsymmetrical design is favorable. In P-C1-NI6C-

C1-P, both ends have freedom in flexibility that may promote secondary and higher order loop 

defects. In P-C2-NI6C-P, only one end has freedom in flexibility; therefore, it causes limited 
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P-C4-NI6C-P

P-C2-NI6C-P

Figure 22. Representation of each network design in solution for designs with flexible and rigid 
blocks: P-C4-NI6C-P, P-C2-NI6C-P, and P-C1-NI6C-C1-P. Circled are topological defects such as 
bridge entanglements, secondary loops, and dangling chains.

P-C1-NI6C-C1-P



mobility and steric hindrance to avoid secondary loops (Figure 22). If other crosslinkers are used, 

it is possible that a symmetrical design may be more favorable depending on its interactions.  

Conclusions 

 Overall, it can be concluded that the addition of a rigid block in designing protein-based 

block copolymers can efficiently reduce defects and increase mechanical properties. From the 

designs that were tested in this study, a mid-block ratio where the contour length of the flexible 

domain is similar to the length of the tertiary structure of the rigid domain within protein-based 

block copolymers is an optimal ratio to reduce topological defects. When this ratio is doubled by 

increasing the contour length of the flexible domain, it causes an increased formation of defects 

and the material becomes weaker. Inversely, when there is no flexible domain the design 

becomes too rigid, which hinders specific crosslinking interactions. This ratio may not 

completely prevent all topological defects, but it is an optimal improvement in polymer 

technology. Further, this research will provide a platform in designing and tailoring more 

accurate and predictable synthetic materials. 
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Chapter 5. Future Directions and Conclusions 

Summary 

 A grand obstacle in designing and producing synthetic polymeric materials is that they 

contain topological defects that result in a decrease in mechanical properties. Studying natural 

structures like tissues and cells has developed the idea that their remarkable properties are due to 

their complex but well-organized networks and unique proteins. Natural mesh-like structures, 

such as the cytoskeleton of an RBC, have shown that rigid components often play an important 

part in biological networks. To overcome the barrier of topological defects, protein-based block 

copolymers were designed with ratios of rigid to flexible blocks to control the formation of 

defects. Using a synthetic version of the RBC protein, ankyrin, NI6C was included as the rigid 

block. NI6C’s rod-like tertiary structure was shown to be maintained throughout the material 

synthesis process. The rheology results indicated that from the tested ratios, a mid-block ratio 

where the contour length of the flexible domain is similar to the length of the tertiary structure of 

the rigid domain is optimal in reducing topological defects. 

Future Directions 

Crosslinker Limitation and Solution 

 The crosslinker used in this study is a physical crosslinker that interacts through 

hydrogen bonding. Hydrogen bonds are fairly weak and can be easily broken and reformed in 

solution. Although this allows for properties like reversibility within the material, it also means 

that this interaction will break before the NI6C region is unfolded (Figure 8). In order to capture 

the nanospring behavior of native ankyrin proteins in our protein-based block copolymer design, 
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NI6C will need to be stretched. This means a stronger crosslinker needs to be incorporated that 

allows for these properties to prevail in the material at the macroscopic level.  

 The phenolic side chain of tyrosine can be oxidized and may rect with another oxidized 

tyrosine to form dityrosine (Figure 23). This reaction can be readily induced through 

photoactivation or UV irradiation. Dityrosine crosslinking reactions have also been shown to be 

structurally and chemically stable.28 This interaction occurs naturally and has been shown to 

strengthen the mechanical properties of tissues in several organisms.28 Due to this, dityrosine 

interactions have been frequently used to strengthen the mechanical properties of biosynthetic 

materials. Photoactivation is a simple and feasible mechanism for inducing dityrosine crosslinks 

because it does not require the addition of any other substances.28  

 Tyrosine crosslinking forms through the formation of a free radical on the phenol ring of 

tyrosine molecules when a hydrogen atom is removed from the hydroxyl group. Dityrosine is 

then formed when two tyrosil radicals link together.30 Trityrosine is also capable of forming 

when a tyrosil radical links to a tyrosine that leaves an unpaired electron open, allowing another 
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Figure 23. Chemical structure of dityrosine crosslink. 
Adapted from (Dinda et al. 2013).29



tyrosil radical to join.30 The formation of radicals can be catalyzed by UV irradiation, and further 

catalyzed with improved crosslinking time by the addition of ruthenium based photo-initiators.31 

There have been many peptide based materials that either use a native tyrosine or incorporate 

tyrosine into a synthetic sequence to allow for dityrosine crosslinking. One category of such 

materials, is using either SELP’s (silk-elastin like proteins) and ELP’s (elastin-like polypeptides) 

that incorporate tyrosine into the sequence to allow for crosslinking.31 The addition of dityrosine 

crosslinks in synthetic materials has been shown to significantly improve the mechanical 

properties, and specifically the storage modulus (G’) of the material.32  

 Replacing P crosslinkers with tyrosine interactions will allow for the NI6C block to 

unfold and the nanospring behaviors to be captured in the material. The most feasible design of 

this will be to remove the P crosslinker and then replace the Cx random coil block with ELP 

sequences containing tyrosine. Since ELP maintains the flexible structure in the original block 

copolymer design, the added ELP sequence would need to maintain a similar ratio of flexible to 

rigid blocks that was found to be optimal in reducing topological defects. However, this ratio will 

need to be incorporated in a symmetrical design in order to include a tyrosine containing ELP 

sequence on either end of NI6C (Figure 24). With this design, the accuracy of capturing the 

nanomechanics of ankyrin in the macroscopic properties of synthetic materials can be improved. 
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Mutation and Disease Model 

 Another potential application for our protein-based block copolymer design is a model to 

study mechanical impacts of mutations at a macroscopic level. Hereditary spherocytosis (HS) is 

a hemolytic anemia disorder that causes RBCs to be sphere shaped.33 Symptoms of HS include 

anemia, jaundice, reticulocytosis, gallstones, and splenomegaly and the deleterious effects can 

range from mild to severe.33 HS affects individuals around the world and occurs ~ 1 in 2000 

people of European decent.33-41 Mutations within ankyrin are the most common cause of HS.42 

There has been evidence that spherocytes are associated with a loss of cell deformability. The 

Ankyrin-Limeira mutation (c830G) is a missense mutation in the band 3 binding domain of 

ankyrin that has been known to cause HS.42 This mutation starts with a change in the DNA 

sequence where codon CAG becomes CGC that causes an arginine replacement of histidine at 

position 276.42-43 This mutation has been previously studied in the synthetic ankyrin protein, 

NI6C.44 The histidines at position 9 in the second through fifth repeats of NI6C were replaced 

with arginines.44 When the unfolding and refolding traces of the mutant NI6C (mNI6C) were 

compared to those of normal NI6C it showed that the mNI6C both unfolded and refolded at 
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Figure 24. Proposed design of a synthetic material using a tyrosine containing ELP sequence as the 
flexible block to allow for stronger tyrosine interactions that are capable of stretching NI6C. 
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lower forces than wild-type NI6C.44 Overall, it is known that at the single molecule level the 

Limeira mutation weakens ankyrin repeats mechanically, and is thought to cause the cell as a 

whole to be mechanically weakened by decreasing its ability to deform and recover.44 By 

applying mutations in the developed hydrogels with dityrosine crosslinkng (Figure 24), this 

hydrogel model could provide more accurate insights into the mechanical impacts of this 

mutation and others at the macroscopic level. 

Conclusions 

 The findings of this research provide the knowledge that NI6C is a structurally stable 

protein that can easily be incorporated into synthetic materials. The results suggest that the 

addition of a rigid block in protein-based polymer networks is an effective strategy to reduce 

topological defects when incorporated in an optimal ratio to the flexible domains. Particularly, 

for our specific protein-based block copolymers, an unsymmetrical design with a mid-block ratio 

where the contour length of the flexible domain is similar to the length of the tertiary structure of 

the rigid domain is optimal. Although this design may not completely prevent all defects, it is an 

improvement of current polymer technology and will allow for increased accuracy and 

predictability in designing highly functional synthetic materials. By utilizing this design platform 

to reduce topological defects, the ability to translate protein nanomechanics to the macroscopic 

properties of synthetic materials may be improved. Further, this specific hydrogel design could 

be modified for the applications of a synthetic material that captures the nanospring behaviors of 

native ankyrin proteins, and a model macroscopic material for studying mechanical impacts of 

mutations and disease. Overall, this protein-based block copolymer design combines pre-
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developed telechelic protein-based polymer designs with intricate structures of natural tissues 

and cells to create a solution to an overarching challenge in polymer technology. 
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Appendix A: Protein Design Sequences and Parameters 

Key: 

Protein Design Sequences 

P-C24-P

APQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGYRDPMGAGAGAG
PEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGA
GPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSYRDPMGAGAGAGPEGAG
AGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGA
GAGAGPEGAGAGAGPEGAGAGAGPEGARMPTSYRDPMGAGAGAGPEGAGAGAG
PEGAGAGAGPEGAGAGAGPEGARMPAPQMLRELQETNAALQDVRELLRQQVKEIT
FLKNTVMESDASGAAALEHHHHHH

P-C2-P
APQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGYRDPMGAGAGAG
PEGAGAGAGPEGARMPAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMES
DASGAAALEHHHHHH

P-NI6C-P

APQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGDLGKKLLEAARA
GQDDEVRILMANGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDK
DGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLK
AGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAR
EGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAQDK
FGKTAFDISIDNGNEDLAEILQTSGSAPQMLRELQETNAALQDVRELLRQQVKEITFL
KNTVMESDASGAAALEHHHHHH

P-C4-NI6C-P

APQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGYRDPMGAGAGAG
PEGAGAGAGPEGAGAGAGPEGAGAGAGPEGARMPDLGKKLLEAARAGQDDEVRI
LMANGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHL
AAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNA
KDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVE
VLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAQDKFGKTAFDI
SIDNGNEDLAEILQTSGSAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMES
DASGAAALEHHHHHH

P-C2-NI6C-P

APQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGYRDPMGAGAGAG
PEGAGAGAGPEGARMPDLGKKLLEAARAGQDDEVRILMANGADVNAKDKDGYTP
LHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGAD
VNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLE
IVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTP
LHLAAREGHLEIVEVLLKAGADVNAQDKFGKTAFDISIDNGNEDLAEILQTSAPQML
RELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGAAALEHHHHHH

P-C1-NI6C-C1-P

APQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASGAGAGAGPEGDLG
KKLLEAARAGQDDEVRILMANGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAG
ADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREG
HLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAGADVNAKDKDG
YTPLHLAAREGHLEIVEVLLKAGADVNAKDKDGYTPLHLAAREGHLEIVEVLLKAG
ADVNAQDKFGKTAFDISIDNGNEDLAEILQTSAGAGAGPEGAPQMLRELQETNAAL
QDVRELLRQQVKEITFLKNTVMESDASGAAALEHHHHHH

P domain NI6C C2 C1

His-Tag C24 C4
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Protein Design Parameters

Sample Name
Number of 

Amino Acids

Theoretical 
Molecular 

Weight
Theoretical pI

MALDI 
Molecular 

Weight

P-C24-P 359 32100.42 4.45 32004.47

P-C2-P 141 15030.74 5.47 14179.29

P-NI6C-P 347 37663.63 4.96 40386.51

P-C4-NI6C-P 414 43566.81 5.07 42257.29

P-C2-NI6C-P 394 42087.33 5.15 40963.48

P-C1-NI6C-C1-P 384 40911.94 5.10 ---
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Appendix B: Rheology 

Strain Sweep for P-NI6C-P: 

G’: Storage Modulus (Elastic effects) 

G’’: Loss Modulus (Viscous effects) 

Loss Factor:  

 Characterizes the strength of the colloidal forces of the material.   

Critical Strain (γc): the maximum strain within the viscoelastic region  
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Loss Factor 

Viscous

ElasticG’
G’’tan(δ) = 



Frequency Sweep for P-NI6C-P:  

Critical Frequency (ωc): the crossover point between the storage and loss modulus during a 

frequency sweep 

Relaxation Time (λR):  

 A longer relaxation time means that the gel forms quicker and holds longer indicating that 

 the materials has a cross-linking density that is generally more effective.  

Physical hydrogel: point during the frequency sweep where the storage modulus (G’) exceeds 

the loss modulus (G’’) and the material transitions from fluid-like behavior to solid-like behavior 
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λR = ωc

1

Free-flowing Free-standing



 Physical gels can behave like an elastic gel or a viscous fluid. The gels constructed by P- 

 domains are physical gels based on the data of the frequency sweep where the material  

 transitions from fluid-like behavior (G’ < G’’) to solid-like behavior (G’ > G’’).  
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