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C8H8NO3*. Calculated: peptide mass + 165.16. ..................................... 34 

Figure 20 - On-resin addition of furoyl chloride to amines on peptides. Furoyl 

chloride (5 eq, Thermo Scientific) and triethylamine (TEA) (5 eq) 

were added to peptide on resin (1 eq) in dimethylformamide (4 

mL/0.1 mmol peptide) and allowed to react at room temperature for 2 

hours. The solution was removed via filtration and the resin was 

washed as follows: 3x dichloromethane, 2x methanol, 3x 

dichloromethane. The reaction and washing were repeated with fresh 

reaction mixture. Mass: Peptide + C5H3O2. Calculated: peptide mass + 

95.08. ....................................................................................................... 34 
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Figure 21 - Synthesis of 5-azidoisophthalic acid. The protocol was adapted from 

previously reported techniques.102 A flask was charged with water 

(125 mL), concentration HCl (12.1N, 125 mL), and 5-

aminoisophthalic acid (1 eq, 5.00 g). The flask was placed into an ice 

bath at 0ęC for 30 minutes. In a separate vessel, sodium nitrite (1 eq, 

1.90 g) was dissolved into water (25 mL) and cooled to 0ęC. The 

sodium nitrite solution was added dropwise to the reaction mixture 

and stirred for 30 minutes at 0ęC resulting in the immediate formation 

of a yellow precipitate. In a separate vessel, sodium azide (1 eq, 

1.79g) was dissolved into water (25 mL) and cooled to 0ęC. The 

sodium azide was added dropwise to the reaction mixture resulting in 

vigorous bubbling. The reaction was allowed to return to room 

temperature and was stirred overnight. The white precipitate was 

collected via filtration and washed with water (3x150ml). The solid 

was dried at 60ęC for 24 hours. 1H NMR [400MHz,DMSO-d6 ]: 13.48 

(s, b, 2H), 8.20 (s, 1H), 7.71 (s, 2H) 13C NMR[400MHz, DMSO-d6, 

ppm]: 166.21, 141.02, 133.41, 126.62, 123.82 ....................................... 45 

Figure 22 ï Synthesis of furoic anhydride. This method was adapted from 

previously reported techniques.104 Furoyl chloride (1 eq, 21.9 mmol, 

2.164 mL) and water (0.5 eq, 10.9 mmol, 0.197 mL) were dissolved in 

acetone (14.5 mL). The mixture was rapidly stirred and triethylamine 

(1 eq, 21.9 mmol, 3.050 mL) was added dropwise over the course of 1 

to 2 minutes. Precipitation began immediately upon the addition of 

triethylamine. The reaction was allowed to mix for 30 minutes. The 

reaction was filtered, and the white solid triethylamine hydrochloride 

salt was washed with acetone. The reaction supernatant and acetone 

washes were combined and evaporated in vacuo yielding a brown 

solid. The product was recrystallized from hexanes yielding a white 

crystalline solid. 1H NMR [400 MHz, CDCl3, ŭ]: 7.72 (b, 2H), 7.42 (d, 

2H), 6.62 (dd, 2H) 13C NMR [400 MHz, CDCl3, ppm]: 152.98. 

148.54. 143.01. 121.72. 112.68 ............................................................... 47 
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Figure 23 - Synthesis of 4-Maleimidobutyric acid. This method was adapted from 

previously reported literature.105 Maleic anhydride (1 eq, 0.1 mol, 10g, 

Chem Impex) and ɔ-aminobutyric acid (1 eq, 0.1 mol, 10.5 g) were 

added to a round bottom flask. Acetic acid (75 mL) was added, and 

the reaction was refluxed overnight. The reaction was concentrated in 

vacuo and the residual acetic acid was removed in vacuo by 

azeotroping with toluene. The concentrated product was dissolved in 

water (100 mL) and extracted thrice with ethyl acetate (3x 100 mL). 

The organic fractions were combined, dried over magnesium sulfate, 

and concentrated in vacuo to yield an off-white solid. The solid was 

recrystallized with ethyl acetate yielding a colorless solid. 1H NMR 

[400 MHz, CDCl3, ŭ]: 6.65 (s, 2H), 3.53 (t, 3.53), 2.31 (t, 2H), 1.86 

(m, 2H) 13C NMR [400 MHz, CDCl3, ppm]: 178.59, 170.83, 134.16, 

36.95, 31.15, 23.51 .................................................................................. 47 

Figure 24 ï Synthesis of N, N-maleoyl-glycine. This method was adapted from 

previously reported literature.105 Maleic anhydride (1 eq, 0.2 mol, 20g, 

Chem Impex) and L-glycine (1 eq, 0.2 mol, 15.3 g) were added to a 

round bottom flask. Acetic acid (150 mL) was added, and the reaction 

was refluxed overnight. The reaction was concentrated in vacuo and 

the residual acetic acid was removed in vacuo by azeotroping with 

toluene. The concentrated product was dissolved in water (200 mL) 

and extracted thrice with ethyl acetate (3x 200 mL). The organic 

fractions were combined, dried over magnesium sulfate, and 

concentrated in vacuo to yield a yellow solid. The solid was purified 

via silica flash chromatography (DCM/Methanol). The fractions were 

combined and evaporated in vacuo yielding a white solid. 1H NMR 

[400 MHz, MeOD, ŭ]: 6.92 (s, 2H), 4.25 (s, 2H) .................................... 48 
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Figure 25 ï Synthesis of 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)butaneic acid 

anhydride (4-Mal). 4-maleimidobutyric acid (1 eq, 7.5 mmol, 1.5 g) 

was dissolved in tetrahydrofuran (THF, 18.84 mL). 

Diispropylcarbodiimide (DIC, 0.5 eq, 3.8 mmol, 0.6 mL) was added 

dropwise to the reaction mixture. The solution was allowed to react 

for 2 hours. Precipitation was observed after 15-30 minutes. The 

reaction mixture was filtered to remove urea by-product and 

concentrated in vacuo to yield a yellow oil. The oil was redissolved 

into a small volume of ethyl acetate, the resulting urea precipitate was 

removed by filtration, and the sample was concentrated in vacuo. 

Precipitation with ethyl acetate was repeated twice more. The product 

was dissolved in ethyl acetate and washed thrice with concentrated 

sodium bicarbonate in water and once with brine to remove urea 

byproducts. The organic phase was dried over magnesium sulfate and 

concentrated in vacuo to yield a yellow solid. The product was 

recrystallized (hexanes/ethyl acetate) to yield off-white crystals. 1H 

NMR [400 MHz, CDCl3, ŭ]: 6.72 (s, 4H), 3.64 (t, 4H), 2.66 (t, 4H), 

2.04 (m, 4H) 13C NMR [400 MHz, CDCl3, ppm]: 170.65, 169.04, 

167.84, 36.66, 28.58, 23.57, 21.05 .......................................................... 49 

Figure 26 ï Synthesis of N-succinimidyl bromoacetic acid. Bromoacetic acid (1 eq, 

2 mmol, 278 mg, Thermo Scientific) and N-hydroxysuccinimide (1.2 

eq, 2.4 mmol, 276 mg, Thermo Scientific) were dissolved in dioxane 

(10 mL). In a separate vessel, dicyclohexylcarbodiimide (DCC, 1.1 

eq, 2.2 mmol, 454 mg, TCI) was suspended in dioxane (6 mL). The 

DCC suspension was added to the bromoacetic acid mixture dropwise 

and allowed to react for 2 hours. Precipitation occurred after 15 

minutes. The mixture was filtered, and the filtrate was concentrated in 

vacuo, yielding an amorphous solid. The product was recrystallized 

(DCM and petroleum ether) yielding a white crystalline solid. 1H 

NMR [400 MHz, DMSO-d6, ŭ]: 4.64 (s, 4H), 3.35 (s, 2H)..................... 50 
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Figure 27 ï Synthesis of 2,5-dioxypyrrolidin-1-yl pent-4-ynoate. 4-pentynoic acid 

(1 eq, 2 mmol, 196.2 mg, Combi Blocks) and N-hydroxysuccinimide 

(1.2 eq, 2.4 mmol, 276 mg, Thermo Scientific) were dissolved in 

dioxane (10 mL). In a separate vessel, dicyclohexylcarbodiimide 

(DCC, 1.1 eq, 2.2 mmol, 454 mg, TCI) was suspended in dioxane (6 

mL). The DCC suspension was added to the bromoacetic acid mixture 

dropwise and allowed to react for 2 hours. Precipitation occurred after 

15 minutes. The mixture was filtered, and the filtrate was concentrated 

in vacuo, yielding an amorphous solid. The solid was dissolved in 

ethyl acetate, filtered, and washed thrice with saturated sodium 

bicarbonate and once with brine. The organic phase was concentrated 

to dryness, and the product was recrystallized (hexane and ethyl 

acetate), yielding a white crystalline solid. 1H NMR [400 MHz, 

MeOD, ŭ]: 2.90 (t, 2H), 2.60 (m, 2H), 2.36 (t, 1H) 13C NMR 

[400MHz, MeOD, ppm]: 170.29, 167.47, 80.81, 69.47, 29.83, 25.08, 

13.29 ........................................................................................................ 50 

Figure 28 - BNDL29, BNDL22 and BNDL15 models. (a) Space filling model of 

the BNDL29 peptide. Residues 1-15 are colored in blue, and residues 

16-29 are colored in red. The blue-end residues interact with the red-

end residues from the antiparallel neighboring helix, making the 

simple truncation of the sequence not optimum for creating shorter 

bundles. (b) Rendering of the antiparallel and D2 features in BNDL29. 

Each helical backbone is represented by a cylinder, and the N-termini 

are colored in blue and C-termini in red. Antiparallel helices aligning 

in opposite directions are colored differently, chains in the top Ÿ 

bottom direction (NŸC terminus) are colored in pink, and the 

neighboring anti-parallel helices are colored in gray. The location of 

the three C2 rotation axes inherent to the D2 symmetry is drawn. The 

hydrophobic interior core is rendered as spheres, where the carbon 

atoms adopt the same pink/gray color scheme as the cylinder models. 

(c,d) The backbone structures of BNDL22 and BNDL15 are built 

from the same Crick's parameters as BNDL29, and the interior 

residues (rendered in spheres) were kept, preserving the hydrophobic 

core. The pink/gray coloring scheme for antiparallel chains is the 

same as Figure 28b. ................................................................................. 58 



 xxiv 

Figure 29 - Rendering of an antiparallel tetrameric coiled coil (top) and the 

computationally optimized amino acid sequence predictions (bottom). 

Within the coiled coil, a single peptide helix is color-coded to 

illustrate the approximate positions of each heptad and their 

corresponding sequence, which is represented by their single-letter 

amino acid code. The sequence is written from the N- to C- terminus, 

with the C-terminus containing an amide end-group. ............................. 61 

Figure 30 - CD spectra for BNDL29, BNDL22, and BNDL15 peptides at a 

concentration of 100 mM, plotted as mean residue ellipticity (MRE) 

versus wavelength. CD spectra of (a) BNDL29, (b) BNDL22, and (c) 

BNDL15 show the secondary structure of the peptide at 100 µM in DI 

water without pH adjustment, resulting in a pH of ~5. CD spectra of 

BNDL8 (Figure 44B) is analogous to BNDL15. BNDL29 and 

BNDL22 peptides exhibited coiled coil formation, indicated by a 

maximum at 195 nm and minima at 208 nm and 222 nm, with the 222 

nm/208 nm ratio of approximately 1. The BNDL15 sequence 

displayed a random coil structure due to the minimum at 200 nm. This 

suggests that BNDL15, consisting of 2 heptads, is too short to form a 

stable coiled coil. All samples were measured at 20°C in DI water 

without pH adjustment, resulting in a pH of ~5. ..................................... 65 

Figure 31 - Effect of pH on the stability of the BNDL22 coiled coil structure. The 

ratio of 222 nm to 204 nm, as measured via CD was used as an 

indicator for the presence of coiled coils, where pH values from 4 to 

11 exhibit a primarily coiled coil structure. Values were measured 

after annealing the sample from 90 to 20°C at a concentration of 100 

mM of peptide in water with pH adjustment made with HCl or NaOH. 

pKa values of acidic and basic amino acids are indicated to show the 

correlation between the denaturation of the peptide at those values. 

Additionally, the estimated net charge of the peptide (Z) is plotted to 

corroborate these locations where stability changes occur. The gray 

regime indicates the pH range at which peptide precipitation occurs. .... 70 
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Figure 32 - Hydrogel rheometry shows recovery after deformation of BNDL22 

cross-linked PEG hydrogels as a function of changes in temperature 

(A) and strain (B) over time. A) At high temperatures (60°C), 

degelation results in hydrogel ñmeltingò into a liquid-like fluid, while 

at lower temperature (22.5 °C), the hydrogel is reformed, as seen in 

the recovery of Gô. (B) Hydrogel shear-induced ñmeltingò at high 

strain, indicated by the crossover of Gô and Gôô. Inlaid is a gel printed 

into shape through a needle from a syringe demonstrating the shear 

thinning properties allowing for injection. C) Reaction between 

tetrafunctional PEG-SH and alloc-modified BNDL22, leading to the 

formation of a hydrogel. .......................................................................... 72 

Figure 33 ï Circular Dichroism of BNDL29 and BNDL15-TR. The CD of 

BNDL29 revealed minima at 208 nm and 222 nm and a peak at 195 

nm, indicating a helical nature. The ratio of 208nm to 222nm was 

approximately one, suggesting the presence of coiled coils. In 

contrast, BNDL15-TR mainly displayed a minimum at 200 nm, 

indicating the presence of random coils. However, a slight helical 

signal was indicated by a minimum at 222nm and a maximum around 

185nm. ..................................................................................................... 79 

Figure 34 ï Cryo-TEM of BNDL29 and BNDL15-TR rigid-rod polymers. 

BNDL29 and BNDL15-TR were synthesized with either a thiol or 

maleimide at the N-terminus and mixed in an equimolar ratio to form 

rigid rod-like polymers. A) Polymerization of modified-BNDL29 

resulted in the formation of rigid rods measuring 2nm in diameter and 

up to 1-2 µm in length. B) Polymerization of modified-BNDL15-TR 

resulted in rigid rods with a diameter of 2nm and lengths extending 

beyond the microscopeôs field of view. ................................................... 81 

Figure 35 ï Light Scattering of Peptide Polymerization. (A) Static light scattering 

(SLS) of bundle-forming peptide polymerization, where the ratio of 

measured scattering of the polymer over the monomer was tracked 

over time. BNDL15-TR polymerization was measured at a conjugated 

peptide concentration of 2.5 mM (blue). BNDL29 polymerization was 

measured at a conjugated peptide concentration of 5 mM (black) in DI 

water without pH adjustment, which showed exponential growth after 

7 hours. (B) Dynamic light scattering (DLS) of BNDL15-TR 

polymerization plotting the autocorrelation function. The sample was 

multimodal and began having multiple scattering before the first 

measurement could be collected at 0.5 hours. ......................................... 85 
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Figure 36 ï Proposed mechanism of BNDL15-TR rigid rods. BNDL15-TR was 

modified with either a thiol or maleimide and then conjugated at 

elevated 80°C in DI water without pH adjustment, resulting in a pH of 

approximately 5. Upon cooling to room temperature, a small fraction 

of the 30 amino acid conjugates can transiently form a coiled coil with 

overhanging random coils. The overhanging random coils can interact 

with random coils in solution, leading to the propagation of 

polymerization and resulting in longer chains compared to BNDL29 

rods. ......................................................................................................... 87 

Figure 37 - 1H NMR of Co-4Mal-CspB6 Conjugation. spectroscopy was employed 

to monitor the addition of 4-Mal (from bottom to middle) and the 

subsequent addition of the CspB6 peptide (from middle to top). The 

emergence and subsequent disappearance of the peak at 6.9 ppm 

(indicated in green) signified the addition of a maleimide and its 

complete consumption upon conjugation of CspB6. ............................... 98 

Figure 38 ï pH Cycling of MOP-Peptide Conjugates. Three pH-responsive 

peptides, CspB6-Ac (Top), CspB17 (Middle), and pHLIP (Bottom), 

were conjugated to Co-4Mal. The conjugates were prepared at 1 

mg/mL in DI water and adjusted to pH 8 with NaOH, as depicted in 

the leftmost images. pH cycling was performed to demonstrate the pH 

responsiveness of the conjugates. Initially, the samples were acidified 

to pH 5 using HCl, and the precipitate was isolated via centrifugation, 

as depicted in the center images. Subsequently, the solution was 

readjusted to pH 8, and the pellet was redissolved, as shown in the 

rightmost images. .................................................................................. 100 

Figure 39 ï ATR-FTIR of Co-N3 CuAAC. ATR-FTIR was utilized to monitor the 

disappearance of azide, indicated by the peak at 2125 cm-1. (A) ATR-

FTIR spectra of Co-N3 CuAAC conjugation to 4-pentynoic acid (Pent) 

and L-propargyl glycine (Pra) in DMF and DMSO. Conjugation in 

DMF resulted in the complete disappearance of azide for Pent but not 

for Pra. In contrast, conjugation in DMSO resulted in the near-

complete disappearance of azide for both Pent and Pra. (B) CuAAC of 

short peptides and Co-N3 in DMSO displayed incomplete coupling of 

all peptides. (C) Extraction of Co-N3-PraK into water resulted in the 

complete disappearance of the azide peak in ATR-FTIR. .................... 103 
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Figure 40 ï Co-EG-Mal Post-Synthetic Modification Scheme. Co-EG-Mal was 

synthesized through a stepwise PSM process. Initially, Co-NH2 was 

functionalized via CuAAC with propargyl-PEG2-amine to produce a 

water-soluble cage, Co-EG. Subsequently, Co-EG was further 

modified with N-succinimidyl 3-maleimidopropionate to yield a 

water-soluble, click-functional cage, Co-EG-Mal. ............................... 105 

Figure 41 ï Microscopy of Cage Conjugated to Bundle Forming Peptide Prepared 

in DMF. Co-EG-Mal was conjugated to BNDL+4-SH in DMF and 

transferred into water. A) Confocal microscopy of tube structures 

suspended in water after conjugation. B) Scanning-Electron 

Microscopy (SEM) of aggregates formed after conjugation showing 

stacked sheet structures. C) Elemental analysis from SEM shows that 

the structure is composed of cobalt (pink) and sulfur (red) and is 

distributed throughout the entire precipitate. Cobalt is only present in 

a cage, whereas sulfur is more prevalent in peptides, which indicates 

that both components are distributed throughout the precipitate. ......... 107 

Figure 42- Cryo-TEM of Cage-Bundle Conjugates Prepared in Water. (A) Co-EG-

Mal and (B)Mg-EG-Mal were coupled to BNDL+4-SH in water rather 

than DMF to ensure the pre-assembly of the peptide into a coiled coil. 

Cryo-TEM revealed the formation of 2.7 ± 0.7 nm thick sheets 

corresponding to a single layer of peptide and cage conjugates. .......... 109 

Figure 43 - UPLC-ESI-MS of peptide. The left plot shows ultra-high pressure 

liquid chromatography chromatograms of peptides after purification, 

as run for mass spectroscopy. The right plot shows the corresponding 

mass spectroscopy. A, B, C, D, and E represent BNDL8, BNDL15, 

BNDL22, BNDL29, and BNDL22-Alloc, respectively. The UPLC 

chromatograms were used to determine the purity of peptides and 

were as follows: BNDL8 ï 98%, BNDL15 ï 89%, BNDL22 ï 91%, 

BNDL29 - >99%, and BNDL22-Alloc ï >99%. ................................... 133 

Figure 44 - Circular dichroism of BNDL8. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of 

the secondary structure within the concentration range tested. All 

samples were prepared in deionized water at the following peptide 

concentration: A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM 

F. 6.25 µM ............................................................................................. 134 
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Figure 45 - Circular dichroism of BNDL15. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of 

the secondary structure within the concentration range tested. All 

samples were prepared in deionized water at the following peptide 

concentration: A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM 

F. 6.25 µM ............................................................................................. 135 

Figure 46 - Circular dichroism of BNDL22. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of 

the secondary structure within the concentration range tested. All 

samples were prepared in deionized water at the following peptide 

concentration: A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM 

F. 6.25 µM. Note: MRE values were excluded from the 200µM plot 

where the high-tension voltage exceeded the instrument threshold, 

which indicates low light transmission due to scattering or 

absorption. ............................................................................................. 136 

Figure 47 - Circular dichroism of BNDL29. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of 

the secondary structure within the concentration range tested. All 

samples were prepared in deionized water at the following peptide 

concentration: A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM 

F. 6.25 µM. Note: MRE values were excluded from the 200µM plot 

where the high-tension voltage exceeded the instrument threshold, 

which indicates low light transmission due to scattering or 

absorption. ............................................................................................. 137 

Figure 48 - Melting curves of both coiled coil-forming peptides, A) BNDL22 & B) 

BNDL29, at concentrations ranging from 6.25 to 200µM. Melting 

curves were obtained by extracting the MRE value at 222nm from CD 

measurements and plotting as a function of temperature. ..................... 138 

Figure 49 - Concentration effects of peptides at 222nm. CD values at 222nm were 

compiled for the peptides series to illustrate the change in helical 

structure across a peptide concentration range of 6.25µM to 200µM in 

DI water without pH adjustment, resulting in a pH of ~5. Minimal 

change in ellipticity at 222nm is observed across the concentration 

range, suggesting independence of structure from concentration within 

the measured concentration range. Low concentration measurements 

(i.e., 6.25µM) exhibit large random error as the signal is at the low 

end of the detection limit of the spectrometer. ...................................... 139 
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Figure 50 - Circular dichroism of BNDL22 at 0.1mM in various concentrations of 

NaCl. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of NaCl are as 

follows: A. 20mM B. 70mM C. 120mM. D. Melting of the coiled coil 

was tracked at 222nm. Note: MRE values below 198nm were 

excluded from the plot, because the high-tension voltage exceeded the 

instrument threshold, which indicates low light transmission due to 

scattering or absorption. ........................................................................ 140 

Figure 51 - Circular dichroism of BNDL22 at0.1mM in different concentrations of 

NaF. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of NaF are as follows: 

A. 20mM B. 70mM C. 120mM. D. Melting of the coiled coil was 

tracked at 222nm. .................................................................................. 141 

Figure 52 - Circular dichroism of BNDL22 at 0.1mM in different concentrations of 

KF. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of KF are as follows: 

A. 20mM B. 70mM C. 120mM. D. Melting of the coiled coil was 

tracked at 222nm. .................................................................................. 142 

Figure 53 - Circular dichroism of BNDL22 at 0.1mM in different concentrations of 

KCl. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of KCl are as follows: 

A. 20mM B. 70mM C. 120mM. D. Melting of the coiled coil was 

tracked at 222nm. Note: MRE values below 198nm were excluded 

from the plot, because the high-tension voltage exceeded the 

instrument threshold, which indicates low light transmission due to 

scattering or absorption. ........................................................................ 143 

Figure 54 - CD spectra of BNDL22 at various pH conditions. Samples were 

prepared at a peptide concentration of 0.1mM in deionized water and 

adjusted to the proper pH using HCl or NaOH as necessary. The pH 

values were as follows: A) 2, B) 3, C) 4, D) 5, E) 6, F) 7, G) 8, H) 9, 

I) 10, J) 11, K) 12, and L) 13.  Note: MRE values were excluded from 

the plot where the high-tension voltage exceeded the instrument 

threshold, which indicates low light transmission due to scattering or 

absorption. ............................................................................................. 145 
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Figure 55 - CD spectra of BNDL22-alloc. The sample was prepared at a peptide 

concentration of 0.1mM in DI water without pH adjustment resulting 

in a pH of ~5. A) shows the CD spectra of 10°C increments, while B) 

tracks the CD signal at 222nm to determine a melting temperature of 

65°C. These data indicate that the addition of the alloc-protected 

lysine to the N-terminus does not disrupt the coiled coil structure ....... 146 

Figure 56 - Oscillatory strain sweep of BNDL22 hydrogel. Oscillatory strain 

sweeps were performed to determine the linear viscoelastic regime to 

be used in subsequent temperature and strain cycling experiments. ..... 147 

Figure 57 - In-situ polymerization of BNDL22-Alloc hydrogels through lower plate 

irradiation with 365nm light. In-situ polymerization was conducted 

using irradiation at 365nm from the bottom parallel-plate to determine 

the necessary irradiation time for gelation. The crossover of storage 

and loss modulus denotes the gel point of the reaction. ........................ 148 

Figure 58 - Circular dichroism of BNDL22 without TFA removed. Preliminary 

experimentation found that removing residual trifluoroacetic acid 

(TFA) from peptides was critical for consistent results. A 

representative circular dichroism experiment of BNDL22 at pH 7. (A) 

CD spectra of BNDL22 while increasing the temperature (i.e., coiled 

melting). (B) CD spectra of BNDLD22 while decreasing the 

temperature (i.e., coiled formation). (C) Melting curves were 

constructed by tracking CD at 222nm while cycling the temperature 

from 10°C to 90°C to 10°C. The difference in MRE resulted in an 

apparent shift in melting temperature to 66±1 °C, attributed to 

aggregation/precipitation that was not observed when TFA was 

removed. ................................................................................................ 149 

Figure 59 ï UPLC-ESI-MS of peptide. The left plot shows ultra-high pressure 

liquid chromatography chromatograms of peptides after purification, 

as run for mass spectroscopy. The right plot shows the corresponding 

mass spectroscopy. A, B, C, D, E, and F represent BNDL29, 

BNDL29-C, BNDL29-Mal, BNDL15-TR, BNDL15-TR-C, BNDL15-

TR-Mal, respectively. ............................................................................ 152 
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Figure 60 - Circular Dichroism of BNDL15-TR and Functionalized BNDL15-TR. 

Peptides were prepared for circular dichroism at a peptide 

concentration of 0.1 mM in DI water without pH adjustment. The 

temperature was cooled from 90 to 10 °C at a rate of 1 °C/min with a 

spectrum taken every 10 °C. CD spectrum every 10 °C was collected 

for (A) BNDL15-TR, (B) BNDL29, (C) BNDL15-TR-C, (D) 

BNDL15-TR-Mal, (E) BNDL29-C, and (F) BNDL29-Mal. (G) The 

ellipticity at 222 nm was tracked every 1 °C and plotted for each 

peptide. .................................................................................................. 154 

Figure 61 ï Additional Cryo-TEM of BNDL29 Rods. Cryo-TEM of BNDL29 rods 

formed from BNDL29 with either thiol or maleimide at the N-termini, 

captured at different magnifications. (A) High magnification showing 

2 nm diameters, corresponding to a single coiled coil repeat unit. (B) 

Low magnification shows rod-like polymers reaching lengths of 1 to 2 

µm. ......................................................................................................... 155 

Figure 62 ï Additional Cryo-TEM of BNDL15-TR Rods. Cryo-TEM of BNDL15-

TR rods formed from BNDL15-TR with either thiol or maleimide at 

the N-termini, captured at different magnifications. (A) High 

magnification showing 2 nm diameters, corresponding to a single 

coiled coil repeat unit. (B) Low magnification shows rod-like 

polymers with high rigidity. (C) Low magnification shows a polymer 

chain spanning the field of view of the TEM. ....................................... 156 

Figure 63 - UPLCïESIïMS of CspB6 and Coï4MalïCspB6. UPLC (Left) and 

ESI-MS (Right) of CspB6 (A) and Co-4Mal-CspB6 (B) at pH 4 

showed the peptide's molecular weight and the conjugated peptide to 

isophthalic acid. The assembled cage breaks apart under ESI, resulting 

in only the isophthalic acid and its conjugated form being ionized and 

solubilized. ............................................................................................ 158 

Figure 64 ïMALDI of CspB17, Coï4MalïCspB17, and Coï4MalïCspB6Ac. 

MALDI was utilized to determine the molecular weight of A) 

CspB17, B) Co-4Mal-CspB17, and C) Co-4Mal-CspB6-Ac using Ŭ-

cyano-4-hydroxycinnamic acid as a matrix. Acidic UPLC-ESI-MS 

was not viable due to the pH responsiveness of these conjugated 

materials precipitating from the solution during sample preparation. 

Ionization resulted in the disassociation of the cage, so only the 
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Proteins play vital roles in life by providing structural and dynamic properties 

that underpin essential biological functions. These properties, including structural 

rigidity, temperature sensitivity, and pH responsiveness, are highly desirable in 

material systems to create functional materials. One approach to capture these 

properties is to incorporate peptides that mimic the structural domains of proteins 

responsible for these dynamic properties into materials. However, the potential 

application of peptides as functional building blocks for material design extends 

beyond biomimicry, especially considering the possibilities offered by 

computationally designed peptides. This thesis explores the use of computationally 

designed coiled coil-forming peptides as functional building blocks for hierarchical 

material design. This involved characterizing a new series of coiled coils and using 

those peptides as building blocks for purely peptidic and hybrid peptide materials. 

A novel series of computationally designed tetrameric coiled coil-forming 

peptides were used to explore how peptide length affects coiled coil stability. These 

peptides were synthesized, and their secondary structure was characterized, leading to 

the establishment of design rules dictating the necessary peptide length for tetrameric 

coiled coil formation. Furthermore, the shortest stable sequence was utilized as a 

model system to examine how solution conditions influence coiled coil stability. The 

addition of various monovalent salts increased the stability of the coiled coil. 

Moreover, the coiled coil remained stable over a pH range of 4 to 11, showcasing the 

robustness of this sequence. As such, this coiled coil peptide was integrated as a 
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physical cross-linker in a hydrogel that responds to changes in temperature and strain, 

allowing for injection via a syringe. 

To enhance the functionality of these new sequences and broaden the scope of 

similar computationally designed peptides, a truncation of an extremely stable coiled 

coil-forming peptide was synthesized. Although too short to independently form a 

coiled coil, this truncated sequence contained the functional elements required for 

coiled coil formation. By incorporating click-reactive groups at the N-terminus of the 

truncated sequence, the sequences could be linked together, resulting in the assembly 

of rigid-rod polymers by stabilizing a coiled coil structure. This presents a new 

polymerization mechanism for these rigid-rod polymers, relying on physical assembly 

rather than chemical linkage, as previously documented. Furthermore, the ability of 

truncated sequences to create functional materials significantly broadens the potential 

functionality of the computationally designed coiled coils described in this thesis. 

A novel class of hybrid material was synthesized by incorporating metal-

organic polyhedral (MOP) into peptides, resulting in hybrid peptide-inorganic 

materials. Initially, the MOP was functionalized with "click" functional groups by 

synthesizing and coupling "click" functional anhydrides. This modified MOP was then 

linked to various peptides, resulting in a water-soluble pH-responsive MOP that 

selectively precipitated from solution under acidic pH conditions. To enhance the 

biocompatibility of these MOP materials, it was necessary to impart water solubility to 

the traditionally insoluble MOP. A stepwise conjugation approach was developed to 

attach ethylene glycol and maleimide to the MOP as a post-synthetic modification, 

yielding a "click" functional water-soluble MOP. This modified cage was then 

conjugated to a coiled coil peptide in water, forming nanosheets with a thickness 
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equivalent to a single coiled coil. The materials developed in this study offer a diverse 

range of building blocks that are robust enough to support various modifications and 

conjugations. These advancements hold potential in applications such as 3D printing, 

drug delivery, and selective membrane separations, inspiring new avenues of research 

and development. 

 



 1 

INTRODUCTION  

1.1 Peptide Materials 

Peptides are biological molecules composed of sequences containing 

approximately 100 or fewer amino acids, which are the fundamental building blocks 

of proteins. They have been extensively studied since the early 1900s when Fischer 

and Fourneau coined the term ñpeptideò in 1901,1 and Bayliss and Starling discovered 

Secretin in 1902.2 Initially, research on peptides mainly focused on therapeutic 

applications, with the isolation of natural peptides such as Insulin in the 1920s.3 Over 

time, advancements in synthetic peptide production techniques expanded the range of 

potential applications of peptides, leading to their increasing use in various fields, 

including cosmetics, pharmaceuticals, and material design. One of the most publicized 

uses of peptides is in cosmetics. Biologically active peptides are often incorporated 

into cosmetic products for various application-specific purposes, such as wound 

healing, hair growth, and wrinkle reduction.4 However, the utility of peptides extends 

well beyond cosmetics. Peptides have significant implications for human health 

through supplements and advanced pharmaceuticals that combat diseases. In 

pharmaceuticals, peptides serve diverse roles, such as acting as biologically active 

drugs, leading to numerous peptide products undergoing clinical trials.3,5 Another 

crucial pharmaceutical application of peptides involves contributing to therapeutics' 

delivery and stabilization by introducing properties such as cell membrane penetration, 
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targeted delivery, and stimuli-responsiveness.6 These functionalities arise from 

specific interactions with biological components.  

Peptides exhibit active functionality by interacting with biological components 

and demonstrate versatility by forming dynamic and responsive materials through self-

assembly. These self-assembly processes have been employed in various structures, 

including polymeric hydrogels cross-linked by peptides.7ς9 Peptides serve as 

components within materials and can constitute the entire structure. For instance, 

peptidic materials can be created by leveraging hydrophobic interactions between 

amphiphilic peptides, leading to the formation of intricate structures like large 

nanofibers, which have been utilized in promoting the recovery of spinal cord 

injury.10ς12 The assembly of peptidic materials, such as hydrogels, can be driven by 

peptide self-assembly into higher-order structures, such as ɓ-hairpins, which 

subsequently fold into dynamic hydrogels, as shown in Figure 1A,9 or Ŭ-helices 

designed to form filamentous peptide nanostructures, as shown in Figure 1B.13 These 

self-assembling peptidic materials find applications in drug delivery, cell signaling, 

and even organic batteries (as shown in Figure 1C).9,12,14 

Peptides' diverse properties originate from the assortment of amino acids they 

contain and the hierarchical structures they can adopt. At their core, peptides, and 

proteins have a primary structure consisting of a sequence-specific chain of amino 

acids covalently linked between their amine and carboxylic acid groups (See Figure 

2). All amino acids share a common backbone featuring an amine and carboxylic acid, 

with variations in the functional group, known as the R group, at the Ŭ-side chain. 

Biological systems utilize 20 naturally occurring amino acids in protein synthesis, but 

synthetic peptides can incorporate nearly limitless non-natural amino acids. Amino 
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acid chains can self-assemble, leading to the folding of peptides into secondary 

structures such as Ŭ-helices and ɓ-sheets. These structures are stabilized by 

interactions like hydrogen bonding between neighboring amino acids. Further 

assembly can then occur between secondary structures to form higher-order tertiary 

structures, and ultimately, multiple peptides and proteins can assemble to form 

complex quaternary structures.15 This intricate hierarchical assembly of peptides and 

proteins underlies their diverse functions and many of their properties. 
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Figure 1 ï Different Types of Peptidic Materials Formed Through Various 

Assemblies. A) ɓ-hairpin forming peptides that further assemble into 

responsive hydrogels with applications in drug delivery.9 B) Ŭ-helical 

peptides designed to assemble into filamentous nanostructures.13 C) 

Peptidic electrodes formed from self-assembling peptides.14 Components 

of this figure are republished from Proceeding of the National Academy 

of Science, USA 9 (A) and Nature Communications13 (B) Nature14 (C) 

with permission from the journals. 

The hierarchical structures that peptides form contribute to their properties, 

making them ideal building blocks for materials. Peptides fold into specific sequences, 

resulting in assemblies with functional groups precisely positioned. Additionally, these 

assemblies are made from molecularly uniform building blocks. Achieving site-

specific modification or molecular uniformity in many materials is challenging 
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without utilizing biologically derived materials like DNA, RNA, or proteins.16,17 

Nucleotide-based structures, such as DNA and RNA, can be made in sequence-

specific manners through recombinant expression, as well as solid-phase synthesis,18 

and can be directed to fold into intricately designed structures, such as DNA 

origami.19 However, the cost and the susceptibility of nucleic acid-based materials to 

environmental degradation limit their use for materials requiring long sequences.18 

Alternatively, proteins are often more resistant to degradation and cost-effective for 

large-scale synthesis through recombinant methods.20 Non-natural chemistries can 

also be incorporated into proteins to impart new functionality. However, incorporating 

site-specific modifications typically requires genetic engineering.21 While the range of 

non-natural amino acids that can be expressed is expanding, the challenges of 

recombinant expression remain. Additionally, desirable tertiary structures that are 

often incorporated into the protein materials directly after transcription are not often 

recoverable after denaturation. Although not prohibitive to their use, the drawbacks of 

DNA, RNA, and proteins as building blocks cause them to be less favorable than a 

peptide system, which can be synthesized rapidly through solid-phase synthesis, 

facilitating the incorporation of site-specific non-natural functional groups. They can 

also be produced recombinantly for scalability and are generally more resilient to 

environmental conditions. 
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Figure 2 ï Chemical Structure of Amino Acids and Peptides. Amino acids comprise 

the primary structure (top left) of proteins and peptides. They are 

comprised of a conserved amide (green) and carboxylic acid (yellow) 

backbone with a definitive R group at the Ŭ-side chain (blue). Proteins 

comprise 20 naturally occurring amino acids defined by their unique R 

groups. Peptide chains are made through a dehydration reaction between 

a carboxylic acid of one amino acid and the amine of another amino acid, 

which is repeated sequence-specific to create the primary structure of 

peptides and proteins. These chains further fold into a secondary 

structure (top right) through local interactions between amino acid side 

chains to form Ŭ-helices and ɓ-sheets. Interactions between secondary 

structures lead to the formation of the tertiary structure (bottom left). 

Finally, multiple folded chains can assemble to form the quaternary 

structure (bottom right), which leads to the intricate functions of proteins. 

Portions of this figure were created with BioRender.com. 

1.2 Solid Phase Peptide Synthesis and Modification 

One of the primary advantages of utilizing peptides as building blocks for 

materials is the capacity to introduce specific reactivity at precise locations by 

incorporating non-natural amino acids and functional groups during solid-phase 

peptide synthesis (SPPS). Bruce Merrifield's development of SPPS in 1963 was a 



 7 

groundbreaking achievement, earning him the Nobel Prize and revolutionizing the use 

of peptides and short proteins in biological sciences.22,23 SPPS involves fixing the C-

terminus of an amino acid to insoluble solid resin support and then building a peptide 

chain one amino acid at a time, creating a sequence-specific peptide.24 Adding a single 

amino acid is achieved by using amino acids with protecting groups (PG) on the amine 

and Ŭ-side chain. The peptide backbone can be extended by selectively removing the 

amine functional group (orthogonal to the resin cleavage and side chain protecting 

groups) and coupling the next amino acid facilitated through highly efficient amide 

couple reagents. Various methods exist to achieve this orthogonal deprotection.25,26 

The widely adopted approach employs a base-labile fluorenylmethoxycarbonyl 

(Fmoc) PG on the amine, acid-labile side-chain PGs, and an acid-labile linker 

connecting the peptide to resin; thus, at the end of the synthesis, the side-chain 

protecting groups are cleaved, and the peptide is removed from the solid support in a 

single step using acid.26  

SPPS offers several critical advantages over traditional solution-phase 

synthesis, enabling the synthesis of longer peptides. The primary benefit of SPPS lies 

in its ability to separate the peptide from reaction mixtures simply through filtration. 

This simplifies purification after each amino acid coupling step and allows for the use 

of higher stoichiometric excess and repeated coupling steps, leading to significantly 

increased conversion of each amino acid coupling. Moreover, SPPS can employ 

automated synthesizers that utilize rapid heating, simplify the synthetic process, 

reduce amino acid coupling times, and reduce side reactions.27 Microwave-assisted 

SPPS, for example, can synthesize a 29 amino acid sequence in just 5 hours, compared 

to several days with conventional automated synthesizers. Despite the transformative 
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applications enabled by SPPS in peptide science, the technique has limitations, 

particularly in scalability and peptide length. While synthesizers can be scaled by 

increasing solvent and resin amounts, achieving gram-scale peptide production solely 

using SPPS becomes challenging. Moreover, the practical length of peptides that can 

be synthesized on resin is limited to tens of amino acids due to compounded yield 

effects with each step-wise addition and PG cleavage, as well as eventual steric 

hindrance and solubility concerns as the chains grow within the resin.26 Although 

steric hindrance issues can be mitigated using less densely modified resin, the ultimate 

limit depends on the sequence being synthesized. Convergent synthesis techniques like 

native chemical ligation offer an alternative method to overcome length limitations by 

linking two peptides together to form larger peptides as long as 203 residues, with the 

potential to achieve even greater lengths.28 

During SPPS, peptides can be modified with functional groups that do not 

naturally occur in biological amino acids through post-synthetic modification, on-resin 

modification, or by incorporating non-natural amino acids (NNAA). Post-synthetic 

modification of peptides, herein meaning modifications carried out in the solution 

phase after the peptide is fully synthesized, can pose challenges for achieving site-

specific modifications without restricting the choice of amino acids or introducing 

non-natural reactive groups. For example, a commonly used modification method is 

through conjugation to free amines using an N-hydroxysuccinimide (NHS) ester.29 

While effective for conjugation, this approach requires protecting the N-terminus of 

the peptide chain and limiting the usage of lysine residues to achieve site-specific 

modification. Furthermore, isolating conjugated peptides may necessitate additional 

purification steps, particularly when conversion is not quantitative (~100%), leading to 
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reduced synthetic yields. To overcome these challenges, óclickô chemistries are 

frequently employed in post-synthetic modification. These reactions, renowned for 

their selectivity, proceed to high conversion with minimal side product formation.30 

Click chemistry has profoundly impacted biological sciences, earning recognition with 

the 2022 Nobel Prize in Chemistry.31 Notable examples of click reactions include 

thiol-Michael addition,32 copper-catalyzed azide-alkyne cycloaddition (CuAAC),33 

strain-promoted azide-alkyne cycloaddition (SpAAC),34 and tetrazine trans-

cyclooctene (TCO) conjugation.35,36 Most click reactions involve using a non-natural 

functional group, which can be incorporated while the peptide is still on-resin during 

SPPS through NNAA or on-resin modification. This approach requires minimal 

additional purification beyond filtration and allows for greater flexibility in 

modification. 

Incorporating NNAAs and on-resin modification of peptides offer significant 

benefits, similar to SPPS, over traditional solution-state peptide synthesis; these 

include removing reaction mixtures via filtration and utilizing high stoichiometric 

excess, resulting in increased conversions. However, distinct circumstances make 

either NNAA incorporation or on-resin modification preferable. NNAA coupling 

enables nearly complete conversion and, thus, incorporation into the peptide through 

standard Fmoc synthesis. The principal drawback of this approach is the cost of the 

Fmoc-protected NNAA or the time (and cost) to synthesize it separately. Any 

functional groups associated with the NNAA must also be inert to standard amide 

coupling and Fmoc deprotection. On-resin modification of peptides is advantageous 

when the molecule being conjugated onto the peptide can achieve nearly quantitative 

conversion through solid-phase conjugation. In such cases, all reaction components 
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other than the peptide are easily removed via filtration. However, if the reaction does 

not proceed to quantitative conversion, the conjugated molecule must induce a 

significant change in peptide properties, such as hydrophobicity, to facilitate its 

separation from the unmodified peptide during subsequent purification steps. Various 

protecting groups (PGs) that can be removed orthogonally to standard Fmoc-SPPS are 

utilized to achieve site-specific modification. For example, the N-allyloxycarbonyl 

(alloc) group can be removed with palladium and is inert to the acid- and base-PGs 

used in standard Fmoc-SPPS.37 Leveraging these on-resin techniques allows for the 

design and synthesis of complex peptide sequences with multiple site-specific non-

natural functional groups. 

1.3 Ŭ-Helical Coiled Coils 

The coiled coil, a quaternary peptide motif illustrated in Figure 3, consists of 

multiple Ŭ-helices super-coiled. This structure was first independently proposed by 

Francis Crick and Linus Pauling in 1953.38ς40 Crick recognized Ŭ-helices twisted 

together along a fiber and coined the term ñcoiled coil.ò He deduced that coiled coils 

are composed of repeating patterns of seven amino acids, termed a heptad, which 

comprises two helix turns with hydrophobic residues packed into the coilsô center. 

This heptad pattern is prevalent in many fibrous proteins like tropomyosin41 and 

myosin.42 Cohen and Parry further demonstrated that coiled coils extend beyond 

fibrous proteins, appearing in various globular proteins.43 Our understanding of the 

structures of coiled coils and the design rules governing their formation has evolved 

continuously. It is now understood that coiled coils can arise from different repeating 

interaction patterns, lengths, and geometries, as elaborated in numerous reviews on the 

structure of coiled coils.44ς48 The regular heptad repeat pattern may also have 
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disruptions, such as inserting three or four residues, resulting in a similar periodicity 

(i.e., 3.5 amino acids) to that of a canonical coiled coil.49,50 As long as this disruption 

corresponds to the periodicity of a coiled coil, non-amino acid disruptions, such as a 

triazole ring, can still continue a coiled coil.51 

The vast diversity of coiled coils manifests in various aspects, including the 

number of Ŭ-helix chains, the orientation of the peptides, and the composition of 

chains. These properties are determined by the arrangement of interacting polar 

residues and hydrophobic residues within each heptad, forming a hydrophobic core 

comprised of differently shaped hydrophobic faces on the Ŭ-helix. Each position 

within a heptad is designated by the letters abcdefg, with each letter corresponding to 

an amino acid within the heptad. This arrangement gives rise to specific patterns, such 

as an a-d-e or a-d-g core, leading to different configurations of coiled coils, as shown 

in Figure 3.52 Another common distinction in coiled coil formation is the orientation of 

the peptides, which can be all in the same (parallel) or alternating directions (anti-

parallel). For example, the antiparallel orientation is illustrated in Figure 3 by the N or 

C denoting the amine or carboxylic terminus, respectively. Additionally, coiled coils 

can consist of identical or different chains, resulting in homogeneous or heterogeneous 

coiled coils. This study focuses on utilizing homogeneous, tetrameric, anti-parallel 

coiled coils formed through hydrophobic residues located at positions a, d, and g 

within each heptad, indicated by the red residues in Figure 3.53  
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Figure 3 ï Helical Wheel Diagram of an a-d-g Core Tetrahelical Coiled Coil. A coiled 

coil backbone is rendered (left) in a ribbon model and, when rotated 90° 

to be viewed from the top, can then be simplified to a helical wheel 

diagram. The helical wheel diagram (right) is a projection down the 

barrel of a tetrahelical a-d-g core anti-parallel coiled coil. The amino 

acids within the heptad are denoted by abcdefg, with the N- and C- at one 

end of the coiled coil denoted by their respective letters. The arrows 

show the direction of the peptide backbone moving down layers of the 

helix as the arrows become thinner. The red-colored circles denote 

residues within the hydrophobic core.  

When considering the length of a coiled coil, there are two distinct domains 

with different trends in stability, those being long coiled coils (i.e., >10 heptads) and 

short coiled coils (i.e., <10 heptads). Stability is generally independent of chain length 

in long-coiled coils, with the location of hydrophobic residues being the primary 

determinant of stability.54 Conversely, chain length significantly contributes to 

stability in the short-coiled coil domain. It has been demonstrated that the minimum 

stable length for a dimeric coiled coil is typically 2-3 heptads in natural and synthetic 

dimeric coiled coils.55,56 However, research on applying this design rule to higher 
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oligomerization states of coiled coils, such as tetramers, is limited. This limit is 

specifically for coiled coils without additional stabilization, such as incorporating 

additional covalent linkages or staples. Through the use of intra- and inter-helical 

staples, dimeric coiled coils as short as 9 amino acids, or one heptad, have been 

successfully stabilized.57,58 

The diverse array of coiled coil-forming peptide sequences offers a wide range 

of structural and dynamic properties. In some natural proteins, coiled coils contribute 

to the structural strength of proteins such as that found in keratin (providing the 

underlying structure of hair and nails)59 and fibrinogen (a key component of blood 

clots),60 both of which are predominantly comprised of coiled coils. Moreover, coiled 

coils in proteins can impart a multitude of dynamic properties, such as the sequence-

specific assembly demonstrated by SNARE proteins (proteins responsible for bringing 

cell membranes together through the formation of a heterogenous coiled coil),61 or pH 

responsiveness observed in the influenza hemagglutinin protein. The influenza 

hemagglutinin protein contains a coiled coil structure that unfolds at low pH to 

penetrate cell membranes.62,63 Many of these structural and dynamic properties are 

desirable to integrate into material systems, a possibility increasingly realized through 

the development of synthetic coiled coils. 

Coiled coils have been incorporated into materials as both components and 

primary building blocks, showcasing their dynamic and structural properties. 

Pioneering work incorporated coiled coils into materials as a component to impart 

temperature and pH responsiveness to a hydrogel. Specifically, a segment of the 

leucine zipper protein was used as a cross-linker to make hydrogels.7 Changes in 

temperature and pH led to the denaturation of the coiled coil segments, enabling the 
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gel to cycle between a gel and solution state. Recent advancements have focused on 

employing coiled coils in purely peptidic materials capable of forming fibrous, 

crystalline, spherical, and geometric structures.64 The variety of structures formed by 

coiled coils is mainly driven by the exterior surface, which is designed by placing 

specific amino acids in the primary sequence of the peptide. Encoding local amino 

acid interactions can promote specific interactions between the coiled coil and other 

coiled coils, metals, polymers, or more complex structures such as cells.65 The 

stability of the coiled coil core enables the diversity of external interaction variation. 

Consequently, a single robust core is critical to designing a broad range of coiled coil-

forming peptide sequences suitable for diverse material applications. 

1.4 Computationally Designed Coiled Coils as Material Building Blocks 

Segments of naturally occurring proteins often inspire synthetic coiled coils to 

mimic nature's intricate structures and functions; however, limiting the design to what 

nature has created only scratches the surface of potential peptide sequences. De novo-

designed coiled coils are a promising avenue for developing customizable sequences 

with structures optimized for specific peptide functions. This thesis focuses on a 

particular set of de novo-designed coiled coils, which were computationally designed 

by the Saven group at the University of Pennsylvania to form anti-parallel tetrameric 

heterogeneous coiled coils consisting of 29 amino acids. These coiled coils feature a 

conserved core of alanine, isoleucine, and methionine (A, I, and M, respectively) at 

the a-d-g heptad locations respectively. These coiled coils were used as a building 

block for the design and synthesis of hierarchical materials. The structure and 

hydrophobic core were designed de novo using a multiparameter mathematical model 

of a helical coiled coil, with the final structure determined based on geometric 
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parameters to determine the most stable core.53 This optimally designed core served as 

a basis for designing multiple sequences with diverse charge profiles along the coiled 

coilôs exterior.53,66 The exterior amino acids of the coiled coil were designed by 

applying a probabilistic method to calculate the site-specific probabilities of amino 

acids at each position while maintaining the three amino acids within the core of each 

heptad. Once the most probable amino acid was determined for that position, it was 

fixed, and the process was repeated iteratively for each amino acid position to 

determine the most probable sequence.53 Various additional design rules were applied 

throughout this process to create sequences with tailored properties such as charge and 

designed self-assembly.53,66 

The design process of these coiled coil peptides enables a broad range of 

amino acid profiles to be implemented due to the robust coreôs ability to withstand 

various modifications. The capacity to engineer the self-assembly of these coiled coils 

was demonstrated by designing sequences specifically to form crystalline structures in 

water, with the sequence being designed to achieve an intended crystal structure, as 

shown in Figure 4B.53 One of the initial sequences that form a 29-amino-acid 

tetrahelical anti-parallel coiled coil, herein referred to as BNDL29,  was designed to 

not self-assemble and thus exists as a single particle in solution, as depicted in Figure 

4A. BNDL29 exhibited exceptional stability with melting temperatures exceeding 

90°C as determined by circular dichroism (CD), and the computationally predicted 

dimensions of a 2 nm x 4 nm (diameter x length) cylinder agreed well with small-

angle neutron scattering (SANS).67 These coiled coil peptides' stability and precise 

dimensions make them ideal candidates as building blocks for materials. This was 

demonstrated by their use as a monomer unit in a mesoscale polymerization, where the 
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repeat unit is the coiled coil bundle.68 This was achieved by modifying two different 

coiled coils, BNDL29 and another bundle-forming peptide derived from BNDL29, 

BNDL2, at their N-termini with a maleimide or thiol, respectively, allowing for 

spontaneous polymerization through the thiol-Michael click reaction upon mixing the 

sequences, as depicted in Figure 5A. The resulting polymers maintained a diameter of 

2 nm (the size of a single coiled coil), reached lengths of up to 1-2 µm, and exhibited 

an immense rigidity as indicated by persistence lengths >30 µm, as shown in Figure 

5B.68 These polymeric rods are unique from fibrous biologically derived materials 

because they consist of a single coiled coil-width repeat rather than a fibrous structure 

in which a larger diameter causes higher rigidity. 

Using coiled coils as a foundational element for material synthesis proves 

advantageous due to their precise size, designable surfaces, and functionalization 

potential with click chemistry. The rod-like polymers formed by bundle-forming 

coiled coil monomers have been used to form liquid crystal structures at high 

concentrations. The incorporation of a small amount of high molecular weight 

polyethylene oxide (1.5 wt%) into solutions of rod-like coiled coil polymers enabled 

them to be electro-spun to create large fibrous structures, as depicted in Figure 5C.68,69 

The coiled coil has demonstrated utility as a physical cross-linker within hydrogels 

and between gold nanoparticles, highlighting its capability to serve as a singular 

colloidal building block for materials.68 New methods of assembly have been 

implemented using these sequences, such as recombinant expression with resin-like 

polypeptides to drive self-assembly,70,71 and step-wise addition to grow chains off of a 

surface.72 While a few designed sequences have shown immense functionality, the 

potential for utilizing the computationally designed bundle-forming core can be  
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Figure 4 ï Computationally Designed Bundle-Forming Peptides. A) Computationally 

designed BNDL29 acts as a single 2 nm x 4 nm (diameter x length) 

cylindrical unit in solution.53 B) By changing exterior amino acids on 

BNDL29, designed crystalline self-assembly was achieved.53 C) Using 

BNDL29 as a base sequence, a series of densely charged bundle-forming 

peptides with net charges ranging from +32 to -32 per coiled coil was 

made. The red coloring represents positively charged amino acids, while 

the blue represents negatively charged amino acids.66 Components of this 

figure are republished from Science Advances53 (A and B) and 

Biomacromolecules66 (c) with permission from the journals. 

significantly expanded to a range of applications. The potential applications of the 

bundle-forming core arise from the ability to use BNDL29 as a foundational sequence 

for designing new coiled coil-forming peptides with tailored properties. Recent 

research has introduced a series of new coiled coil-forming peptides derived from 

BNDL29, ranging in net charge from +32 to -32 per coiled coil, as depicted in Figure 

4C.66 These densely charged particles not only demonstrate the robustness of coiled 
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coil formation with conserved A, I, and M core amino acids but also show the 

diversity of peptides that can be used to design materials with tailored properties. 

 

Figure 5 ï Materials Made from Bundle-Forming Peptides. A) Schematic of two 

bundle-forming peptides that were functionalized with either a thiol or 

maleimide and polymerized through the thiol-Michael click reaction.68 B) 

Cast-film TEM of polymerized bundle-forming peptides showing the 

formation of rigid-rod polymers reaching lengths of 1-2 µm and a 

diameter of 2 nm, which corresponds to the width of a single coiled 

coil.68 C) SEM of rigid-rod polymers of bundle-forming peptides that 

were electrospun with 1.5 wt. % polyethylene oxide.69 Components of 

this figure are republished from Nature68 (A and B) and ACS Applied 

Materials and Interfaces69 (c) with permission from the journals. 
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1.5 Metal-Organic Polyhedra (MOPs) as a Material Building Block 

Highly porous metal-organic materials such as porous aromatic frameworks,73 

covalent organic frameworks,74 and metal-organic frameworks (MOFs) serve diverse 

applications, with gas storage being a primary application.75 Among these materials, 

MOFs have garnered significant attention not only for gas storage but also for 

catalysis, separations, sensing, and drug delivery.76,77 MOFs are organic-inorganic 

hybrid materials that form crystalline structures by linking metal ions with organic 

ligands, resulting in an ordered porous structure.76 Many of the applications of MOFs 

stem from their porosity, which provides a high surface area for interactions. In recent 

years, interest has grown in a new class of materials known as metal-organic 

polyhedra (MOPs), or cages, which are molecular counterparts of MOF pores. MOPs 

are constructed similarly to MOFs, but instead of expanding into 3-D structures, they 

form molecular cages by utilizing a capping agent, such as alternative metal sources 

and molecules like bipyridyl78 and calixarenes species,79 as shown in Figure 6.79 The 

choice of ligand, metal, and capping agent yields various tunable geometries, 

including box,80 tetrahedron,81 and paddlewheel to name a few.78,82 While MOPs share 

similarities with MOFs in terms of pore structures, they can be solubilized and densely 

packed due to their molecular nature. This work primarily utilized a series of box-

shaped calixarene-capped cages for material applications. When considering the use of 

MOPs for material applications, there exists a need to chemically modify the exterior 

of the cage to alter its solubility and reactivity. 
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Figure 6 ï MOFs and MOPs with Unique Pore Structures. HKUST-1, UiO-66, and 

PCN-9 (top from left to right). Porous coordination cages can be 

designed as molecular analogs to the pore geometry of the related MOFs 

(bottom).81,83ς88 This figure was republished from Michael Dworzakôs 

thesis88 with permission from the University of Delaware. 

Chemically modifying the exterior functional groups of MOPs can be achieved 

either before or after cage assembly. Pre-synthetic modification involves altering the 

ligand prior to or during assembly, while post-synthetic modification occurs after the 

cage has been formed. Pre-synthetic modification can have advantages in solubility 

and ensuring homogeneous cage synthesis; however, it may pose challenges, 

particularly if modified bridging ligands interfere with cage formation. For example, 

using isophthalic acid as the bridging ligand for targeting copper (II) paddlewheel-

based cages, along with varying-length alkyl chains, resulted in the formation of 2-D 

MOFs rather than MOPs.89 Alternatively, post-synthetic modification of assembled 

cages can circumvent some ligand incompatibilities due to the cage already being 
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intact. The solubility of MOPs allows for homogeneous reaction onto exposed reactive 

groups on the MOP's surface, resulting in higher degrees of conversion when 

compared to similar post-synthetic modification of MOF structures, which can only be 

modified on the outer surface. Previous studies have functionalized MOPS through 

post-synthetic modification using acid chlorides,90 anhydrides,91 and CuAAC 

chemistries, as shown in Figure 7.80 

Incorporating reactive functionalities into MOPs has been employed as a 

foundational element in numerous materials. For instance, cross-linked aerogels were 

created by utilizing a MOP solubilized with alkyl chains, which were subsequently 

polymerized to produce a cross-linked aerogel with gas-capture capabilities.92 The 

necessity to solubilize the MOPs with alkyl chains underscores a significant challenge 

in utilizing MOPs for material engineering: their solubility. Solubility in various 

organic solvents has been shown to be adjustable through ligand selection and 

modification. While most MOPs exhibit poor water solubility, this can be remedied 

through external modification with charged groups like carboxylic acids93 or 

polyethylene glycol (PEG), enabling water solubility.94 These modified structures can 

facilitate cargo delivery, such as pharmaceutical molecules, through their porous core. 

However, to employ them in advanced materials design, it's imperative to enhance 

water solubility while preserving reactivity, which will be a thrust of this work.  
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Figure 7 ï Single Crystal XRD Structural Depictions of Cages Utilizing Click 

Functionality. A cobalt-based calixarene-capped cage (top) and a box-

shaped zirconium-based cage (bottom) were synthesized through pre-

synthetic modification of ligands to expose click reactive groups (i.e., 

alkyne, and azide), which were later used for post-synthetic modification 

via CuAAC chemistry.80 This image was republished from Chemical 

Communications80 with permission from the journal. 

1.6 Objectives and Outline 

The primary goal of this work is to expand the toolbox of functional material 

design and synthesis through the synthesis and characterization of peptidic building 

blocks for hierarchical materials. Specifically, this was accomplished by utilizing 

computationally designed bundle-forming coiled coil peptides, which serve as a 

molecularly monodisperse building block that can be functionalized with click-

reactive handles. Chapter 2 describes the experimental procedures for synthesizing and 

site-specifically modifying peptides and metal organic-organic polyhedral (MOPs), 

along with troubleshooting techniques tailored to the unique materials described in this 

work. In Chapter 3, a new series of coiled coil bundle-forming peptides was developed 
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in collaboration with Jeffery Savenôs research group at the University of Pennsylvania, 

who provided computational design. These novel sequences establish design 

principles for determining the minimum length required to form a stable tetrameric 

coiled coil. Furthermore, the shortest stable sequence was subjected to characterization 

under various salt and pH conditions to illustrate the influence of solution conditions 

on the thermoresponsive properties of the coiled coil. These thermoresponsive 

properties were then demonstrated in a material system by utilizing the coiled coil as a 

cross-linker in a thermo- and strain-responsive hydrogel. 

Previous work with BNDL29 and BNDL22 exclusively utilized peptides that 

had already been assembled into a coiled coil. Chapter 4 investigates the utilization of 

a truncation of the BNDL29 peptide, which was too short to form a stable coiled coil, 

to make rigid-rod polymers. Rigid-rodlike polymers were formed by covalently 

linking two truncated sequences via thiol-Michael click chemistry. This study 

demonstrated the ability to stabilize the coiled coil structure by directly forming rod-

like polymer chains as opposed to the chemical linking of stable coiled coil monomers 

through step-growth polymerization. Chapter 5 focuses on the conjugation of peptides, 

including bundle-forming peptides, to metal-organic polyhedra (MOPs). These hybrid 

materials represent an advancement in the post-synthetic modification of MOPs and 

further exploit the potential of bundle-forming peptides as building blocks in 

hierarchical materials. Conjugating bundle-forming peptides to MOPs resulted in 

forming nano-sheet materials with a thickness comparable to that of a single coiled 

coil. To broaden the applicability of these peptide-MOP hybrid materials, water-

insoluble MOPs were modified through post-synthetic modification to confer water 

solubility, enabling reactions with peptides in aqueous conditions conducive to peptide 
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self-assembly. Additionally, click functionality was added to MOPs by synthesizing 

and reacting various click-reactive anhydrides. This method of post-synthetic 

modification established a design process for the unique functionalization of MOPs 

with click functionality to conjugate biological macromolecules. Finally, Chapter 6 

summarizes the conclusions drawn from this work and outlines future perspectives 

regarding these material building blocks. 
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EXPERIMENTAL  

This chapter contains results that were published in Biomacromolecules in 

20248 and was reproduced with permission from the journal. 

This chapter outlines the methods and materials used in this thesis. It covers 

the techniques and reactions explicitly developed for the later chapters and those from 

preliminary experiments that, while not directly applied in later chapters, offer 

potential for future research using the peptides discussed. Additionally, it provides 

troubleshooting methods for the future synthesis of similar computationally designed 

peptides and materials. Unless otherwise noted, all chemicals and supplies were 

purchased from Fisher Scientific. 

2.1 Peptide Synthesis  

Peptide sequences were synthesized via microwave-assisted solid-phase 

peptide synthesis (SPPS) following standard Fmoc-deprotection protocols.95 Synthesis 

was performed on Rink-amide resin (ChemPep) with Fmoc-amino acids (ChemPep) 

being double-coupled, using diisopropylcarbodiimide (TCI) and OxymaPure (CEM) in 

8 and 4 times excess, respectively, in dimethylformamide (DMF). This approach 

utilized microwave-assisted heating (Liberty Blue, CEM) to rapidly reach coupling 

temperatures of 90°C, allowing for 2-minute coupling times. After coupling, the Fmoc 

protecting group was removed with a single deprotection using 20 v/v% piperidine 

(Sigma-Aldrich) in dimethylformamide at 75°C for 3 minutes. The resin was washed 

Chapter 2 
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as follows: 3x dimethylformamide, 3x methanol, 3x dichloromethane, 3x methanol, 3x 

dichloromethane. Before on-resin modification or purification, a micro-cleavage was 

performed. A micro-cleavage was performed as follows: a small amount of resin was 

collected and cleaved from resin using a trifluoroacetic acid (TFA) cleavage cocktail 

(92.5/2.5/5 v/v% TFA (Honeywell)/water/triisopropylsilane (Chem Impex) with 50 

mg/ml phenol (TCI) and 50 mg/mL 1,4-dithiothreitol (Chem Impex)) for 30 minutes. 

The solution was then evaporated with a stream of nitrogen. The resulting solid was 

redissolved into 5 v/v% acetonitrile in water; for peptide sequences with low water 

solubility, heating and sonication were used to aid in the dissolution of the solid 

peptide. The molecular weight of the crude peptide was verified via ultra-performance 

liquid chromatography electron-spray ionization-mass spectroscopy (UPLC-ESI-MS) 

(SQ Detector 2, Waters).  

If the molecular weight of a peptide was determined to be incorrect via LC-

MS, troubleshooting steps were first investigated for the micro-cleavage and LC-MS 

sample, followed by the synthesis of the sequence. If the difference in molecular 

weight from the intended molecular weight was suspected to be due to protecting 

groups that were not fully cleaved, then a microcleavage was repeated with a cleavage 

time of up to 3 hours. If the sample difference in molecular weight persisted after an 

extended cleavage time, then an alternative cleavage cocktail consisting of TFA, 

thioanisole (TCI), 1,2- ethanedithiol (TCI), and anisole (TCI) (90/5/3/2 v/v% 

TFA/thioanisole/1,2-ethanedithiol, anisole) was used. If errors persisted, then 

investigation of errors in the peptide synthesis was investigated by taking a micro-

cleavage at various steps during the synthesis to determine which amino acid was 

coupling incorrectly. A troublesome amino acid coupling can be fixed by one of the 
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following methods: extending the deprotection time before or after coupling, 

extending the coupling time, decreasing the coupling temperature, or switching the 

coupling reagents used for that amino acid. If further issues with the synthesis persist, 

a resin with a lower loading capacity or linker may be necessary. 

If the molecular weight of a peptide was determined to be correct via LC-MS, 

any further modification to the sequence could be performed. On-resin modifications 

were performed on the N-terminus of the peptides and at site-specific side chains. N-

terminus modification was performed at the N-terminus of the growing peptide chain. 

Site-specific modifications were generally performed by incorporating a lysine with an 

N-epsilon alloxycarbonyl (alloc) protecting group. When utilizing an alloc-protected 

lysine, the N-terminus must be protected; otherwise, later modifications will also react 

with the free amine. N-terminal protection was commonly achieved through 

maintaining the Fmoc protecting group during synthesis or through conjugation to the 

amine, which was most commonly through acetylation (see Figure 8). The impact of 

these site-specific modifications on the stability of coiled coils was explored 

experimentally in Appendix E. 

The alloc protecting group can be removed orthogonally to acid and base labile 

protecting groups used in standard Fmoc-SPPS. Alloc deprotection was performed as 

follows: palladium-tetrakis(triphenylphosphine) (Pd(PPh3)4) (0.2 eq, ChemImpex) and 

phenylsilane (20 eq, ChemImpex) were dissolved into dichloromethane 

(4mL/0.1mmol peptide) and added to the resin-bound peptide (1 eq). The slurry was 

mixed at room temperature for 2 hours. The solution was removed via filtration, and 

the resin was washed as follows: 3x dichloromethane, 3x methanol, and 3x 

dichloromethane. A fresh mixture of Pd(PPh3)4 and phenyl silane in dichloromethane 
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(0.2 eq, 20 eq, 4ml/0.1mmol peptide, respectively) was prepared and added to the 

resin for 2 hours. The solution was removed, and the resin was washed as follows: 3x 

dichloromethane, 3x methanol, 3x dichloromethane, with each wash mixing for at 

least 10 minutes, 3x methanol, and 3x dichloromethane. Removal of the alloc 

protecting group was confirmed via LC-MS as indicated by a decrease in molecular 

weight of 85g/mol. The deprotection step was repeated if removing the alloc 

protecting group was incomplete, as determined by LC-MS.  

The presence of an unprotected primary amine, whether that be the N-terminus 

or a liberated lysine side chain, allows for straightforward modification to add a 

variety of chemical handles such as acetylation, halides (bromides and chlorides), 

vinyl-sulfonamide, azide, alkyne, maleimide, furan, and fluorescent tags (TAMRA, 

NBD-Cl, Dansyl) are some examples that have been used in this work. Although many 

of these modifications were not directly used within the materials presented in this 

work, they were instrumental in exploratory work and collaborations that led to this 

work.  

 

Figure 8 ï On-resin acetylation of amines on a peptide. Acetic anhydride 

(ChemImpex) was prepared at 10 v/v% in dimethylformamide, and 

4mL/0.1mmol of the peptide was added to the peptide on resin and mixed 

for 15 minutes. The solution was removed via filtration, and the resin was 

washed as follows: 3x dimethylformamide, 3x methanol, 3x 

dimethylformamide. Fresh 10v/v% acetic anhydride in 

dimethylformamide was added at 4ml/0.1mmol of peptide and reacted for 

15 minutes. The resin was washed as follows: 3x dichloromethane, 3x 

methanol, 3x dichloromethane, 3x methanol, 3x dichloromethane. Mass: 

Peptide + C2OH3. Calculated: peptide mass + 42.05. 
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Figure 9 ï On-resin addition of an acetyl bromide to amines on a peptide. The reaction 

vessel with peptide on resin was purged with nitrogen and charged with 

anhydrous dichloromethane (4ml/0.1mmol of peptide) and anhydrous 

triethylamine (4 eq, Sigma-Aldrich). The vessel was placed into an ice 

bath and cooled to 0ęC. While stirring at 0ęC, bromoacetyl bromide (4 eq, 

Alfa Aesar) was added dropwise to the reaction. The reaction was 

removed from the ice bath and allowed to return to room temperature 

while stirring for 2 hours. The solution was removed via filtration and the 

resin was washed as follows: 3x dichloromethane, 3x methanol, 3x 

dichloromethane. Mass: Peptide + C2OBrH2. Calculated: peptide mass + 

121.94. 

 

Figure 10 - On-resin addition of an acetyl chloride to amines on a peptide. The 

reaction vessel with peptide on resin was purged with nitrogen and 

charged with anhydrous dichloromethane (4ml/0.1mmol of peptide) and 

anhydrous triethylamine (4 eq, Sigma-Aldrich). The vessel was placed 

into an ice bath and cooled to 0ęC. While stirring at 0ęC, chloroacetyl 

chloride (4 eq, Sigma-Aldrich) was added dropwise to the reaction. The 

reaction was removed from the ice bath and allowed to return to room 

temperature while stirring for 2 hours. The solution was removed via 

filtration and the resin was washed as follows: 3x dichloromethane, 3x 

methanol, 3x dichloromethane. Mass: Peptide + C2OBrH2. Calculated: 

peptide mass + 77.49. 
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Figure 11 - On-resin addition of a vinyl sulfonamide to amines on a peptide. The 

reaction vessel with peptide on resin was purged with nitrogen for 1 hour 

and charged with anhydrous dichloromethane (4ml/0.1mmol of peptide) 

and anhydrous triethylamine (8 eq, Sigma-Aldrich). The vessel was 

placed into an ice bath and cooled to 0ęC. While stirring at 0ęC, 2-

chloroethanesulfonyl chloride (4 eq, Sigma-Aldrich) was added dropwise 

to the reaction. The reaction was removed from the ice bath and allowed 

to return to room temperature while stirring for 2 hours. The solution was 

removed via filtration and the resin was washed as follows: 3x 

dichloromethane, 3x methanol, 3x dichloromethane. Mass: Peptide + 

C2OBrH2. Calculated: peptide mass + 91.10. 

 

Figure 12 ï On-resin addition of propiolic acid to amines on peptides. A vessel was 

charged with ice-cold dimethylformamide (4 mL/0.033mmol peptide). 

Propiolic acid (10 eq, Sigma-Aldrich) was added dropwise to the 

dimethylformamide and mixed for 5 minutes. N, N-

diisopropylcarbodiimide (5.5 eq, TIC) was added to the propiolic acid 

solution and allowed to mix for 10 minutes. Peptide on resin (1eq) was 

added to a new fritted reaction vessel, purged with nitrogen, and placed 

into an ice bath at 0°C. The reaction mixture was added to the peptide 

and allowed to mix for 5 minutes. N-N- diisopropylethylamine (5 eq) was 

added dropwise. The reaction was allowed to return to room temperature 

and mixed overnight protected from light. The solution was removed via 

filtration and the resin was washed as follows: 3x dichloromethane, 2x 

methanol, 3x dichloromethane. Mass: Peptide + C3OH. Calculated: 

peptide mass + 53.04. 

Note that propiolic acid should be yellow when fresh and turns dark 

brown to black when base is added. If the propiolic acid is already dark 

brown to black prior to reacting, it should be replaced with fresh 

propiolic acid.  
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Figure 13 - On-resin addition of pentynoic acid to amines on peptides. Peptide on resin 

(1 eq) was added to a fritted reaction vessel. In a separate container, 4-

pentynoic acid (1.1 eq, CombiBlocks), (Benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) (1.1 eq, 

CombiBlocks), and N, N-diisopropylethylamine (DIPEA) (2.2 eq) were 

dissolved into dimethylformamide (4 mL/0.1 mmol peptide) and mixed 

for 10 minutes. The reaction mixture was added to the peptide vessel and 

allowed to react for 2 hours. The solution was removed via filtration and 

the resin was washed as follows: 3x dichloromethane, 2x methanol, 3x 

dichloromethane. The reaction and washing were repeated with fresh 

reaction mixture. Mass: Peptide + C3OH. Calculated: peptide mass + 

96.11. 

Note that hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU) (3 eq, CombiBlocks) and DIPEA (3 eq) can be used in place of 

the PyBOP/DIPEA conditions stated above.  

 

Figure 14 - On-resin conversion of a primary chloride to an azide on peptides. A 

primary chloride was added to a peptide as shown in Figure 10. Due to 

the potentially explosive reaction between sodium azide and 

dichloromethane, wash steps requiring dichloromethane were replaced 

with dimethylformamide during the acetyl chloride addition. A reaction 

vessel with peptide (1 eq) was purged with nitrogen for 5 minutes. 

Sodium azide (1.5 eq, Sigma-Aldrich) was dissolved into a mixture of 

dimethylformamide and water (3:1 dimethylformamide: water) and 

added to the peptide resin. The reaction was mixed overnight at room 

temperature. The peptide was washed as follows: 3x dimethylformamide, 

2x methanol, 3x dimethylformamide, 2x water, 3x dimethylformamide. 

Mass: Peptide + C2H2N3O Calculated: peptide mass + 84.06. 

 



 32 

 

Figure 15 ï Synthesis of 4-azidobutanoic Acid. Ethyl-4-bromobutrate (1eq, 25g, 

Sigma-Aldrich) was dissolved in dimethyl sulfoxide (187.5 ml). Sodium 

azide (1.5 eq, 12.5g, Sigma-Aldrich) was added to the mixture and mixed 

overnight under argon at 55°C. The reaction was diluted with distilled 

water (125ml) and extracted into diethyl ether (3 x 125ml). The 

combined organic phases were washed with water (125ml) and saturated 

sodium chloride (125ml) and then dried over MgSO4. The organic phase 

was concentrated in vacuo and immediately dissolved into 1M sodium 

hydroxide (125ml) and methanol (75ml). The reaction was allowed to 

proceed at room temperature for 3 hours after which time the methanol 

was removed in vacuo. The solution was acidified to a pH of 0 through 

dropwise addition of concentrated hydrochloric acid. The product was 

extracted into diethyl ether (3 x 125ml) and the combined organic phases 

were dried over MgSO4. The dried organic phases were concentrated to 

yield 4-azidobutanoic acid. 1H NMR (400 MHz, d-DMSO, ŭ):12.19 (s, 

1H), 3.38 (t, 2H), 2.30 (t, 2H), 1.75 (p,2H)  

 

Figure 16 - On-resin addition of dansyl chloride to amines on peptides. Peptide on 

resin (1 eq) was added to a fritted reaction vessel. In a separate container, 

dansyl chloride (5 eq, CombiBlocks) and triethylamine (10 eq, TCI) were 

dissolved into dichloromethane (4 mL/0.1mmol peptide) with sonication. 

The solution was added to the peptide and allowed to react at room 

temperature for 2 hours. The solution was removed via filtration and the 

resin was washed as follows: 3x dichloromethane, 2x methanol, 3x 

dichloromethane. The reaction and washing were repeated with fresh 

reaction mixture. Mass: Peptide + C12H13N2O2S* Calculated: peptide 

mass + 234.29. 
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Figure 17 ï On-resin addition of 5-(and-6)-carboxytetramethylrhodamine (5(6)-

TAMRA) to amines on peptides. 5(6)-TAMRA (4 eq, Aapptech), O-(1H-

6-chlorobenzotriazole-1-yl-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HCTU) (4 eq, CombiBlocks), and 

diisopropylethylamine (10 eq), were dissolved in dimethylformamide (4 

mL/0.1 mmol peptide) and allowed to react for 10 minutes. The reaction 

mixture was then added to peptide on resin and mixed at room 

temperature for 4 hours. The solution was removed via filtration and the 

resin was washed as follows: 3x dichloromethane, 2x methanol, 3x 

dichloromethane. Mass: Peptide + C25H22N3O4. Calculated: peptide mass 

+ 413.45. 

 

Figure 18 ï On-resin addition of 4-chloro-7-nitrobenzofurazan (NBD-Cl) to amines on 

peptides. NBD-Cl (4 eq, TCI) and diisopropylethylamine (6 eq) were 

dissolved in dichloromethane (4 mL/0.1mmol peptide) and allowed to 

react at room temperature for 2 hours. The solution was removed via 

filtration and the resin was washed as follows: 3x dichloromethane, 2x 

methanol, 3x dichloromethane. The reaction and washing were repeated 

with fresh reaction mixture. Mass: Peptide + C6H2N3O3* . Calculated: 

peptide mass + 164.10. 
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Figure 19 ï On-resin addition of 4-maleimidobutyric acid to amines on peptides. 4-

maleimidobutyric acid (5 eq, CombiBlocks), O-(1H-6-

chlorobenzotriazole-1-yl-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HCTU) (5 eq, Chem Impex), and 

diisopropylethylamine (10 eq) were dissolved in dimethylformamide (4 

mL/0.1 mmol peptide) and allowed to react for 10 minutes. The reaction 

mixture was then added to peptide on resin (1 eq) and allowed to react at 

room temperature for 2 hours. The solution was removed via filtration 

and the resin was washed as follows: 3x dichloromethane, 2x methanol, 

3x dichloromethane. The reaction and washing were repeated with fresh 

reaction mixture. Mass: Peptide + C8H8NO3* . Calculated: peptide mass + 

165.16. 

 

Figure 20 - On-resin addition of furoyl chloride to amines on peptides. Furoyl chloride 

(5 eq, Thermo Scientific) and triethylamine (TEA) (5 eq) were added to 

peptide on resin (1 eq) in dimethylformamide (4 mL/0.1 mmol peptide) 

and allowed to react at room temperature for 2 hours. The solution was 

removed via filtration and the resin was washed as follows: 3x 

dichloromethane, 2x methanol, 3x dichloromethane. The reaction and 

washing were repeated with fresh reaction mixture. Mass: Peptide + 

C5H3O2. Calculated: peptide mass + 95.08. 

After any required on-resin modifications were confirmed to be complete via 

LC-MS, the peptide was cleaved from resin using TFA cleavage cocktail 

(4mL/0.1mmol peptide, 92.5/2.5/5 v/v% TFA/water/triisopropylsilane with 50mg/ml 

phenol and 50mg/ml 1,4-dithiothreitol) for 3 hours. After the addition of cleavage 
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cocktail, if the solution turned pink to red, due to the cleavage of the resin linker, 

additional triisopropylsilane was added to introduce more scavengers, which results in 

the solution returning to a yellow color. The crude product was precipitated using ice-

cold diethyl ether. The precipitate was isolated via centrifugation at 3000 relative 

centrifugal force (rcf) (Eppendorf centrifuge 5702R) for 6 minutes at 4°C, followed by 

decanting of the ether. The pellet was washed three times by resuspending it in fresh 

ether, centrifuging, and isolating the solid peptide each time. Finally, the peptide pellet 

was dried under a stream of nitrogen overnight, yielding a solid crude peptide.  

The resulting solid was redissolved into water and purified using reverse-phase 

high-performance liquid chromatography (HPLC) (Waters 2535, XBridge BEH C18 

30 mm x 250 mm Prep column). Sequences with poor water solubility were exposed 

to heat and sonication to aid in dissolution. If heat and sonication were inadequate to 

solubilize the peptide, it can first be dissolved into acetonitrile and water can slowly be 

added to the solution until precipitation begins and then diluted to a final concentration 

of 25 mg/mL. The final concentration of acetonitrile should be at least 10v/v% below 

the expected elution concentration. A gradient from 5 to 95% acetonitrile in water 

with 0.4% TFA was used to purify peptides. The molecular weights of the peptides 

were confirmed via high-resolution UPLC-ESI-MS (Xevo G2-XS QTof, Waters), and 

the fractions containing purified product were flash frozen with liquid nitrogen and 

lyophilized (Labconoco, FreeZone) to a solid powder.  

For sequences where solubility in acidic conditions is difficult, specifically 

those with a net negative charge, HPLC was performed under basic conditions. Crude 

peptide was dissolved into water and the pH was adjusted to a value of ~9 using 

ammonium hydroxide. A gradient from 5 to 90% acetonitrile in water with 5 mM 
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ammonium acetate, pH=9.2, was used to purify the peptide. The molecular weights of 

the peptides were confirmed via high-resolution LC-MS, and the fractions containing 

purified products were flash frozen with liquid nitrogen and lyophilized to a solid 

powder. 

For some work, it was observed that residual TFA from the synthesis and 

purification process impacted the consistency of the results: specifically, the 

determination of the melting temperatures. To address this issue, a method adapted 

from Ford and Kloxin was used to remove TFA from the peptide product.96 Briefly, 

TFA was removed by dissolving the peptide product in water at a concentration of 1 

mg/ml and adjusting the pH of the solution to 4 via the addition of hydrochloric acid 

(HCl). The peptide solution was then placed into 1 kDa dialysis tubing (G-biosciences, 

tube-O-DIALYZER) and dialyzed against acidified water (pH 4). The acidified water 

was replaced every 4 hours over a 24-hour period to displace any TFA salts bound to 

the peptide. After 24 hours, the sample was dialyzed against non-pH adjusted 

deionized (DI) water, with the water being replaced every 4 hours over another 24-

hour period to remove residual HCl. The removal of TFA was confirmed via F19 NMR 

(Neo 400 MHz, Bruker), via the disappearance of the peak at -76ppm. 

Two rapid methods for TFA removal that resulted in similar to better, removal 

of TFA were adapted from the dialysis technique. The first method was via the 

addition of HCl directly to HPLC fractions to a final concentration of 100mM prior to 

lyophilization. This removed the majority of residual TFA, but results in residual HCl 

acid that may interfere with some applications and would need to be removed via 

another method. The second method for the removal of TFA was via repeated solvent 

evaporation. Solid peptide was dissolved into 100mM HCl and subsequently dried in 



 37 

vacuo, or via lyophilization. This was repeated twice with 100mM HCl and twice with 

DI water. The resulting peptide had no detectable TFA and does not have residual HCl 

as determined by no change in pH when dissolving the peptide into water. 

Additionally, acetic acid can be used in place of HCl to displace TFA. 

2.2 Peptide Characterization 

2.2.1 Circular Dichroism  

The secondary structure of peptides were assessed using circular dichroism 

spectroscopy (CD) (Jasco-1500). Solid peptide samples were gravimetrically weighed 

and dissolved in water to the required concentration, which was confirmed using UV-

Vis spectroscopy (Thermo Scientific Nanodrop 2000C) at 280nm. Samples were 

heated from 10°C to 90°C at a rate of 1°C per minute, and CD spectra were collected 

in 10°C increments. CD spectra were obtained with a 1mm pathlength quartz cuvette 

over a range of 185-250nm with a digital integration time (D.I.T.) of 4s, scanning 

speed of 50nm/min, and averaging 3 accumulations. The melting temperature (Tm) 

was determined by identifying the inflection point in the CD absorption at 222nm as a 

function of temperature. The inflection point was determined by fitting the collected 

values at 222nm with a Boltzmann sigmoidal curve using a Levenberg Marquardt 

iteration algorithm in Origin software. The CD data were reported as concentration-

corrected mean residue ellipticity (MRE), where ὓὙὉ ὅὈȾὰϽὧϽὲ) and ὅὈ is the 

ellipticity, ὰ is path length, ὧ is peptide concentration, and ὲ is the number of amino 

acid residues in the peptide.97 

The impact of salt and pH on the thermal stability of the coiled coil was 

investigated using thermal sweeps in CD. Samples were prepared with the BNDL22 
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sequence at a peptide concentration of 0.1 mM, as determined by UV-vis 

spectroscopy. To investigate the effect of monovalent salt on coiled coil formation, 

peptide solution with NaCl, NaF, KCl, or KF at salt concentrations of 20mM, 70mM, 

or 120mM were prepared in deionized (DI) water without pH adjustment, yielding a 

pH of approximately 5. Additionally, the influence of pH on coiled coil formation was 

investigated by initially dissolving the peptide in DI water, yielding a pH of 

approximately 5, and then adjusting the pH lower or higher by adding HCl or NaOH, 

respectively, as determined by a pH probe (Thermo Scientific, OrionStar A215 & 

Orion ROSS Sure-Flow Semi Micro probe). 

2.2.2 Polyacrylamide Gel Electrophoresis 

Characterization of peptide assembly and oligomerization state was performed 

by utilizing polyacrylamide gel electrophoresis (PAGE). Gels were synthesized over a 

range of concentrations from 4-20 w/v% acrylamide. The exact composition of gels 

depends on the mobile phase that will be used for electrophoresis, but the general 

synthesis for any gel is the same as adapted from Schägger.98 For a standard 16% 

acrylamide gel, a mixture of 33.3 v/v% 3x gel buffer (3.0M Tris, 1.0M HCl, 0.3v/v% 

sodium dodecyl sulfate (SDS, Bio-Rad)), 33.3 v/v% acrylamide solution (37.5:1 

acrylamide and bis-acrylamide solution, Bio-Rad), 33.4 v/v% water was prepared. To 

initiate polymerization, ammonium persulfate (APS) (Bio-Rad) and 

tetramethylethylenediamine (TEMED, TCI) were added to a final concentration of 

0.33v/v% and 0.033v/v%, respectively. The solution was gently mixed and 

immediately cast between two plates (Mini-PROTEAN, Bio-RAD). A small layer of 

isopropanol was added on top of polymerization mixture to ensure a level top. Once 

the gel was solidified, the isopropanol was removed, and a 4% loading gel was 
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prepared using a solution of 8.3 v/v% acrylamide solution, 25 v/v% gel buffer, 65.875 

v/v% water, 0.75 v/v% APS, and 0.075 v/v% TEMED. The solution was cast on top of 

the 16% acrylamide gel and a comb was place into the solution to form wells.  

Peptide samples were prepared for electrophoresis from a solid powder by 

dissolution into water to a concentration of 1 mg/ml. A sample loading mixture was 

prepared at 15.6 v/v% peptide solution, 47.5 v/v% water, 5.8 v/v% glycerol, and 31.1 

v/v% Coomassie dye solution (0.4 w/v% Coomassie R-250 in water, TCI). 

Approximately 16 µL of sample loading mixture was placed into each well and 

electrophoresis was run using a constant voltage (Bio-Rad, PowerPac). Initially, 50V 

was applied until the solvent front, as detected by the dye in the loading mixture, 

reached the bottom of the 4% loading gel, after which time the voltage was set to 

150V until the solvent was near the bottom of the gel. After electrophoresis, the gel 

was removed from the glass slides and rinsed with DI water. The gel was incubated in 

a solution of 50% methanol, 10% acetic acid, and 40% water for at least 1 hour. The 

gel was incubated in a staining solution (0.025 w/v% Coomassie R-250, 10% acetic 

acid, and 90% water) for at least 1 hour. Finally, the gel was destained in 10% acetic 

acid in water by incubating in solution overnight. Once the background was clear the 

gels were imaged. 

For native-PAGE the same ratios of solutions were prepared, but SDS was 

omitted. Additionally, native-PAGE utilized various pH conditions depending on the 

charge of peptides being characterized. Buffer systems for a specific pH were selected 

based on conditions reported by McLellan.99 Specifically in this work, pH conditions 

of 4.4 and 8.7 were used, which utilized ɓ-alanine/acetic acid and tris/boric acid, 

respectively, in place of the tris/tricine used in the standard method. For acidic 
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solution conditions, it was necessary to reverse the electrodes of the electrophoresis 

unit so that positively charged species migrate to the bottom of the gel.  

2.2.3 DLS/SLS 

To track the formation of rigid-rod polymers, both dynamic and static light 

scattering techniques were employed. To prepare a sample for dynamic light scattering 

(DLS) an aliquot was taken from a rod-polymerization reaction at 80ęC, filtered hot 

through a 0.2 µm filter, and immediately placed into a cuvette (LS Instruments, 

CUV/007). The cuvette was submerged into a 50ęC decalin bath allowing for 

temperature control during DLS measurements. DLS measurements were performed 

using an LS Spectrometer (LS Instruments) with a 660 nm laser and 90° scattering 

angle. Samples were prepared in a similar manner to DLS for static light scattering 

(SLS), but monomer solution were filtered with 0.02 µm filters prior to polymerization 

(Whatman, Anotop 0.02). Samples were placed into a low-volume cuvette with the 

exterior well filled with water to minimize evaporation (Wyatt Technology, 

Disposable Microcuvette). SLS measurements were performed using a DynaPro 

NanoStar (Wyatt Technology), with a 662.2 nm laser and 90° scattering angle. 

2.2.4 Mass Spectroscopy 

Various mass spectrometry techniques were employed to determine the 

molecular weights of peptides and small molecules, including positive and negative 

electron spray ionization-time of flight mass spectrometry (ESI-TOF-MS) and matrix-

assisted laser desorption/ionization (MALDI) TOF-MS. Typically, samples were 

prepared for positive mode mass spectrometry using ultra-performance liquid 

chromatography (UPLC) ESI-MS, dissolved in a solution containing 5% acetonitrile 
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in water with 0.1% formic acid. Small molecules and crude peptides were analyzed 

using SQ Detector 2 (SQD2, Waters), while purified peptides underwent high-

resolution ESI-MS using a Xevo TQ-S (Waters). The positive mode UPLC-ESI-MS 

utilized a gradient ranging from 5 to 100% acetonitrile in water with 0.1% formic acid. 

For peptides lacking positive amino acid residues or those insoluble in acidic solvents, 

negative mode ESI-MS was employed using an SQD2 to conduct LC-ESI-MS with a 

gradient of 5 to 100% acetonitrile and 0.1% ammonium hydroxide, resulting in a basic 

solvent system. Samples for negative mode ESI-MS were prepared in a solution 

containing 5% acetonitrile with 0.1% ammonium hydroxide. 

MALDI -TOF-MS was utilized to characterize the molecular weights of 

peptides and peptide-isophthalic acid conjugates. Samples were prepared for MALDI 

by dissolving them in a solution containing 50% acetonitrile in water with 0.1% 

trifluoroacetic acid (TFA) at a concentration of 1 mg/mL. 5 µL of a concentrated 

solution of Ŭ-cyano-4-hydroxycinnamic acid in acetonitrile and 0.1% TFA was then 

deposited onto a ground steel target plate (Bruker, 8280799). Subsequently, 5 µL of 

the sample solution was deposited onto the same spot ensuring that the previous liquid 

did not evaporate prior to addition. Samples were allowed to dry overnight. The 

characterization was performed using MALDI (Bruker Microflex MALDI-TOF). 

2.3 Peptide Conjugation and Material Synthesis 

2.3.1 Hydrogel Synthesis 

Dynamic hydrogels were formed via a radical-mediated thiolïene reaction 

between alkene-functionalized BNDL22 and a tetrafunctional poly(ethylene glycol) 

(PEG)-thiol star polymer. The alkene-functionalized BNDL22 was synthesized by 
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incorporating an alkene-functionalized lysine at the N-terminus of the peptide 

sequence, which, once assembled, results a tetrafunctional alkene coiled coil. 

Specifically, a lysine with an N-epsilon alloc protecting group (Chem Pep) was used 

as an alkene-functional handle. The alloc protecting group is resistant to TFA 

deprotection and remains after cleavage from the resin. Following peptide purification, 

the resulting product was obtained as a solid powder. The peptide was dissolved in 

water to form a coiled coil, which was confirmed through CD spectroscopy. To the 

peptide solution, a 20 kDa tetrafunctional PEG-thiol (JenKem) and the lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator was added (10 mM BNDL22, 

11 mM LAP, 2.5 mM PEG-4SH) and equilibrated to 50 °C.  

2.3.2 Hydrogel Rheometry 

Hydrogel formation was assessed in real time by monitoring the elastic and 

viscous moduli as a function of time using parallel-plate photorheometry (HR30, TA 

Instruments), which irradiates the specimen through the bottom plate (see Figure 57 

for a typical plot of moduli versus time of irradiation). An 8 mm sandblasted parallel 

plate was chosen as the upper plate geometry to avoid slip of hydrogels. Each 

hydrogel was prepared by loading the liquid reactants onto the rheometer and 

irradiating the specimen with 365 nm light (OmniCure Series 2000, Excelitas 

Technologies) at an intensity of 20 mW/cm2 for 3 minutes, enabling real-time 

property measurement and confirmation of gelation.100 The properties of the resulting 

hydrogel were further characterized using oscillatory shear rheology as a function of 

temperature and strain, maintaining a fixed gap of 300µm. 

Isothermal strain cycling experiments were performed at 22°C with a fixed 

frequency of 1 Hz (6.28 rad/s) ranging from 1 to 600% strain. Isostrain holds were 
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carried out at both high strain (600%) and low strain (1%) for 30 seconds each. A total 

of 4 strain cycles were performed on the hydrogels to determine the mechanical 

recoverability of the BNDL22 cross-linked hydrogels. 

Isothermal holds were performed at 22°C for 2 minutes at 5% strain and 1 Hz, 

with a temperature set-point equilibration time of 20 seconds. Following the 2-minute 

sweep at 22°C, the set temperature was immediately changed to 60°C and allowed to 

equilibrate for 20 seconds. Upon reaching equilibration at 60°C, another 2-minute 

sweep at 5% strain and 1 Hz was carried out. Temperature cycling between 22°C and 

60°C was completed over 4 cycles to assess the temperature-dependent mechanical 

recovery of the BNDL22 cross-linked hydrogels. 

2.3.3 Peptide Rod Polymerization 

The synthesis of rigid-rod polymers was performed by functionalizing 

BNDL29 and BNDL15-TR at the N-terminus with either a thiol or maleimide via the 

coupling of cysteine or 4-maleimidobutyric acid, respectively. Cysteine was 

incorporated through standard Fmoc-SPPS, while 4-maleimidobutyric acid was 

coupled as shown in Figure 19. Solid peptide was weighed gravimetrically and 

dissolved into DI water to a concentration of 10mM with no pH adjustment, resulting 

in a pH of ~5. The peptide solutions were heated to 80ęC, and equal volumes of 

cysteine and maleimide peptide solutions were mixed, resulting in a final 

concentration of 5 mM for each peptide sequence. The mixture was kept at 80ęC for 4 

to 16 hours, cooled to room temperature, and allowed to assemble for at least 24 

hours.  
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2.3.4 Metal-Organic Polyhedra Synthesis 

Calixarene capped cobalt (II) metal-organic polyhedra (MOP) were 

synthesized using protocols adapted from Dworzak et al.101 MOPs were synthesized 

with either an amine (Co-NH2) or azide (Co-N3) using either 5-aminoisophthalic acid 

(Oakwood Chemical) or 5-azidoisophthalic acid (See Figure 21). Cobalt (II) nitrate 

hexahydrate (5 eq, 145.52mg, Sigma Aldrich) and p-ter butylsulfonylcalix[4]arene (1 

eq, 84.91mg, provided by Michael Dworzak101) were dissolved in dimethylformamide 

(10 mL) via sonication. Alternative metals can also be used with the same cage 

components, particularly magnesium chloride hexahydrate (Sigma Aldrich). The 

appropriate isophthalic acid (1 eq, 68.36mg N3 or 119.56mg NH2) was added to the 

mixture and dissolved via sonication. The solution was heated to 100ęC and allowed to 

react for 24 hours without stirring. The reaction was slowly cooled to room 

temperature. Upon reaching room temperature, the product was precipitated via the 

addition of diethyl ether (20mL /2.5mL reaction). The solid product was isolated via 

centrifugation at 3000 relative centrifugal force (rcf) for 5 minutes, the supernatant 

was removed, and the precipitate was resuspended in fresh diethyl ether. 

Centrifugation and resuspension into fresh ether were repeated a total of 5 times. The 

precipitate was resuspended into methanol and incubated for 12 hours. The product 

was isolated via centrifugation at 3000 rcf, followed by repeated methanol suspension 

cycles, incubation, and isolation for a total of 4 cycles. The final product was dried in 

vacuo yielding a pink amorphous solid.  

Due to the paramagnetism of the assembled cobalt cage, characterization of the 

cage required acid degradation of the MOP for characterization by NMR. A small 

amount of MOP was suspended in d-DMSO (500µL) and digested by adding 40% 

DCl in D2O (20 to 50 µL) resulting in the solution turning blue to green in color. 
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Digested samples were heated in a 110ęC oven for 5 minutes followed by sonication to 

aid in disassociation of any structures before characterization via NMR. The presence 

of a cage was determined by the ratio of calixarene peaks (1.21, 144H; 7.93, 32H) to 

aromatic isophthalic acid peaks, which shift based on functionalization at the 5 

position. See Figure 69 and Figure 70 digested NMR or Co-NH2 and Co-N3, 

respectively.  

Co-NH2: 
1H NMR [400MHz,d-DMSO,ŭ ]: 8.41(t, 8H), 8.18 (d, 8.18H), 7.93 (s, 32H), 

1.21 (s, 144H) 

Co-N3: 
1H NMR [400MHz,d-DMSO, ŭ ]: 8.18 (d, 8H), 7.93 (s, 32H), 7.73 (t, 16H), 

1.21 (s, 144H) 

 

Figure 21 - Synthesis of 5-azidoisophthalic acid. The protocol was adapted from 

previously reported techniques.102 A flask was charged with water (125 

mL), concentration HCl (12.1N, 125 mL), and 5-aminoisophthalic acid (1 

eq, 5.00 g). The flask was placed into an ice bath at 0ęC for 30 minutes. 

In a separate vessel, sodium nitrite (1 eq, 1.90 g) was dissolved into water 

(25 mL) and cooled to 0ęC. The sodium nitrite solution was added 

dropwise to the reaction mixture and stirred for 30 minutes at 0ęC 

resulting in the immediate formation of a yellow precipitate. In a separate 

vessel, sodium azide (1 eq, 1.79g) was dissolved into water (25 mL) and 

cooled to 0ęC. The sodium azide was added dropwise to the reaction 

mixture resulting in vigorous bubbling. The reaction was allowed to 

return to room temperature and was stirred overnight. The white 

precipitate was collected via filtration and washed with water (3x150ml). 

The solid was dried at 60ęC for 24 hours. 1H NMR [400MHz,DMSO-d6 

]: 13.48 (s, b, 2H), 8.20 (s, 1H), 7.71 (s, 2H) 13C NMR[400MHz, DMSO-

d6, ppm]: 166.21, 141.02, 133.41, 126.62, 123.82 
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2.4 MOP Post Synthetic Modification 

2.4.1 Click Reactive Anhydride Synthesis 

A previously reported method of functionalizing the cobalt MOP used within 

this work utilized anhydrides to functionalize Co-NH2 with varying lengths of alkyl 

chains.91 This method was used over previously used acid chlorides90 due to the harsh 

reaction conditions of acid halide coupling causing the degradation of acid sensitive 

cages like Co-NH2. Therefore, the utilization of anhydrides to add click functionality 

as a post-synthetic modification (PSM) rather than the incorporation of a click-

functional isophthalic acid was explored to provide a more generalized method for 

cage click functionalization. Although a variety of click functional anhydrides are 

available commercially, such as acrylic anhydride, bromoacetic anhydride, and 

chloroacetic anhydride other commonly used click reactions are not readily available. 

As such, to add furan to a cage for potential use with Diels-Alder chemistry,103 furoic 

acid was synthesized as shown in Figure 22. Additionally, for potential use in Diels-

Alder and thiol-Michael chemistry, maleimide anhydrides functional anhydrides were 

synthesized first by making a maleimide carboxylic acid (see Figure 23 and Figure 24) 

and subsequently making an anhydride from 4-maleimidobutyric acid (synthesized 

and purchased from Combi Blocks) as shown in Figure 25.   
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Figure 22 ï Synthesis of furoic anhydride. This method was adapted from previously 

reported techniques.104 Furoyl chloride (1 eq, 21.9 mmol, 2.164 mL) and 

water (0.5 eq, 10.9 mmol, 0.197 mL) were dissolved in acetone (14.5 

mL). The mixture was rapidly stirred and triethylamine (1 eq, 21.9 mmol, 

3.050 mL) was added dropwise over the course of 1 to 2 minutes. 

Precipitation began immediately upon the addition of triethylamine. The 

reaction was allowed to mix for 30 minutes. The reaction was filtered, 

and the white solid triethylamine hydrochloride salt was washed with 

acetone. The reaction supernatant and acetone washes were combined 

and evaporated in vacuo yielding a brown solid. The product was 

recrystallized from hexanes yielding a white crystalline solid. 1H NMR 

[400 MHz, CDCl3, ŭ]: 7.72 (b, 2H), 7.42 (d, 2H), 6.62 (dd, 2H) 
13C NMR 

[400 MHz, CDCl3, ppm]: 152.98. 148.54. 143.01. 121.72. 112.68 

 

Figure 23 - Synthesis of 4-Maleimidobutyric acid. This method was adapted from 

previously reported literature.105 Maleic anhydride (1 eq, 0.1 mol, 10g, 

Chem Impex) and ɔ-aminobutyric acid (1 eq, 0.1 mol, 10.5 g) were added 

to a round bottom flask. Acetic acid (75 mL) was added, and the reaction 

was refluxed overnight. The reaction was concentrated in vacuo and the 

residual acetic acid was removed in vacuo by azeotroping with toluene. 

The concentrated product was dissolved in water (100 mL) and extracted 

thrice with ethyl acetate (3x 100 mL). The organic fractions were 

combined, dried over magnesium sulfate, and concentrated in vacuo to 

yield an off-white solid. The solid was recrystallized with ethyl acetate 

yielding a colorless solid. 1H NMR [400 MHz, CDCl3, ŭ]: 6.65 (s, 2H), 

3.53 (t, 3.53), 2.31 (t, 2H), 1.86 (m, 2H) 13C NMR [400 MHz, CDCl3, 

ppm]: 178.59, 170.83, 134.16, 36.95, 31.15, 23.51 
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Figure 24 ï Synthesis of N, N-maleoyl-glycine. This method was adapted from 

previously reported literature.105 Maleic anhydride (1 eq, 0.2 mol, 20g, 

Chem Impex) and L-glycine (1 eq, 0.2 mol, 15.3 g) were added to a 

round bottom flask. Acetic acid (150 mL) was added, and the reaction 

was refluxed overnight. The reaction was concentrated in vacuo and the 

residual acetic acid was removed in vacuo by azeotroping with toluene. 

The concentrated product was dissolved in water (200 mL) and extracted 

thrice with ethyl acetate (3x 200 mL). The organic fractions were 

combined, dried over magnesium sulfate, and concentrated in vacuo to 

yield a yellow solid. The solid was purified via silica flash 

chromatography (DCM/Methanol). The fractions were combined and 

evaporated in vacuo yielding a white solid. 1H NMR [400 MHz, MeOD, 

ŭ]: 6.92 (s, 2H), 4.25 (s, 2H) 
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Figure 25 ï Synthesis of 4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)butaneic acid 

anhydride (4-Mal). 4-maleimidobutyric acid (1 eq, 7.5 mmol, 1.5 g) was 

dissolved in tetrahydrofuran (THF, 18.84 mL). Diispropylcarbodiimide 

(DIC, 0.5 eq, 3.8 mmol, 0.6 mL) was added dropwise to the reaction 

mixture. The solution was allowed to react for 2 hours. Precipitation was 

observed after 15-30 minutes. The reaction mixture was filtered to 

remove urea by-product and concentrated in vacuo to yield a yellow oil. 

The oil was redissolved into a small volume of ethyl acetate, the resulting 

urea precipitate was removed by filtration, and the sample was 

concentrated in vacuo. Precipitation with ethyl acetate was repeated twice 

more. The product was dissolved in ethyl acetate and washed thrice with 

concentrated sodium bicarbonate in water and once with brine to remove 

urea byproducts. The organic phase was dried over magnesium sulfate 

and concentrated in vacuo to yield a yellow solid. The product was 

recrystallized (hexanes/ethyl acetate) to yield off-white crystals. 1H NMR 

[400 MHz, CDCl3, ŭ]: 6.72 (s, 4H), 3.64 (t, 4H), 2.66 (t, 4H), 2.04 (m, 

4H) 13C NMR [400 MHz, CDCl3, ppm]: 170.65, 169.04, 167.84, 36.66, 

28.58, 23.57, 21.05 

2.4.2 Click Reactive NHS-Ester Synthesis 

While optimizing the synthesis of click functional anhydrides and exploring 

the potential PSM of MOPs, click functional NHS-esters of 4-pentynoic acid and 

bromoacetic acid were synthesized. Although these molecules were ineffective for 

their intended function of coupling to the Co-NH2 cage or acting as an intermediate for 

anhydride synthesis, they present potential in the click functionalization of peptides 

and amino acids. As such, their syntheses are shown in Figure 26 and Figure 27 using 

a protocol adapted from literature.106 
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Figure 26 ï Synthesis of N-succinimidyl bromoacetic acid. Bromoacetic acid (1 eq, 2 

mmol, 278 mg, Thermo Scientific) and N-hydroxysuccinimide (1.2 eq, 

2.4 mmol, 276 mg, Thermo Scientific) were dissolved in dioxane (10 

mL). In a separate vessel, dicyclohexylcarbodiimide (DCC, 1.1 eq, 2.2 

mmol, 454 mg, TCI) was suspended in dioxane (6 mL). The DCC 

suspension was added to the bromoacetic acid mixture dropwise and 

allowed to react for 2 hours. Precipitation occurred after 15 minutes. The 

mixture was filtered, and the filtrate was concentrated in vacuo, yielding 

an amorphous solid. The product was recrystallized (DCM and petroleum 

ether) yielding a white crystalline solid. 1H NMR [400 MHz, DMSO-d6, 

ŭ]: 4.64 (s, 4H), 3.35 (s, 2H) 

 

Figure 27 ï Synthesis of 2,5-dioxypyrrolidin-1-yl pent-4-ynoate. 4-pentynoic acid (1 

eq, 2 mmol, 196.2 mg, Combi Blocks) and N-hydroxysuccinimide (1.2 

eq, 2.4 mmol, 276 mg, Thermo Scientific) were dissolved in dioxane (10 

mL). In a separate vessel, dicyclohexylcarbodiimide (DCC, 1.1 eq, 2.2 

mmol, 454 mg, TCI) was suspended in dioxane (6 mL). The DCC 

suspension was added to the bromoacetic acid mixture dropwise and 

allowed to react for 2 hours. Precipitation occurred after 15 minutes. The 

mixture was filtered, and the filtrate was concentrated in vacuo, yielding 

an amorphous solid. The solid was dissolved in ethyl acetate, filtered, and 

washed thrice with saturated sodium bicarbonate and once with brine. 

The organic phase was concentrated to dryness, and the product was 

recrystallized (hexane and ethyl acetate), yielding a white crystalline 

solid. 1H NMR [400 MHz, MeOD, ŭ]: 2.90 (t, 2H), 2.60 (m, 2H), 2.36 (t, 

1H) 13C NMR [400MHz, MeOD, ppm]: 170.29, 167.47, 80.81, 69.47, 

29.83, 25.08, 13.29  
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2.4.3 MOP Post-Synthetic Modification 

The post-synthetic modification (PSM) of MOPs was first performed either 

through CuAAC or through anhydride coupling using protocols adapted from previous 

work.80,91 Functionalization via anhydride coupling was achieved by dissolving cage 

(1 eq) and anhydride (16 eq) in DMF (100 µL/1 mg cage). The reaction was mixed 

overnight at room temperature. The product was precipitated with diethyl ether and 

isolated via centrifugation for 5 minutes at 3000 rcf. The product was resuspended in 

fresh ether and subsequently isolated via centrifugation for 5 minutes at 3000 rcf. 

Resuspension in fresh ether and centrifugation was repeated a total of 3 times, then the 

solid was dried in vacuo resulting in a red to pink amorphous solid.  

Functionalization via CuAAC utilized an azide functionalized cage that was 

synthesized using 5-azide isophthalic acid, as shown in Figure 21, whereas 

functionalization via anhydride coupling utilized an amine functionalized cage that 

was synthesized using 5-amino isophthalic acid. PSM using CuAAC was first 

performed following previously established protocols in DMF utilizing copper sulfate 

pentahydrate (Cu(II)SO4·5 H2O) and sodium ascorbate (NaAsc). Generally, Co-N3 (1 

eq), alkyne molecule (16 eq), CuSO4 (0.85 eq), and NaAsc (9.7 eq) were dissolved 

into DMF (100 µL/1 mg cage) and mixed overnight at 60°C. The reaction was allowed 

to cool to room temperature and the product was precipitated with diethyl ether. The 

precipitate was isolated via centrifugation for 5 minutes at 3000 rcf. The product was 

resuspended in fresh ether and subsequently isolated via centrifugation for 5 minutes 

at 3000 rcf. Resuspension in fresh ether and centrifugation was repeated a total of 3 

times, then the solid was dried in vacuo resulting in a red to pink amorphous solid.  

When coupling a model small molecule alkyne of 4-pentynoic acid, 

quantitative conversion was observed by digested 1H NMR and ATR-FTIR, as shown 
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in Figure 76 and Figure 39, respectively. However, when L-propargyl glycine (Pra) 

and a short peptide, Pra-Lysine (PraK), were reacted under the same reaction 

conditions, the CuAAC reaction was observed not to go to completion by ATR-FTIR. 

Partial conversion of PraK, as determined by ATR-FTIR, was enough to induce water 

solubility in the cage. The functionalized cage was isolated by dissolution into water at 

0.5 mg/mL, centrifugation at 10,000 x g for 5 min, followed by isolation of the 

functionalized cage in the supernatant and unreacted cage in the pellet. To achieve 

quantitative conversion of Pra as determined by ATR-FTIR, see Figure 39, CuAAC 

was performed in DMSO rather than DMF. Due to differences in solubility, stocks of 

each component were prepared prior to addition to DMSO in a minimal volume of the 

following solvents: NaAsc was dissolved in water, CuSO4 was dissolved in DMF, and 

MOP was dissolved in DMF. Other than solvent conditions, reaction conditions 

mirrored that of the reaction in DMF. Owing to the immiscibility of DMSO and 

diethyl ether, to purify the product, diethyl ether was added to the room temperature 

reaction mixture. DMF (1-2 mL) was added into the DMSO phase and aggressively 

pipette mixed, resulting in the precipitation of the product. After this step, purification 

followed that of the DMF reaction.   

As a new method of PSM of Co-NH2, standard amide to carboxylic acid 

coupling was performed using different amide coupling agents. As a model system, 4-

maleimidobutyric acid was coupled onto Co-NH2 using either HATU, HCTU or a 

combination of DIC and Oxyma. Co-NH2 (1 eq) and 4-maleimidobutyric acid (24 eq) 

were dissolved into DMF (75 µL/1 mg cage) and to the reaction mixture the 

corresponding base was added, see Table 1. A solution of activator in DMF (25 µL/1 

mg cage) was added dropwise and the reaction was allowed to mix overnight at room 
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temperature. The product was precipitated with diethyl ether and isolated via 

centrifugation for 5 minutes at 3000 rcf. The product was resuspended in fresh ether 

and subsequently isolated via centrifugation for 5 minutes at 3000 rcf. Resuspension in 

fresh ether and centrifugation was repeated a total of 3 times, then the solid was dried 

in vacuo resulting in a red to pink amorphous solid.  

Table 1 ï Table of Amide Coupling Agents for Coupling to MOP. The activator and 

base pairings, and their equivalence to Co-NH2 used for the coupling of 

4-maleimidobutyric acid.  

Activator  Base Activator 

Equivalence 

Base 

Equivalence 

DIC Oxyma 48 24 

HATU DIPEA 24 24 

HCTU DIPEA 24 24 

 

 

A stepwise series of functionalization was applied to Co -N3 to synthesize a 

click-functional, water-soluble MOP. First, propargyl-PEG2-amine (16 eq, Combi-

Blocks) was coupled to Co-N3 in DMF using standard CuAAC conditions described 

previously, yielding the water-soluble cage, Co-EG. The subsequent functionalization 

with a maleimide was achieved by dissolving Co-EG (1 eq) and N-succinimidyl 3-

maleimidopropionate (16eq, Combi-Blocks) in DMF (100 µL/1 mg cage) and mixing 

overnight at room temperature. The product was isolated with three rounds of 

precipitation and resuspension in diethyl ether, as previously described, yielding Co-

EG-Mal. Utilizing either Co-EG-Mal or Co-4Mal (synthesized from Co-NH2 and Co-

4Mal), various peptides were conjugated onto the cage. Generally, Co-4Mal (1 eq) 

was dissolved into DMF or water, and thiol functionalized peptide was added and 
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allowed to mix overnight at room temperature. The product was isolated with three 

rounds of precipitation and resuspension in diethyl ether, as previously described, 

yielding a pink to yellow amorphous solid.  

The functionality of peptides conjugated to MOP was investigated through the 

utilization of pH-responsive peptides. To investigate this responsiveness, peptide-

MOP conjugates were prepared gravimetrically at 1 mg/mL in DI water. The solution 

was adjusted to pH 8 with NaOH as determined by pH paper, which resulted in the 

complete dissolution of the material into water. The pH was then adjusted to pH 5 

with HCl as determined by pH paper. The resulting precipitate was isolated by 

centrifugation at 10,000 x g for 10 minutes and imaged. To redissolve the solid, the 

pH was adjusted back to a value of 8, as determined by pH paper, and upon mixing, 

the solid was fully redissolved. 

2.5 Collaborative Work Done by Others 

2.5.1 Electron Microscopy 

Weiran Xie and Matthew Langenstein at the University of Delaware, in 

collaboration with Darrin Pochan, performed electron microscopy.  

Cryogenic transmission electron microscopy (Cryo-TEM) was carried out on 

an FEI TALOS F200C (Thermo Fisher Scientific, Waltham, MA, USA) using 200 

mesh lacey carbon grids (Ted Pella, Redding CA, USA). Grids were treated with a 

PDC-32G benchtop plasma cleaner (Harrick Plasma, Ithica, NY, USA) and used 

immediately. All grids were prepared using an FEI VitroBot (Thermo Fisher 

Scientific, Waltham, MA, USA). 4uL of the sample suspension was pipetted onto the 

grid inside a humidity chamber kept at 100% humidity to slow evaporation. The 
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sample was allowed to diffuse into the lacey carbon for 30-60 seconds before being 

blotted with grade 595 filter paper (Ted Pella, Redding, CA, USA). The grid was 

immediately plunged into liquid ethane to vitrify the sample and then swiftly 

transferred to liquid nitrogen. Grids were stored in liquid nitrogen for less than 2 hours 

before use.   

2.5.2 Computational Design 

Jacquelyn Blum and Rui Guo at the University of Pennsylvania, in 

collaboration with Jeffery Saven, performed computational design.  

Homotetrameric coiled coils were computationally designed using a previously 

described methodology.53 Briefly, four heptad-based coiled coils were constructed 

using a mathematical model of a helix, which was parametrized by the superhelical 

radius, superhelical phase, relative displacement of the ends along the superhelical 

axis, minor helical phase, and superhelical pitch. These parameters were constrained 

based on observations from natural coiled coil structures.107,108 The mathematical 

coiled coil description was then constructed by invoking D2 symmetry (Figure 28a).53 

The probabilities of the hydrophobic amino acids (i.e., A, V, I, L, M, F, Y, and W) 

residing in the interior were assessed using a CHARMM22 force field, enabling the 

calculation of internal energy. Monte Carlo-simulated annealing was used to identify 

local energy minima, guiding the selection of A, I, and M for the first, fourth, and 

seventh amino acid positions, respectively, in the heptad repeat.53 In prior work, the 

amino acids that reside at the exterior were evaluated using this statistical design 

approach while also selecting directional self-complementary interactions to form 

specific coiled coil-based crystalline lattices. A nonlattice forming sequence109 was 
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identified as a control in that work. Herein, a base sequence, designated as BNDL29 

utilized the same statistical design approach to shorter sequences. 

Newly optimized sequences were generated that contained 22, 15, and 8 amino 

acids, corresponding to 3, 2, and 1 heptads, respectively, based on BNDL29 as a 

reference (see Figure 29). The antiparallel nature of BNDL29 implies that simply 

truncating the sequence to achieve length variations would likely lead to misalignment 

of exterior residues (Figure 28b). The initial backbone design of BNDL29 followed a 

de novo approach.53 The backbone featuring a densely packed hydrophobic interior 

core was selected. While shorter sequences may not be expected to form helical coiled 

coils, to maintain hydrophobic packing and consistency in the design, the backbones 

of the BNDL8, BNDL15, and BNDL22 variants (shown in Figure 29) were created 

using the same set of helical parameters as BNDL29.53  

For the BNDL8, BNDL15, and BNDL22 variants, amino acid identities at 

hydrophobic positions mirrored those of BNDL29 (i.e., A, I, and M in the first, fourth, 

and seventh heptad positions, respectively) to preserve the integrity of the 

hydrophobic core (Figure 28C, D). The identities of exterior residues were determined 

using the same probabilistic approach used to calculate BNDL29; this involved 

calculating the probabilities of amino acids at each site to guide the sequence 

selection. Once the most probable amino acid along the exterior was identified, it was 

fixed, and the calculations were repeated until all of the amino acids residing at the 

exterior were determined. The exterior sites for BNDL8, BNDL15, and BNDL22 

allowed for 18 types of natural amino acids (excluding proline and cysteine). To 

enable accurate concentration characterization via UV-vis spectroscopy, the location 

of a tryptophan (W) or tyrosine (Y) was initially identified based on probability 
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profiles (Y at position 6 in BNDL8, W at position 13 in BNDL15, and W at position 

10 in BNDL22). The tryptophan or tyrosine was kept constant in subsequent 

calculations, with the most probable amino acid type selected for the remaining 

exterior residues. Another synthetic consideration was the substitution of aspartic acid 

with glutamic acid to prevent the possible formation of aspartimide during 

synthesis.110  

The computational design of bundle-forming coiled coils was extended beyond 

the A, I, and M core previously discussed. By implementing the same design 

methodology, a new set of coiled coil-forming peptides was designed with a different 

core. The different core and sequence design was intended to promote the formation of 

heterogeneous coiled coils. For further information on computational design of 

heterogeneous sequences, refer to the thesis work by Jacquelyn Blum.111 For further 

details on the synthesis and characterization of this new series of coiled coils, see 

Appendix D  
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Figure 28 - BNDL29, BNDL22 and BNDL15 models. (a) Space filling model of the 

BNDL29 peptide. Residues 1-15 are colored in blue, and residues 16-29 

are colored in red. The blue-end residues interact with the red-end 

residues from the antiparallel neighboring helix, making the simple 

truncation of the sequence not optimum for creating shorter bundles. (b) 

Rendering of the antiparallel and D2 features in BNDL29. Each helical 

backbone is represented by a cylinder, and the N-termini are colored in 

blue and C-termini in red. Antiparallel helices aligning in opposite 

directions are colored differently, chains in the top Ÿ bottom direction 

(NŸC terminus) are colored in pink, and the neighboring anti-parallel 

helices are colored in gray. The location of the three C2 rotation axes 

inherent to the D2 symmetry is drawn. The hydrophobic interior core is 

rendered as spheres, where the carbon atoms adopt the same pink/gray 

color scheme as the cylinder models. (c,d) The backbone structures of 

BNDL22 and BNDL15 are built from the same Crick's parameters as 

BNDL29, and the interior residues (rendered in spheres) were kept, 

preserving the hydrophobic core. The pink/gray coloring scheme for 

antiparallel chains is the same as Figure 28b. 
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IMPACT OF PEPTIDE LENGTH AND SOLUTION CONDITIONS ON 

TETRAMERIC COILED COIL FORMATION  

This chapter contains results that were published in Biomacromolecules in 

20248 and was reproduced with permission from the journal. 

3.1 Introduction  

Computational modeling allows for the prediction of peptide amino acid 

sequences that result in the formation of alpha helices and assembly into coiled coils, 

which can be viewed as monodisperse colloidal nanoparticles.53,68 In nature, the coiled 

coil motif provides structural support to intricate proteins and enzymes, as illustrated 

in keratin proteins, which contain conserved coiled coils that form long rod-like 

structures.59 Additionally, coiled coils contribute dynamic properties to proteins, as 

demonstrated in the influenza hemagglutinin protein, where coiled coils exhibit pH-

responsive conformational changes62,63, or in the SNARE complex responsible for 

bringing cell membranes together.61 The synthetic coiled coil bundle unit, or 

bundlemer, acts similarly as a structural unit. Unlike their natural counterpart, 

bundlemers are computationally designed to be highly stable to various chemical 

variations at their exterior, allowing for extensive functionalization at specific 

locations on their periphery. For instance, the exterior of the bundlemer has been 

modified to be highly charged,66 or present a programmed charge pattern, facilitating 

assembly into exotic 2D crystalline structures.53 The well-defined structural and 

dynamic attributes of the bundlemer, combined with the potential for precise 

Chapter 3 
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positioning of click chemical elements, yield an ideal building block capable of 

responding to environmental cues in a programmed manner.68 

Bundlemer-forming peptides are typically synthesized via automated solid-

phase peptide synthesis (SPPS). The utilization of heated SPPS allows for the rapid 

generation of both natural and non-natural sequences. For example, a typical 29 amino 

acid bundler-forming sequence is readily synthesized in less than 5 h. Reactive 

functional groups, such as click functionality, are incorporated to enable bundlemer 

cross-linking, resulting in extremely rigid-rod polymers.68 Incorporating coiled coils 

into other materials can result in a new material endowed with responsive attributes, 

such as dynamic hydrogels.7,68  The ability to swiftly prototype bundlemer-forming 

peptides with click-chemistry functionality and integrate them into bulk materials 

provides new avenues for advanced materials design. 

One bundler-forming peptide sequence that has been recognized for its 

exceptional stability, particularly in response to modulation of exterior amino acid 

residues, is depicted in Figure 29 as BNDL29.52 Generally, peptide sequences that 

form left-handed coiled coil assemblies follow a seven amino acid interaction repeat 

pattern, or heptad.44 The BNDL29 sequence is constructed from four heptads, with 

alanine (A), isoleucine (I), and methionine (M) in the first, fourth, and seventh amino 

acid positions of each heptad, respectively. This arrangement results in a peptide helix 

with a hydrophobic face consisting of alanine and isoleucine amino acids, making it 

amphiphilic and driving the formation of coiled coils within an aqueous environment. 

The computational design of BNDL29 ensures that four peptides assemble into a 

coiled coil, with the displayed exterior amino acids avoiding charge interactions that 

could lead to destabilization of the bundle, aggregation, or lattice formation.53 Under 
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pH-neutral conditions, BNDL29 exhibits excellent thermal stability, boasting a 

melting temperature in excess of 90°C.68 Moreover, the introduction of a wide range 

of designed mutations (i.e., substitutions) of amino acids at the exterior of the coiled 

coil with other polar and charged amino acids does not typically compromise its 

thermal stability, highlighting the robustness of the computational design.53,66,112  

 

Figure 29 - Rendering of an antiparallel tetrameric coiled coil (top) and the 

computationally optimized amino acid sequence predictions (bottom). 

Within the coiled coil, a single peptide helix is color-coded to illustrate 

the approximate positions of each heptad and their corresponding 

sequence, which is represented by their single-letter amino acid code. 

The sequence is written from the N- to C- terminus, with the C-terminus 

containing an amide end-group. 

The stability of a coiled coil is significantly influenced by the sequence length. 

For long-coiled coil protein sequences (i.e., >10 heptads), stability is generally 

independent of chain length and dependent on properties like the positioning of 

hydrophobic residues within the sequence.54 Conversely, for short coiled coil peptide 



 62 

sequences (i.e., <10 heptads), stability is highly dependent on chain length, where 

longer coiled coils are generally more stable. The minimum stable length for a dimeric 

coiled coil is usually 2-3 heptads based on observations from both natural and 

synthetic coiled coils.55,56 Researchers have further enhanced the stability of short-

length, 9-amino-acid helical peptides, and coiled coil peptide assemblies through 

intra- and interhelical crosslinks, respectively.57,58 Additionally, the incorporation of 

salt bridging along the exterior of the coiled coil has been found to have drastically 

improved the stability of coiled coil peptides consisting of three heptads.113 Shortening 

of peptide sequences is desirable from a practical viewpoint, as synthetic yields 

increase and synthesis times decrease with decreasing peptide length. Moreover, 

shorter sequences are more sensitive to solution conditions, allowing for the dynamic 

tunability of materials that incorporate bundlemers. Last, probing the lower bound of 

sequence lengths enhances our understanding of the fundamental principles associated 

with bundlemer design and engineering. 

In this study, coiled coil assembly was explored as a function of peptide length 

by examining computationally designed peptides ranging from 1 to 4 heptads. The 

shortest stable sequence was then focused on, and it was investigated how salt, pH, 

and temperature affect its formation and stability. Last, drawing inspiration from the 

pioneering work of Tirrell and co-workers,7 the utilization of this computationally 

designed coiled coil within a hydrogel construct was explored to impart a dynamic 

response to these otherwise inactive materials. 
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3.2 Results and Discussion 

3.2.1 Peptide Synthesis and Characterization 

The secondary structures of the coiled coil-forming peptides were assessed 

using CD spectroscopy, as shown in Figure 30. The CD spectra of BNDL29 and 

BNDL22 at 20°C exhibit minima at 208 and 222 nm and a maximum at ~190 nm, 

which are characteristic of a helical structure.114 Examining the 222 nm to 208 nm 

ratio for BNDL29 and BNDL22 shows a value of ~1, indicating the presence of coiled 

coils rather than Ŭ-helices.56,115 The temperature dependence of the secondary 

structure of the BNDL22 peptides was investigated by increasing the temperature from 

10 to 90°C while monitoring the CD spectra, as shown in Figure 30. As previously 

reported, BNDL29 exhibits Tm>90°C at a pH of approximately 5 in DI water. 

BNDL22 exhibits a Tm of 58 ± 1°C, with complete disassociation to random coils at 

temperatures above approximately 70°C (see Figure 48A). Conversely, the CD spectra 

of BNDL15 and BNDL8 at 20°C only exhibited a minimum of around 200 nm, 

indicating random-coil structures (see Figure 44B and Figure 45B, respectively).116 

Additionally, there was no discernible change in secondary structure across a peptide 

concentration ranging from 200 to 6.25µM (Figure 49). 

While computational design predicts sequences for a given coiled coil 

structure, previous observations indicated that such short sequences were unlikely to 

form experimentally. Specifically, 2-heptad long peptide sequences, without the 

addition of covalent linkages or copious salt bridging, are generally not observed to 

form coiled coils in nature.58,114 A requirement of at least 3 heptads for coiled coil 

formation has been demonstrated for various dimeric coiled coils.54 Studies by 

Fairman et al.117 suggested that the impact of peptide length is more significant in 
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tetramers compared to dimers. This effect is attributed to the increased change in free 

energy per heptad in tetramers, which was attributed to the increased burial of 

hydrophobic residues.117 The stability constraint of Ó3 heptads has been hypothesized 

to be due to a lack of favorable interactions within short coiled coil sequences58; thus, 

despite a higher degree of contact in tetrameric compared to dimeric coiled coils, it 

was observed that a similar length limitation in computationally designed tetramers 

optimized for stability. Consistent with these findings, it was observed that BNDL22 

is the smallest peptide in this series capable of forming a stable coiled coil, making it 

suitable for material applications without additional external stabilization.  
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Figure 30 - CD spectra for BNDL29, BNDL22, and BNDL15 peptides at a 

concentration of 100 mM, plotted as mean residue ellipticity (MRE) 

versus wavelength. CD spectra of (a) BNDL29, (b) BNDL22, and (c) 

BNDL15 show the secondary structure of the peptide at 100 µM in DI 

water without pH adjustment, resulting in a pH of ~5. CD spectra of 

BNDL8 (Figure 44B) is analogous to BNDL15. BNDL29 and BNDL22 

peptides exhibited coiled coil formation, indicated by a maximum at 195 

nm and minima at 208 nm and 222 nm, with the 222 nm/208 nm ratio of 

approximately 1. The BNDL15 sequence displayed a random coil 

structure due to the minimum at 200 nm. This suggests that BNDL15, 

consisting of 2 heptads, is too short to form a stable coiled coil. All 

samples were measured at 20°C in DI water without pH adjustment, 

resulting in a pH of ~5. 
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3.2.2 Impact of Solution Conditions on Stability 

The presence of salt can have either a stabilizing or destabilizing effect on the 

coiled coil structure based on the amount and type of salt. Salt can screen both intra-

coiled coil charge interactions of amino acids along the exterior and inter-coiled coil 

charge interactions of amino acids between coiled coils. Moreover, the type of salt 

present can significantly affect the coiled coil stability. Many salts have been 

categorized into what is known as the Hoffmeister series, which orders salts based on 

their observed propensity to promote or disrupt interactions leading to either ñsalting 

inò or a ñsalting outò effect on proteins and peptides.118,119 ñSalting inò refers to the 

solubilization of a protein in the presence of salt, while ñsalting outò describes the 

precipitation of a protein caused by the preferential interaction of some salts with 

water or the protein surface.120 Considering salt's influence on proteins, it might be 

expected that monovalent salts such as KCl would enhance the stability of coiled coils. 

This increased stability has been explained as an increased hydrophobic effect, where 

water is available to preferentially interact with amino acid side chains in the presence 

of the salt.121  

Solutions of BNDL22 were prepared over a range of salt types and 

concentrations in DI water without pH adjustment yielding, a pH of approximately 5, 

and their CD spectra were recorded as a function of temperature to explore the effects 

of solution salinity on the coiled coil secondary structure. Salts with multivalent ions, 

specifically magnesium sulfate and sodium citrate, were found to cause precipitation 

of BNDL22, which is also observed in various other protein systems.122,123 

Monovalent salts, specifically, NaCl, NaF, KCl, and KF, were selected to focus on the 

effects of different salt anions and cations. In all cases, the addition of these salts 

resulted in an increase in melting temperature, with an increase in Tm as the salt 
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concentration was increased up to 120 mM (Figures S8-11). The increase in thermal 

stability is consistent with the screening of unfavorable charge interactions along the 

exterior of the coiled coil. Notably, F- had a greater stabilizing effect than Cl-, and K+ 

had a greater stabilizing effect than Na+, as evidenced by the increases in Tm (see 

Table 2). These trends align with the increases in protein stability described by the 

Hoffmeister series, resulting from the enhanced stabilization of the hydrophobic core 

responsible for the self-assembly of the coiled coil.124,125  

Table 2. Melting Temperatures of BNDL22 at 0.1 mM in Different Monovalent Salt 

Solutions at 100 mM. 

Salt 

Tm ± 1 

(°C) 

No Salt 58 

NaCl 69 

KF 86 

NaF 80 

KCl 71 
 

 

The protonation state of charged side groups is determined by their individual 

pKa values, impacting the overall charge of the coiled coil in response to pH changes. 

Studies, such as that of Dutta et al., typically focus on pH solution conditions between 

5.5 and 8.5, owing to the pKa of the basic and acidic amino acid side groups;126 

Furthermore, many of these studies have observed enhanced coiled coil stability 

within an acidic pH range of 6.5 to 2.127 This finding may seem counterintuitive, 

particularly for dimeric coiled coils reliant on salt bridging interactions to maintain 

their structure, such as those associated with lysineïglutamic acid.127 Importantly, it 
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has been demonstrated that the influence of pH on stability is contingent upon the 

ionic strength. This relationship between ionic strength and pH trends was elucidated 

in a dimeric coiled coil system, where, at 100 mM NaCl, there was a shift to increased 

stability under acidic conditions.127 As discussed in the context of the Hoffmeister 

series, the influence of salt on coiled coil stability is consistently observed; 

additionally, there is an intrinsic correlation between salt and pH. Salt aids in 

stabilizing the coiled coil at high pH by screening like-charge interactions. 

Conversely, at low pH, salt destabilized the coiled coil due to acidic side chains 

becoming partially protonated and thus no longer charged.126  

 The impact of pH on the stability of BNDL22 was investigated by adjusting 

the pH. Given that sodium and chloride ions predictably affect stability, HCl or NaOH 

were used to adjust the pH from 2 to 13 of the BNDL22 solutions, as shown in Figure 

31. The transition from coiled coils to unfolded random coils was assessed by 

monitoring the ratio of ellipticities at 222 nm and the isodichroic point at 204 nm. This 

metric was selected because the ellipticity at 222 nm represents the extent of helicity 

while the ellipticity at 204 nm indicates the presence of a two-state system and 

remains constant across both folded and unfolded states, making it a suitable reference 

point for structural changes.128  

Based on the CD spectra, a primarily helical structure was observed from a pH 

between 4 and 11. At pHs lower than 6 or greater than 12, a decrease in the ratio of 

222 nm to 204 nm was observed, indicating a transition toward a higher proportion of 

random coils. This structural shift at these pH values is attributed to the partial 

protonation or deprotonation of acidic and basic amino acid side chains as their pKa 

values are approached. For pH values below 4, a transition from primarily coiled coils 
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to primarily random coils was observed, marked by a shift in CD to a single minimum 

at 200 nm (see Figure 54A, B). Given that the pKa values of all the acidic amino acids 

in the sequence are greater than 4, a pH Ò4 corresponds to the removal of all negative 

charges and a shift in the net charge from +4 to +28 per coiled coil. Conversely, at pH 

Ó12, peptide precipitation was observed, resulting in no clear CD signal (see Figure 

54L). In this pH range, all of the positive charges associated with the basic amino 

acids are expected to be removed, resulting in a decrease in net charge from +4 to -24 

per coiled coil. The shifts in charge from extreme pH adjustment resulted in 

destabilization of the coiled coil structure, possibly by eliminating stabilizing salt 

bridge interactions and introducing unfavorable like-charge interactions along the 

exterior of the coiled coil. 

The pH stability of BNDL22 across the pKa values of the acidic and basic 

amino acids underscores the robustness of the design centered on the conserved A, I, 

and M amino acids within the heptad repeat. On the one hand, its stability over a broad 

range of solution conditions indicates its potential for applications beyond typical 

biological conditions. On the other hand, the predictable impact of pH on stability 

provides another dimension to using the coiled coil to design responsive materials. 

Overall, the robust design and dynamic range of BNDL22 can be used as a responsive 

building block for a wide range of applications. 
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Figure 31 - Effect of pH on the stability of the BNDL22 coiled coil structure. The ratio 

of 222 nm to 204 nm, as measured via CD was used as an indicator for 

the presence of coiled coils, where pH values from 4 to 11 exhibit a 

primarily coiled coil structure. Values were measured after annealing the 

sample from 90 to 20°C at a concentration of 100 mM of peptide in water 

with pH adjustment made with HCl or NaOH. pKa values of acidic and 

basic amino acids are indicated to show the correlation between the 

denaturation of the peptide at those values. Additionally, the estimated 

net charge of the peptide (Z) is plotted to corroborate these locations 

where stability changes occur. The gray regime indicates the pH range at 

which peptide precipitation occurs. 

3.2.3 BNDL22 Cross-L inked Hydrogels 

The BNDL22 coiled coil is both pH and temperature-responsive under 

moderate conditions, making it ideal as an adaptive hydrogel cross-linker. Tirrell and 

co-workers first demonstrated the use of coiled coils in hydrogels, where they 

designed and created protein-based polyelectrolyte hydrogels that included the leucine 

zipper coiled coil sequence.7 They demonstrated that physical cross-linking in these 

hydrogels responded to variations in both pH and temperature. Moreover, BNDL29 

has previously been employed as a physical cross-linker in a hydrogel, albeit with 

limited thermal responsiveness due to the remarkable thermal stability of BNDL29.68 
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To use BDNL22 as a tunable dynamic individual cross-linker in a hydrogel, a 

tetrafunctional PEG-thiol was cross-linked with an allyl-functionalized BNDL22 using 

a photoinitiated thiolïene reaction, as shown in Figure 32C. The modified peptide 

retained is a coiled coil structure under aqueous conditions (Figure 55), resulting in a 

tetrafunctional cross-linker (see Figure 32C). 

The dynamic properties of the hydrogel cross-linked BNDL22 were evaluated 

using oscillatory shear rheometry. The ability to adjust the temperature to denature the 

BNDL22 cross-linker was expected to induce a solid-like to liquid-like state at 

elevated temperatures. To demonstrate this, the hydrogel was subjected to heating and 

cooling cycles, from temperatures above the Tm of BNDL22 down to room 

temperature (see Figure 32A). At room temperature, the hydrogel exhibited a storage 

modulus (Gô) greater than the loss modulus (Gò), as expected for a solid-like material. 

When the temperature of the hydrogel was heated to 60°C, a sol-gel transition was 

observed, herein demarcated as the crossover of Gô and Gò (typically in the vicinity of 

the actual Winter-Chambon determined gel-point).129 The hydrogel was found to 

recover over multiple cycles, with the modulus returning to approximately the same 

value, exhibiting a slight increase over time attributed to evaporation. Additionally, 

the ability to recover the hydrogel properties after heating provides a means for 

recycling or reprocessing the hydrogel.  
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Figure 32 - Hydrogel rheometry shows recovery after deformation of BNDL22 cross-

linked PEG hydrogels as a function of changes in temperature (A) and 

strain (B) over time. A) At high temperatures (60°C), degelation results 

in hydrogel ñmeltingò into a liquid-like fluid, while at lower temperature 

(22.5 °C), the hydrogel is reformed, as seen in the recovery of Gô. (B) 

Hydrogel shear-induced ñmeltingò at high strain, indicated by the 

crossover of Gô and Gôô. Inlaid is a gel printed into shape through a 

needle from a syringe demonstrating the shear thinning properties 

allowing for injection. C) Reaction between tetrafunctional PEG-SH and 

alloc-modified BNDL22, leading to the formation of a hydrogel. 
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The BNDL22 hydrogel, which forms through a physical, coiled coil cross-

linking mechanism, was expected to have mechanical properties that respond to any 

stimuli that induce coiled coil denaturation. Similar responsiveness has been observed 

in other peptide-based hydrogels, such as the shear thinning behavior of hydrogels 

formed through the self-assembly of ɓ-hairpin peptides.9 The shear-induced reversible 

cross-linking of the BNDL22 hydrogels was investigated upon the application of large 

amplitude oscillatory shear. A strain amplitude sweep revealed that the hydrogel 

exhibited a linear response up to approximately 60% strain (at a frequency of 0.1 Hz) 

and underwent a sol-gel transition at approximately 500% strain (Figure 56). The 

reversibility of the strain-induced sol-gel transition was examined by cycling the strain 

from 600 to 1%, as shown in Figure 32B. The modulus was recovered after each 

cycle, indicating that the strain-induced degelation was reversible, which is attributed 

to the BNDL22 cross-links being physically disrupted and reformed. 

Introducing dynamic and tunable stability offers significant advantages for 

bulk material applications, especially when reversible denaturation is desirable, such 

as cross-linking a hydrogel. One such scenario where reversible denaturation proves 

advantageous is for the injection of hydrogels post-polymerization, circumventing the 

need for environmental triggers for polymerization, which can be complex in 

biological conditions.130 The shear-induced degelation of the BNDL22 cross-linked 

hydrogel implies its potential for injection through a syringe, allowing applications 

ranging from injectable hydrogel for drug delivery to 3D printing. As a proof of 

concept, a U and D shape was ñprintedò by injecting the BNDL22 hydrogel through a 

needle and syringe as shown in the Figure 32B inset. Furthermore, the thermal 
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behavior demonstrated in Figure 32A could be leveraged to make materials that are 

recovered and recycled through thermal cycling. 

3.3 Conclusions 

A series of coiled coil peptides ranging in length from 22 to 8 amino acids 

were designed de novo. These sequences were derived from a previously designed 29 

amino acid sequence, BNDL29. By shortening the peptide sequence via computational 

design, tunable properties were introduced into the stability of the coiled coil structure; 

the reduced stabilities are in contrast to the high thermostability of BNDL29. CD 

spectroscopy analysis revealed that BNDL22 formed coiled coils with a Tm of 58°C, 

whereas BNDL15 and BNDL8 did not form coiled coils. This result is consistent with 

previously reported observations that indicate that a minimum of three heptads, as 

found in BNDL22, is necessary for coiled coil stability without additional stabilization 

methods like staples (i.e., chemical cross-links) or salt bridge formation. 

 This study establishes that design rules regarding minimum length observed in 

dimeric coiled coils extend to tetrameric coiled coils, offering further insights into the 

behavior of tetrameric coiled coils.56,117 Additionally, the stability of BNDL22 in 

solution was investigated under monovalent salt conditions, revealing that Tm can be 

increased via the addition of salt with trends following the Hoffmeister series. This 

increased stability is attributed to increased hydrophobic effects and the screening of 

unfavorable interactions along the coiled coilôs exterior. Examination of pH effects on 

BNDL22 revealed resilience to changes in pH over the range of 4 < pH < 11 until the 

pH = pKa of acidic or basic side groups of the constituent amino acids. Under extreme 

acidic conditions, a transition from coiled coils to random coils occurred, while under 
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extreme basic conditions, precipitation was observed. This broad range of pH stability 

highlights the versatile applicability of this sequence beyond biological conditions.  

Finally, BNDL22 was employed as a physical cross-linker within a PEG 

hydrogel, introducing dynamic properties to the bulk material. Shear rheology 

confirmed the degelation of the hydrogel at temperatures above the coiled coil Tm and 

at high strain amplitudes. Due to the ability of this hydrogel to recover after shear, the 

gel could be injected through a syringe to óprintô complex shapes. This shear-induced 

degelation feature opens possibilities for several applications such as 3D printing and 

injectable hydrogel drug delivery. Overall, this study demonstrated the robustness of 

these peptides and their broad suitability to materials applications, even in conditions 

traditionally considered inhospitable to protein and other biobased building blocks.  
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POLYMERIZATION OF TRUNCATED BUNDLE FORMING PEPTIDES  

4.1 Introduction  

The coiled coil is a tertiary protein structure responsible for various structural 

and dynamic properties, such as pH responsiveness.59,62 Self-assembly of coiled coils 

is driven by hydrophobic interactions within the core and hydrophilic effects of charge 

amino acids on its surface. The amino acid sequence drives this folding process, 

typically consisting of a repeating pattern of seven amino acids known as heptads.44 

The stability of short-coiled coils (i.e., those less than 10 heptads in length) depends 

on their length, with shorter-coiled coils being less stable.54 For dimeric and tetrameric 

coiled coils, the lower limit of stability is three heptads, whereas a sequence consisting 

of 2 heptads does not form a coiled coil without additional stabilization.55,56,131 

Sequences of one or two heptads can still form a coiled coil with external stabilization, 

such as copious salt bridging, or inter- and intra-coiled coil stapling, or covalent 

linkage.57,58,113  

Computational design has enabled the creation of synthetic coiled coil bundle 

units known as bundlemers, offering a range of robust properties. Through the 

computational design of these bundlemers, their exterior can be designed to possess 

high charges,66 to facilitate assembly into 2D crystalline structures,53 and serve as a 

building block for fibrous materials.68,69 Moreover, bundlemers have been 

functionalized at their N-termini with ñclickò chemical handles, forming rigid rod-like 

polymers.68 This assembly is made possible by the anti-parallel structure of the coiled 

Chapter 4 



 77 

coil, where Ŭ-helices alternate directions, resulting in two N-terminal functional 

groups at either end of the coiled coil. The polymerization of bundlemers represents a 

unique assembly method, as it involves the linkage of N-termini to N-termini rather 

than the naturally occurring N- to C-terminus connections found in nature. 

In this study, the highly robust sequence, referred to as BNDL29, was used as a 

parent for sequence truncation to generate a shorter peptide building block comprised 

of 15 amino acids or two heptads. Truncating to shorter lengths expands the library of 

sequences derived from previously reported bundlemers sequences and gains 

significant synthetic advantages because shortening peptide sequences reduces 

synthesis times and enhances synthetic yields. BNDL29 has served as a parent 

sequence for the design of highly charged,66 and variable-length coiled coil peptide 

sequences.131 Despite concern that truncating BNDL29 might cause misalignment of 

favorable interactions within the coiled coil structure, given its anti-parallel nature, 

potentially hindering assembly, the exceptional stability of BNDL29 and prior 

modifications to the sequence suggested that truncation could yield a functional 

peptide sequence. To validate the functionality of the truncated sequence referred to as 

BNDL15-TR, it was polymerized through N-terminus to N-terminus conjugation, 

resulting in the formation of rigid rod-like polymers that assemble through the 

physical assembly of coiled coils.132 

4.2 Results and Discussion 

4.2.1 Peptide Synthesis and Characterization 

BNDL15-TR was created by truncating the previously reported BNDL29 

sequence to the N-terminal 15 amino acids. Consequently, while BNDL29 consists of 
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four heptad repeat units with a consistent hydrophobic core, BNDL15-TR consists of 

only two repeat heptad units with the same core. The selection of the N-terminal 15 

amino acids aimed to replicate the conjugation sites used for polymerization of 

BNDL29 through N-terminus modification.68 Peptide sequences were synthesized via 

solid-phase peptide synthesis, and their secondary structures were characterized using 

circular dichroism (CD), as shown in Figure 33. CD spectroscopy of BNDL29 

revealed distinct minima at 208 and 222nm, indicating the helical nature of the 

sequence.116 Additionally, the ratio of 208nm to 222nm, being approximately one, 

suggested the presence of a coiled coil structure.56,115 Conversely, CD spectroscopy of 

BNLD15-TR primarily exhibited a minimum of around 200nm, signifying a lack of 

helical nature and primarily random coils. This lack of coiled coil stability in 

BNDL15-TR was expected, as previous studies have shown that coiled coils 

comprised of two heptads typically lack adequate stabilization without the addition of 

copious salt bridges or covalent stapling.8,58,114 Furthermore, computational efforts to 

design a 15 amino acid coiled coil from BNDL29 revealed that the most probable 

tetramer sequence could not form a coiled coil.131  

Considering the anti-parallel structure of BNDL29, it was expected that 

truncating the sequence would result in misalignment of the coiled coil structure, 

inhibiting self-assembly. CD spectroscopy of BNDL15-TR showed a slight peak at 

low wavelengths (~185nm) and minima around 222 nm, indicating a low degree of 

helicity. The estimated helical content of BNDL15-TR was calculated to be 1.0% 

based on interpretation using BeStSel software for CD analysis (See Table 7).133,134  

Although this represents a minor increase in helicity, secondary structure analysis is 

typically less accurate for short helices, and observation of the 222 nm minima 



 79 

indicates a higher degree of helicity.135,136 Additionally, temperature-dependent studies 

were conducted on BNDL29 and BNDL15-TR to examine alterations in their 

secondary structure with changing temperatures. The mean residue ellipticity, which 

normalizes helicity based on peptide concentration and number of amino acid 

residues, was tracked at 222 nm to track changes in helical structure. BNDL15-TR 

demonstrated no temperature-dependent change, whereas BNDL29 began to undergo 

cooperative unfolding, resulting in a melting temperature exceeding 90°C. The 

melting temperature was defined as the temperature at which half of the coiled coils 

were denatured, as determined by the inflection point of the melting curve (See Figure 

60). 

 

Figure 33 ï Circular Dichroism of BNDL29 and BNDL15-TR. The CD of BNDL29 

revealed minima at 208 nm and 222 nm and a peak at 195 nm, indicating 

a helical nature. The ratio of 208nm to 222nm was approximately one, 

suggesting the presence of coiled coils. In contrast, BNDL15-TR mainly 

displayed a minimum at 200 nm, indicating the presence of random coils. 

However, a slight helical signal was indicated by a minimum at 222nm 

and a maximum around 185nm.  
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4.2.2 Rod Polymerization 

Two modifications were made to BNLD29 and BNDL15-TR, involving the 

addition of either a thiol or maleimide functional group at the N-terminus of the 

peptide through the addition of cysteine or 4-maleimidobutyric acid. These 

modifications increased the percent helicity of BNDL15-TR-C and BNDL15-TR-Mal 

to 15.8% and 22.1%, respectively (See Figure 60 and Table 7). The observed increase 

in helicity in BNDL15-C was attributed to the extension of the amide backbone, 

providing additional stabilization and disruption of the local density of negatively 

charged amino acid side chains and, thus, like-charge interactions. The observed 

increase in helicity in BNDL15-Mal was similarly attributed to the disruption of like-

charge interactions, with the additional potential of -́  ́stacking of the two local 

maleimides providing additional stabilization.132 Even with these increases in helicity, 

the structure was observed to be primarily a random coil.  

The thiol-modified sequence was combined in equal molar ratios with the 

maleimide-modified sequence of the same peptide in deionized water without pH 

adjustment, resulting in a pH of approximately 5. Previously, a similar reaction was 

performed with a mixture of BNDL29 and a different 29 amino acid peptide sequence, 

forming rigid rods measuring a width of 2 nm and reaching lengths up to 1 to 2 µm.68 

Similarly, the thiol and maleimide-modified BNDL29 reaction yielded rigid rods of 

the same dimensions, as observed through cryogenic transmission electron microscopy 

(cryo-TEM) (Figure 34A). The conjugation of modified-BNDL29 resulted in the 

formation of rigid-rod polymers due to the coiled coilôs anti-parallel structure. 

Because BNDL29 maintains an anti-parallel structure and is a stable unit, 

polymerization can initiate from any peptide and proceeds via the thiol-Michael 

reaction.  
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Figure 34 ï Cryo-TEM of BNDL29 and BNDL15-TR rigid-rod polymers. BNDL29 

and BNDL15-TR were synthesized with either a thiol or maleimide at the 

N-terminus and mixed in an equimolar ratio to form rigid rod-like 

polymers. A) Polymerization of modified-BNDL29 resulted in the 

formation of rigid rods measuring 2nm in diameter and up to 1-2 µm in 

length. B) Polymerization of modified-BNDL15-TR resulted in rigid rods 

with a diameter of 2nm and lengths extending beyond the microscopeôs 

field of view.  
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The polymerization of 29 amino acid coiled rods is unique because it proceeds 

through linking the N-terminus of one peptide to the N-terminus of another. This 

linkage is distinct because naturally occurring coiled coils typically proceed linearly 

from the N-terminus to the C-terminus along the entire backbone.45 Consequently, the 

bundlemer rods effectively possess a discontinuous backbone, alternating direction 

every 29 amino acids. The rigidity of these 29 amino acid coiled coil rods, indicated 

by persistence lengths predicted to be greater than the length of the polymer chain,68 

suggests stabilization along the entire length of the coiled coil backbone. Previous 

studies have demonstrated the ability of coiled coils to maintain a helical structure 

even when disrupted, as seen through the incorporation of a triazole ring into the 

backbone of a tetrameric coiled coil.51 The rigidity observed in BNDL29 rods 

indicates that hydrogen bonding, responsible for stabilizing the coiled coil backbone, 

remains largely intact despite changes in the backbone direction.137,138  

The ability for a coiled coil backbone to be stabilized through polymerization 

via N-terminus conjugation suggests that polymerization could enhance the stability of 

BNDL15-TR. To investigate this, thiol and maleimide-modified BNDL15-TR 

sequences were reacted in an equimolar ratio at an elevated temperature, followed by 

an assembly at room temperature. The resulting structures were rigid rods with widths 

of 2 nm and lengths exceeding 5µm, observed by cryo-TEM (see Figure 34B). Exact 

characterization of rod length was not achievable via cryo-TEM due to some rod-like 

polymers extending beyond the microscope's field of view. The diameter of BNDL15-

TR rods were determined to be 2 nm, matching that of BNDL29.67,139 This alignment 

in diameter implies that BNDL15-TR likely adopted a coiled coil structure, serving as 

the repeat unit for polymerization. Despite BNDL15-TR exhibiting a minimal helical 
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nature, the formation of a coiled coil repeat unit during polymerization was expected 

because the amino acid sequence still adhered to the heptad pattern that promotes the 

formation of coiled coils.44 Previous studies have shown that stabilization of dimeric 

coiled coils as short as a single heptad can be achieved through inter-helical covalent 

linkage.58 Therefore, extending the coiled coil backbone through polymerization offers 

the additional stabilization necessary to form a stable coiled coil. This observed 

stabilization implies continuous stabilization along the backbone, supporting the 

hypothesis that asymmetric linkage of the N-terminus to the N-terminus does not 

disrupt the coiled coil. The formation of these rods not only suggests backbone 

stabilization but also demonstrates that despite computational predictions of potential 

misalignment of favorable interactions due to BNDL29 truncation, the designed 

peptide core remains sufficiently robust to assemble. 

The polymerization of BNDL29 follows a clear step-growth mechanism as 

growth because each peptide unit assembles into anti-parallel coiled coils and initiates 

polymerization through the chemical reaction between thiol and maleimide 

functionalized coiled coils.140 Despite the BNDL29 polymer chains reaching 1-2 µm 

in length, the resulting degree of polymerization is only 250-500, given that the repeat 

coiled coil unit acting as a monomer is approximately 4 nm long. This relatively low 

degree of polymerization can be attributed to the sensitivity of step-growth 

polymerization to stoichiometry, which may be affected by concentration variations 

and potential aggregation.140 Additionally, as chain lengths increase, polymerization 

becomes limited by the rate of diffusion, making it challenging for chain ends to 

contact each other. On the other hand, the polymerization of BNDL15-TR may 

undergo a different mechanism due to the peptide sequenceôs inability to form a stable 
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coiled coil independently, as supported by the observed increase in chain length 

observed in Figure 34B.  

The rigid-rod polymer chains of BNDL15-TR extend beyond the microscopeôs 

field of view (>5µm), suggesting a distinct polymerization mechanism compared to 

BNDL29. Despite their varying lengths, the diameter of BNDL15-TR rods remains 

constant at 2 nm, indicating that growth is not through fiber formation but through 

polymerization. While fibular structures can achieve multiple microns in length, 

typically, this is accomplished through the chain entanglement of multiple fibers and, 

thus, an increase in the diameter of inhomogeneous fibers.141,142 The polymerization 

mechanism of BNDL15-TR is proposed to follow a mixture of chain- and step-growth 

polymerization, as shown in Figure 36. Unlike BNDL29, which relies on the thiol-

Michael reaction for polymerization, BNDL15-TR is driven by the growing chain 

core.  

To investigate this assembly mechanism, polymer chain assembly was 

monitored using light scattering techniques, including dynamic (DLS) and static light 

scattering (SLS). Rapid assembly of the structure was observed, leading to multiple 

scattering and a multimodal distribution of sizes, as observed by DLS, within minutes 

of cooling the samples to room temperature (Figure 35B). This rapid assembly made it 

challenging to obtain sufficient measurements for accurate statistics and 

characterization before significant changes in chain size occurred in the solution. 

Moreover, tracking over multiple hours via dynamic and static light scattering 

revealed additional growth into larger structures. Owing to the two separate phases of 

growth observed in SLS (See Figure 35A), it is challenging to determine kinetic 

parameters accurately. These results suggest that a different technique, such as small-
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angle X-ray scattering, is necessary to effectively monitor these short peptide 

polymers' assembly. More in-depth techniques provide rapid sampling to properly 

track the size change within the initial few minutes of polymerization.  

 

Figure 35 ï Light Scattering of Peptide Polymerization. (A) Static light scattering 

(SLS) of bundle-forming peptide polymerization, where the ratio of 

measured scattering of the polymer over the monomer was tracked over 

time. BNDL15-TR polymerization was measured at a conjugated peptide 

concentration of 2.5 mM (blue). BNDL29 polymerization was measured 

at a conjugated peptide concentration of 5 mM (black) in DI water 

without pH adjustment, which showed exponential growth after 7 hours. 

(B) Dynamic light scattering (DLS) of BNDL15-TR polymerization 

plotting the autocorrelation function. The sample was multimodal and 

began having multiple scattering before the first measurement could be 

collected at 0.5 hours.  

It was hypothesized that the low degree of helicity observed in BNDL15-TR 

(Figure 33) is due to the formation of a transient coiled coil forming existing in an 

equilibrium state that strongly favors the random coil configuration. These transient 

coiled coils are believed to feature overhanging ñsticky endsò consisting of 

unassembled BNLD15-TR. These sticky-ends can interact with other BNDL15-TR 
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dimers in solution to form a 30 amino acid coiled coil consisting of 4 heptad repeats 

and generating new ñsticky-ends.ò Given that BNDL29 demonstrates remarkable 

stability with four heptads of the same core, it was hypothesized that when two 

BNDL15-TR coiled coils conjugate, they effectively form a stable 30 amino acid 

coiled coil similar to BNDL29, maintaining overhanging sicky-end. The conjugated 

30 amino acid coiled coil with overhanging sticky ends serves as a nucleation site for 

polymerization. As more dimers are associated with the growing polymer chain ends, 

the sticky ends continue to regenerate, promoting chain growth through the physical 

assembly of the peptides rather than the chemical reaction that drives the assembly of 

BNDL29 rods. Hence, polymerization could potentially initiate anywhere that two 

BNDL-15TR coiled coils assemble, but polymerization is primarily propagated 

through the interaction of chain ends with random coils in solution. This reduces the 

dependency on precise stoichiometry and minimizes the diffusion effects on chain 

length increases, thus resulting in the observed increase in chain length.  
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Figure 36 ï Proposed mechanism of BNDL15-TR rigid rods. BNDL15-TR was 

modified with either a thiol or maleimide and then conjugated at elevated 

80°C in DI water without pH adjustment, resulting in a pH of 

approximately 5. Upon cooling to room temperature, a small fraction of 

the 30 amino acid conjugates can transiently form a coiled coil with 

overhanging random coils. The overhanging random coils can interact 

with random coils in solution, leading to the propagation of 

polymerization and resulting in longer chains compared to BNDL29 rods.  

4.3 Conclusions 

A new peptide sequence, BNDL15-TR, was derived from the truncation of the 

N-terminal 15 amino acids of the computationally designed BNDL29 sequence. 

Circular dichroism spectroscopy revealed that BNDL29 exhibited a helical structure, 

whereas BNDL15-TR primarily exhibited a random coil structure. This observation 

was expected, given that previous studies have demonstrated that two heptads found in 

BNDL15-TR are insufficient to form a stable coiled coil without additional 
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stabilization, such as salt-bridging or covalent linkages. Moreover, due to the anti-

parallel structure of BNDL29, truncating it was not anticipated to yield a sequence 

capable of forming a coiled coil, as it would likely result in the misalignment of 

favorable interactions within the coiled coil. Despite the predominant random coil 

structure observed, BNDL15-TR displayed an estimated 1.0% helicity as determined 

by CD spectra. Additionally, when BNDL15-TR was functionalized at the N-terminus 

with either a thiol or maleimide, an increase was observed to 15.8% and 22.1% 

helicity, respectively. This increase in helical nature suggested that with further 

stabilization, BNDL15-TR could potentially form a coiled coil.  

BNDL29 was functionalized with either a thiol or maleimide at the N-

terminus, and upon equimolar mixing, it formed rigid-rod polymers similar to those 

formed by a mixture of BNDL29 and another computationally designed 29-amino 

coiled coil.68 These rigid rods, observed in cryo-TEM, were 1-2 µm in length and 2 

nm wide, matching the diameter of BNDL29,67,139 indicating that the repeat unit is a 

coiled coil. The linkage of these coiled coils is unique, as they are connected from the 

N-terminus to the N-terminus, resulting in discontinuity in the backbone compared to 

naturally occurring coiled coils. However, the rigidity of the chains suggests 

stabilization along the coiled coil backbone. Therefore, following a similar approach, 

BNDL15-TR was modified in the same manner with a thiol or maleimide at the N-

terminus, and upon polymerization, it formed rigid rod polymers that were 2 nm wide 

and reached lengths exceeding 5 µm. The 2 nm diameter indicated that the repeat unit 

was a coiled coil, possibly due to the stabilization provided by the coiled coil 

backbone of the polymer chain. The increase in chain length is attributed to the 

difference in the proposed polymerization mechanism from BNDL29, which follows 
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step-growth polymerization, to a combination of step- and chain-growth 

polymerization. This mechanism can propagate between chain ends and random coils, 

driven by the physical assembly of coiled coils rather than their chemical conjugation.  

Overall, this work demonstrates the robustness of the computationally designed 

BNDL29 core, allowing for truncation to generate various functional sequences. 

Additionally, it illustrates the ability to form rigid peptide rods through a different 

polymerization mechanism stabilized by the N-terminus to N-terminus linkage of 

coiled coils.  
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WATER SOLUBILIZATION OF METAL -ORGANIC POLYHEDRA  AND 

THEIR CONJUGATION TO FUNCTIONAL PEPTIDES  

5.1 Introduction  

Metal-organic polyhedra (MOPs), or cages, are materials made from metal 

ions and organic ligands forming a molecular structure. While similar to metal-organic 

frameworks (MOFs) in construction, MOPs differ in that they are capped to prevent 

expansion in any direction (0 dimensions, or 0D), whereas MOFs create a network that 

grows in 2 or 3 dimensions (2D or 3D). Some MOPs are designed as single molecular 

pores of a MOF, inheriting many of the porous properties of MOFs, such as gas 

adsorption.85,86 However, MOPs offer distinct advantages due to their molecular 

nature. Unlike MOFs, which can usually only be modified at their periphery due to 

steric hindrance, MOP exteriors can be more uniformly modified. Additionally, MOPs 

are soluble in various solvents and can have adjustable solubility based on exterior 

functional groups.92 Due to these properties and their increased surface area-to-volume 

ratio, MOPs are finding increasing applications as more geometries are developed. 

Owing to their porous structures, they are commonly used for gas storage,86 

separations,143 catalysis,144,145 and host-guest chemistry.146 

The porous nature of MOPs offers versatile functionality, but their molecular 

structure is particularly desirable as a foundational element in material design. This is 

mainly because of their molecularly uniform structure and precise arrangement of 

chemistry along the cage's surface. MOPs come in various geometries with different 

Chapter 5 
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functional groups, pore sizes, and solubilities, mainly dictated by the organic ligand 

used in their design. The geometry is influenced by the number of metal-binding 

groups, like carboxylic acids, while exposed functional groups can determine specific 

reactivity and solubility. Recent studies involving cobalt (II) cages have demonstrated 

that by incorporating "click" functional groups, such as azide and alkynes, post-

synthetic modifications using copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

can be achieved.80 Additionally, alkyl chains of varying lengths can be attached to the 

cages using anhydrides.91 These examples showcase the potential for MOPs to offer a 

wide range of functionalities. Furthermore, MOPs have been integrated into polymeric 

networks to create materials like self-healing and printable structures,147 aerogels with 

gas adsorption capabilities,148 membranes for gas separation,143 and constructs for 

drug delivery.94 In these applications, the unique properties of MOPs are harnessed to 

imbue specific characteristics into the resulting materials. 

Owing to their porous structure, MOPs are gaining ground as a foundational 

element in biological applications, but a significant hurdle lies in their solubility. 

Generally, MOPs dissolve in organic solvents, and the choice of solvent can be 

adjusted by incorporating different organic ligands. However, achieving water 

solubility in MOPs, crucial for biological use, poses a challenge. Water solubility has 

been achieved by introducing charged components like carboxylic acids, 

poly(ethylene glycol) (PEG) chains,149 amines, and sulfonates.150 Some examples 

involve coupling biological materials onto MOPs, such as covalently adding 

saccharides or biotin for protein binding,149,151 ionic assembly with enzymes,150 or 

conjugation with short hydrophobic peptides.152 While advancements in conjugating 

MOPs with biological materials are progressing swiftly, there are few examples of 
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these MOP conjugates integrating functional peptides. Herin, a cobalt-based 

calixarene-capped MOP system, was functionalized with various ñclickò functional 

groups through post-synthetic modifications (PSM) and subsequently conjugated with 

diverse functional peptides, yielding pH-responsive and self-assembling materials.  

To choose a suitable metal-organic polyhedra (MOP) for peptide conjugation, 

selecting a cage that remained stable across various conditions and was amenable to 

post-synthetic modifications was crucial. Calixarene-capped cobalt cages were chosen 

for their stability at high temperatures and in different solvent environments. They 

have a track record of being modified post-synthetically using CuAAC and 

anhydrides.80,91,101 These cages were assembled using p-tert-

butylsulfonylcalix[4]arene (sc4a), Co(NO3)·6 H2O, and isophthalic acid, which can be 

altered to produce different geometries and functionalities.101 This study utilized 

isophthalic acid ligands with either azide or amine functional groups at the 5-position, 

resulting in type-III MOP structures.80,101 These structures present eight exposed 

functional groups, four pointing upwards from the sc4a plane and four downwards, 

offering ample opportunities for post-synthetic modifications.80,101 Considering the 

intended use of these cages in conjunction with peptides, it becomes apparent that 

post-synthetic functionalization is essential due to the presence of carboxylic acids in 

most water-soluble peptides, which would interfere with self-assembly if present 

during cage assembly. Additional "click" functionality was introduced into the cages 

as a preliminary step. 
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5.2 Results and Discussion 

5.2.1 MOP PSM 

Two key strategies were initially pursued to enhance the versatility of MOPs as 

building blocks for functional peptide materials: improving water solubility and 

introducing orthogonal reactivity. Addressing reactivity, various "click" functional 

handles were targeted, including halides, alkene, furan, and maleimide (See Table 3). 

These modifications were implemented as post-synthetic modifications (PSM) of a 

calixarene-capped 5-amino cobalt (II) cage (Co-NH2). This well-characterized 

structure served as a broadly applicable building block, allowing for the consistent 

incorporation of different functional groups. PSM of Co-NH2 was achieved by 

reacting anhydrides with the eight amines per cage in N-N dimethylformamide 

(DMF). This modification approach has previously been demonstrated with Co-NH2 

for adding alkyl chains of varying lengths.91 Anhydrides were preferred over other 

commonly used PSM methods, such as alkyl halides or acid chlorides, due to their 

compatibility with less stable cages, gentler reaction conditions, and fewer reactive 

byproducts.90,91,145,153 The coupling of click functional anhydrides to Co-NH2 resulted 

in notable differences in conversion rates, as indicated in Table 3. Short and bulky 

anhydrides, such as 2-furoic anhydride, exhibited as low as 50% conversion, likely 

due to steric hindrance limiting further conversion. This conversion rate implies that 

two of the four reactive groups on either side of the cage were functionalized. In 

contrast, the longer and more flexible alkyl chain of 4-(2,5-dioxo-2,5-dihydro-1H-

pyrrol-1-yl)butaneic acid anhydride (4-Mal) allowed for nearly complete conversion, 

resulting in four maleimide groups on each side of the cage. 
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Table 3 ï Click Functional Anhydrides Coupled to Co-NH2. The chemical structure of 

click functional anhydrides successfully conjugated to Co-NH2 through 

PSM is shown. The conversions were determined from the ratio of the 

functional groups to unreacted protons on the isophthalic acid as 

measured by 1H NMR. Furoic anhydride and 4-Mal were synthesized in 

Chapter 2.  

Click Anhydride  Structure Conversion (%) 

Acrylic Anhydride 
 

80.6 

Bromoacetic 

Anhydride 
 

77.6 

Chloroacetic 

Anhydride  
79.3 

Furoic Anhydride 

 

52.9 

4-(2,5-dioxo-2,5-

dihydro-1H-pyrrol-1-

yl)butaneic acid 

anhydride (4-Mal)  

94.4 

 

 

To further investigate the impact of steric hindrance on the PSM of MOPs and 

to expand the toolbox of applicable conjugation techniques, 4-Mal was attached to Co-

NH2 using various standard amide coupling reagents. The conversion achieved with 

various coupling reagents is summarized in Table 4. It was observed that the larger 

coupling agents, as quantified by the molecular weight of the activated carboxylic acid 

leaving group, resulted in lower conversion rates. This outcome was anticipated 

because as the activated carboxylic acid complex increases in size, so does the effect 

of steric hindrance. For instance, the largest structure, HCTU, resulted in a 19.5% 

conversion rate, corresponding to approximately one modification per side of the 

MOP. In contrast, the lowest molecular weight intermediates, DIC and Oxyma, 
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achieved a 71.9% conversion rate, indicating approximately three reactive groups per 

side. The observed conversions remained consistent after a second coupling with a 

fresh solution of coupling reagents, suggesting that the reaction had reached the 

maximum achievable conversion. Although there is a correlation between the 

molecular weight of the coupling agent and the observed conversion, there is potential 

for further studies on the influence of the type of coupling agent used, such as the 

difference between carbodiimides (such as DIC), uroniums (such as HCTU and 

HATU), and phosphoniums which were not included in this study. Difference 

coupling agents could significantly affect the efficiency of the conjugation owing to 

the differences in their mechanism of carboxylic acid functionalization.154 Despite the 

incomplete conversion, this study demonstrated the MOPôs stability under amide 

coupling conditions. Therefore, this method could be readily applied to less sterically 

hindered cages to couple carboxylic acids without synthesizing an anhydride. This 

significantly broadens the range of functionalities attached to cages by allowing for 

structures that do not effectively form anhydrides. The simplicity of precipitating the 

cage facilitates techniques akin to solid-phase synthesis to make stepwise 

functionalization on the surface of a cage.  
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Table 4 ï Amide Coupling Agents Used to Conjugate to Co-NH2. 4-Maleimidobutyric 

acid was coupled to Co-NH2 using standard amide coupling agents of 

varying sizes. Each coupling agent's activated carboxylic intermediate 

(drawn in black) and the corresponding molecular weight of the activated 

carboxylic acid leaving group are depicted. It was observed that as the 

molecular weight of the leaving group increased, the conversion 

decreased.  

Coupling Agent Activated 

Intermediate 

Conversion 

(%)  

Molecular 

Weight 

(g/mol) 

Diisopropyl-

carbodiimide (DIC) & 

Oxyma 

 

 

71.9 

127.12 

or 

125.04 

Hexafluorophosphate 

Azabenzotriazole 

Tetramethyl Uronium 

(HATU) 

 

52.9 235.13 

O-(1H-6-

Chlorobenzotriazole-1-

yl)-1,1,3,3-

tetramethyluronium 

hexafluorophosphate 

(HCTU) 
 

19.5 268.10 
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5.2.2 Peptide Conjugation to Cage 

Incorporating maleimide functionality onto MOPs renders these cages highly 

suitable for further PSM with peptides and proteins, owing to their compatibility with 

the thiol-Michael click reaction, which can utilize the naturally occurring cysteine 

amino acid.155 To illustrate the versatility of sequences that can be coupled to a cage 

and to create a functional nanoparticle, a range of functional peptides was selected, as 

outlined in Table 8. The peptides were conjugated to Co-4Mal by functionalizing Co-

NH2 with 4-Mal in DMF and subsequently coupling peptide through the thiol-Michael 

reaction. Due to the solubility of Co-4Mal, peptides were conjugated to the cage in 

DMF. Following the isolation of the peptide-cage conjugate, the complete water 

solubility of the cage was achieved. Confirmation of peptide conjugation was obtained 

through the disappearance of the maleimide peak in the NMR spectrum of the acid-

digested cage (see Figure 37). Additionally, the conjugation of the peptide to 

isophthalic acid was observed by ESI-MS (see Figure 63 through Figure 66). The 

diversity of peptides conjugated onto the cage opens up a wide breadth of potential 

applications of this nanoparticle system, both using the functional peptides and in 

combination with cargo adsorption into the MOP core. 
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Figure 37 - 1H NMR of Co-4Mal-CspB6 Conjugation. spectroscopy was employed to 

monitor the addition of 4-Mal (from bottom to middle) and the 

subsequent addition of the CspB6 peptide (from middle to top). The 

emergence and subsequent disappearance of the peak at 6.9 ppm 

(indicated in green) signified the addition of a maleimide and its 

complete consumption upon conjugation of CspB6. 

To verify that the functionality of the conjugated peptides remained intact after 

coupling to the cage, pH-responsive peptides, CspB6, CspB17, and C-pHLIP, were 

conjugated to Co-4Mal and the conjugates underwent pH cycling, as depicted in 

Figure 38. Exposure of the conjugates to an acidic pH of 5 led to precipitation, while 

exposure to a basic pH of 8 dissolved the conjugates. Notably, CspB6 required 

acetylation of the N-terminus to induce pH-responsiveness. Furthermore, CspB6-Ac 

and CspB17 exhibited no ph-responsiveness over a pH range of 5 to 8 when not 
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conjugated to Co-4Mal. Thus, the observed precipitation consists of conjugate and not 

solely peptide.  

CspB6-Ac and CspB17 are fragments of the cell surface binding protein B 

(CspB). They are designed to precipitate under acidic pH, a property initially utilized 

for protein purification.156 The exact mechanism of CspB precipitation remains 

unknown, but recent studies have indicated that the pH cycling of CspB under 

denaturing conditions results in a lack of precipitation.157 This suggests that 

conjugation to the MOP did not cause denaturation or prevent assembly at acidic pH. 

Similarly, pHLIP, a lipophilic pH-responsive peptide that becomes protonated and can 

insert into cell membranes upon acidification,158 exhibited comparable pH 

responsiveness to the CspB6 and CspB17 MOP conjugates. These novel peptide-MOP 

conjugates solubilize the cage in water and incorporate a responsive trigger, enhancing 

their potential for further material design applications.  
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Figure 38 ï pH Cycling of MOP-Peptide Conjugates. Three pH-responsive peptides, 

CspB6-Ac (Top), CspB17 (Middle), and pHLIP (Bottom), were 

conjugated to Co-4Mal. The conjugates were prepared at 1 mg/mL in DI 

water and adjusted to pH 8 with NaOH, as depicted in the leftmost 

images. pH cycling was performed to demonstrate the pH responsiveness 

of the conjugates. Initially, the samples were acidified to pH 5 using HCl, 

and the precipitate was isolated via centrifugation, as depicted in the 

center images. Subsequently, the solution was readjusted to pH 8, and the 

pellet was redissolved, as shown in the rightmost images.  
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5.2.3 Synthesis of Water-Soluble Cage 

The introduction of novel click functionalization, along with previously 

reported CuAAC,80 expands the reactivity range of cobalt cages, rendering them 

versatile building blocks for material design. However, their applicability remains 

confined to organic solvents like DMF and dimethyl sulfoxide (DMSO) reactions. 

While this limitation doesn't impede the conjugation of peptides, as demonstrated by 

their successful coupling to multiple sequences, it poses challenges when working 

with peptides that self-assemble in aqueous conditions or proteins that cannot properly 

refold after denaturing. An approach to solubilize MOPs in water while preserving 

click functionality for performing PSM in aqueous conditions was developed to 

address this issue. Solubilization of MOPS into water has previously been achieved by 

incorporating hydrophilic groups in the form of sulfones,150 carboxylic acids, and PEG 

chains.149 Water solubility was induced by incorporating a carboxylic acid to 

demonstrate a similar result. Specifically, 4-pentynoic acid was coupled to a 5-azide 

cobalt (II) cage (Co-N3) using CuAAC, following previously reported protocol, and 

confirmed to proceed to quantitative conversion by ATR-FTIR (see Figure 39A) and 

1H NMR (see Figure 76).80 After the cage was isolated from the organic solvent, the 

dried solid was water-soluble up to 0.25mg/ml, as determined by UV-Vis absorbance 

at 350 nm. Incorporating these carboxylic acids for solubility necessitates using PSM 

rather than a specific ligand design because the interaction of carboxylic acids with 

metal ions drives the formation of the cage.101  

Incorporating a single carboxylic acid was sufficient to induce some degree of 

water solubility, but it remained essential to introduce click functionality for 

conjugating peptides and proteins in aqueous conditions. Initially, this was attempted 

by directly conjugating L-propargyl glycine (Pra) to act as a multifunctional cross-
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linker and model amino acid for peptide conjugation using CuAAC chemistry. 

However, this conjugation did not proceed to a significant conversion as determined 

by ATR-FTIR, as shown in Figure 39A. This was hypothesized to be due to the 

insolubility of Pra in DMF and potential steric hindrance due to the short length of the 

alkyl chain (one carbon) between the alkyne and the amino acid backbone. To 

optimize the conjugation of Pra, DMSO was used in place of DMF, which resulted in 

the disappearance of the azide peak by ATR-FTIR. A set of short peptides (PraC, 

PraK, PraS, PraKC, PraSC) consisting of 2 to 3 amino acids, including Pra, were 

conjugated to Co-N3 by employing conjugation in DMSO. However, these larger 

structures did not exhibit the complete consumption of azide, as evidenced by ATR-

FTIR analysis in Figure 39B. This decrease in reaction efficiency was attributed to the 

heightened steric hindrance caused by the larger structures and the potential chelation 

of copper by the amines present in the peptides.159 Even with the partial conversion, 

the MOP-short peptide conjugates were partially water soluble, as shown in Figure 67. 

PraK was used as a model system, and the cage was dissolved into water at a 

concentration of 0.5 mg/mL, which resulted in partial insolubility due to the unreacted 

cage. The aqueous solution was isolated via centrifugation at 10k x g for 5 minutes, 

dried, and characterized by ATR-FTIR, which showed the complete disappearance of 

the azide peak, as shown in Figure 39C. This indicated that only the cage with a high 

conversion was water soluble and showed that purification of the unreacted cage is as 

simple as solubilization into water. This presents a potential for future advancement 

and refinement of these MOPs as a  
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Figure 39 ï ATR-FTIR of Co-N3 CuAAC. ATR-FTIR was utilized to monitor the 

disappearance of azide, indicated by the peak at 2125 cm-1. (A) ATR-

FTIR spectra of Co-N3 CuAAC conjugation to 4-pentynoic acid (Pent) 

and L-propargyl glycine (Pra) in DMF and DMSO. Conjugation in DMF 

resulted in the complete disappearance of azide for Pent but not for Pra. 

In contrast, conjugation in DMSO resulted in the near-complete 

disappearance of azide for both Pent and Pra. (B) CuAAC of short 

peptides and Co-N3 in DMSO displayed incomplete coupling of all 

peptides. (C) Extraction of Co-N3-PraK into water resulted in the 

complete disappearance of the azide peak in ATR-FTIR.  
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material building block through the utilization of short peptides as multifunctional 

cross-linkers.   

An alternative solubilization method involved incorporating a short ethylene 

glycol amine, which introduced solubility through the ethylene glycol linker, as 

depicted in Figure 40. This method has previously been shown to confer water 

solubility to MOPs149 while maintaining an amine suitable for further conjugation. 

This was achieved by coupling propargyl-PEG2-amine to Co-N3 via CuAAC, yielding 

a water-soluble cage that retained an available amine for subsequent functionalization. 

As this work had already shown the compatibility of cobalt (II) cage with amide 

coupling, adding a maleimide through NHS-ester coupling in DMF was employed. 

This conjugation unsurprisingly reduced water solubility due to the removal of the 

charge present from the free amine. However, ethylene glycol alone retained some 

degree of water solubility. This change in solubility suggests that the presence of a 

charged species greatly influences solubility. Therefore, future versions of this 

structure could be enhanced by employing a multi-functional cross-linker that 

provides both a charge and a reactive group. Despite the decreased solubility, the PEG 

chain offered sufficient water solubility for aqueous maleimide conjugation. This step-

by-step functionalization approach to producing a water-soluble, click-functional cage 

was facilitated by click reactions that achieved quantitative conversion and the 

straightforward purification of the cage through precipitation, resulting in a process 

akin to building molecules from a solid support. Consequently, this method offers a 

novel means of synthesizing functional cages with intricate surface modifications that 

would be impossible to incorporate during the cage assembly.  
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Figure 40 ï Co-EG-Mal Post-Synthetic Modification Scheme. Co-EG-Mal was 

synthesized through a stepwise PSM process. Initially, Co-NH2 was 

functionalized via CuAAC with propargyl-PEG2-amine to produce a 

water-soluble cage, Co-EG. Subsequently, Co-EG was further modified 

with N-succinimidyl 3-maleimidopropionate to yield a water-soluble, 

click-functional cage, Co-EG-Mal.  

5.2.4 Self-Assembly of MOP-Peptide Conjugates 

To demonstrate the versatility of MOPs as building blocks for hierarchical 

material synthesis, Co-EG-Mal was conjugated with self-assembling peptides, 

specifically bundle-forming peptide BNDL+4.66 BNDL+4 was modified at the N-

terminus with a thiol and directly linked to Co-EG-Mal via thiol-Michael coupling in 

DMF. Significant self-assembly was observed upon isolation of the solid and 

subsequent redissolution in water, which was evident from immediate precipitation. 

Characterization of the resulting solution and precipitate was conducted using 

confocal microscopy, as shown in Figure 41A, revealing the presence of tube-like 

structures indicated by the thicker parallel walls. Further analysis using scanning 

electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS) (See 

Figure 41B, C) indicated a precipitate composed of stacked sheets, with cobalt and 

sulfur distributed throughout. This suggests a composite structure comprising the cage 

and peptide, contributing to the cobalt and sulfur, respectively. SEM-ED analysis was 

performed by Michael Dworzak; for further details, please refer to Michael Dworzakôs 

thesis work.88 
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Due to the similar diameter of BNDL+4, approximately 2 nm,66,67, and the size 

Co-EG-Mal,101 it was hypothesized that the conjugates would predominantly form 1D 

polymer chains. It was expected that due to the size of the BNDL+4 coiled coil, steric 

hindrance would prevent more than a single coiled coil from conjugating to a cage. 

However, the observed 2D growth of sheets and subsequent stacking is partially 

attributed to multiple coiled coils forming from a cage. This is made possible by the 

flexibility of the PEG-Maleimide linker and the conjugation in DMF, which allowed 

for the attachment of four peptides per side of the cage instead of the expected two. 

The rapid transition from denaturing conditions in DMF to assembled conditions in 

water likely facilitated significant cross-linking as coiled coils assembled, forming 

large, stacked sheet structures. Additionally, the alternating arrangement of 

hydrophobic patches on the periphery of the cages alternating with highly charged 

peptides may contribute to the formation of the observed self-assembly. 
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Figure 41 ï Microscopy of Cage Conjugated to Bundle Forming Peptide Prepared in 

DMF. Co-EG-Mal was conjugated to BNDL+4-SH in DMF and 

transferred into water. A) Confocal microscopy of tube structures 

suspended in water after conjugation. B) Scanning-Electron Microscopy 

(SEM) of aggregates formed after conjugation showing stacked sheet 

structures. C) Elemental analysis from SEM shows that the structure is 

composed of cobalt (pink) and sulfur (red) and is distributed throughout 

the entire precipitate. Cobalt is only present in a cage, whereas sulfur is 

more prevalent in peptides, which indicates that both components are 

distributed throughout the precipitate. 
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To control the assembly of sheet structures, cobalt (II) and magnesium (II) 

water-soluble ethylene glycol maleimide cages (Co-EG-Mal and Mg-EG-Mal) were 

utilized to maintain the peptide's coiled coil structure during conjugation to the cage in 

an aqueous environment. As a result, there was a qualitative decrease in precipitation, 

allowing for cryo-TEM characterization, revealing isolated sheet structures that were 

either folded or in the process of folding into tube-like structures, as shown in Figure 

42. These structures were indicated by dark parallel lines with a shaded interior, 

suggesting a thin layer of these sheets. Additionally, the thickness of the walls of the 

tubes, and hence the sheet thickness, was measured to be 2.7 ± 0.7 nm, approximately 

matching the thickness of a single coiled coil and on the same scale as a single 

cage.67,101 This suggests these sheets are formed from a single peptide layer and cage 

assembly. Although a 2D structure was not expected, it aligns with the proposed 

structure of linear chains assembling through hydrophobic interactions along the 

cageôs periphery and a low degree of cross-linking, causing sheets to form but not to 

stack. The sheet-like structure opens possibilities for membrane formation with 

potential applications in separations143,160 and catalysis.161 However, further 

investigation will be necessary, including more detailed characterization of these 

structures using small-angle X-ray scattering (SAXS) and potential computational 

modeling to elucidate the assembly mechanism and enhance the material's tailoring. 
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Figure 42- Cryo-TEM of Cage-Bundle Conjugates Prepared in Water. (A) Co-EG-Mal 

and (B)Mg-EG-Mal were coupled to BNDL+4-SH in water rather than 

DMF to ensure the pre-assembly of the peptide into a coiled coil. Cryo-

TEM revealed the formation of 2.7 ± 0.7 nm thick sheets corresponding 

to a single layer of peptide and cage conjugates.   

5.3 Conclusion 

To enhance the versatility of MOPs in hierarchical material design, a cobalt 

(II) cage capped with calixarene was employed as a model for introducing click 

functional groups via post-synthetic modification (PSM). Various click functionalities 

were integrated using anhydrides and standard amide coupling techniques. It was 

noted that short, bulky groups, like specific amide coupling agents and furoic 

anhydride, led to incomplete conversion due to steric hindrance at the surface of the 

cage. Conversely, conjugation of longer alkyl chains, such as 4-Mal, resulted in near-

complete conversion. Co-4Mal was used to conjugate a series of peptides to the cage. 

These peptides comprised a series of pH-responsive sequences that either precipitate 

or undergo structural changes based on pH. The pH-responsive peptides yielded a 
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water-soluble and pH-responsive cage, permitting selective precipitation and 

redissolution by adjusting to acidic and basic conditions. The preservation of the pH-

responsiveness on the cage showed that conjugation to the cage did not result in the 

denaturing of the peptides, which underscores the broad utility of the conjugation 

technique for functional peptides, opening avenues in aqueous applications that utilize 

functional peptides such as separations162 and drug delivery.77 

Exploring ways to make these cages water-soluble while preserving their 

reactivity was crucial for enhancing their versatility in aqueous environments and 

facilitating their conjugation with self-assembling peptides and proteins. Water 

solubility was achieved through the direct coupling of short peptides through CuAAC. 

However, due to steric hindrance, this approach did not result in complete conversion 

as determined by ATR-FTIR. To overcome this, a water-soluble cage with click 

functionality was synthesized through sequential conjugation of ethylene glycol via 

CuAAC, followed by amide coupling of an NHS-ester to introduce a maleimide 

group. This approach yielded a water-soluble cage with click functionality and offered 

a systematic approach for sequentially introducing multiple modifications to the cage 

surface, allowing for intricate customization of the cageôs properties. This design 

methodology was facilitated by the straightforward isolation of the cage through 

precipitation, which enables sequential modifications akin to solid-phase synthesis. 

Using this newly developed cage, a self-assembling bundle-forming peptide sequence 

was conjugated to the cage in water, forming nanosheet structures with a thickness of 

2.7 nm ± 0.7 nm, comparable to that of a single coiled coil or cage. These structures 

present numerous potential applications in separations,160 drug delivery,77 and host-

guest catalysis.75 Furthermore, future research will have ample opportunities to 
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experimentally characterize these structures and elucidate the assembly mechanism 

through computational modeling.
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CONCLUSION 

This work presents significant development of functional peptidic materials as 

building blocks for synthesizing hierarchical materials. This work targets the 

development of coiled coil-forming peptides to act as a monodisperse substrate for 

click reactive modification to enable macromolecular conjugations. In Chapter 2, 

experimental protocols tailored to the materials utilized in this work were described. 

This includes specifics on the synthesis and purification of computationally designed 

coiled coil bundle-forming peptides, along with general techniques to troubleshoot the 

synthesis of these uniquely designed sequences. Additionally, various reactive groups 

were conjugated onto peptides to provide site-specific modifications of unique 

reactive handles to peptides. Finally, the synthesis, functionalization, and conjugation 

of metal-organic polyhedra (MOP) were developed for use as a building block in 

biological applications such as the conjugation of peptides.  

In Chapter 3, a new series of computationally designed coiled-coil bundle-

forming peptides with varying lengths were synthesized and incorporated into a 

hydrogel network. Collaborators at the University of Pennsylvania computationally 

designed new peptide sequences to vary in length from 8 to 29 amino acids or 1 to 4 

heptads. The sequences were synthesized, and the secondary structure was 

characterized by circular dichroism (CD), which revealed that only the 22 and 29 

amino acid peptides formed coiled coils. Although this was unsurprising due to similar 

results observed in dimeric coiled coils, this work established the design rule that a 

Chapter 6 
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tetrameric coiled coil requires at least three heptads to be stable with additional 

stabilization. The stability of the shortest coiled coil forming sequence, BNDL22, was 

investigated in various salt and pH solution conditions. The change in stability was 

quantified by changes in the melting temperature of the coiled coil as determined by 

CD. It was observed that the addition of salt increased the stability of the coiled coil 

and that the type of salt in the solution influenced the stability of the coiled coil. 

BNDL22 was unaffected by pH changes in the range of 6-11 while maintaining a 

primarily coiled coil structure from pH 4-11, corresponding to the pKa of the acidic 

and basic amino acid side chains, respectively. Finally, BNDL22 was functionalized 

with an alkene and reacted with a tetrafunctional PEG thiol to form a physically cross-

linked hydrogel via the thiol-ene reaction. The resulting hydrogel was cross-linked 

with the coiled coil, so high heat and strain resulted in the denaturation of the coiled 

coil, resulting in the de-gelation of the gel in a cyclable manner that allowed it to be 

injected into shapes through a syringe, enabling the potential for 3-D printing and drug 

delivery.  

In Chapter 4, a truncation of BNDL29 to 15 amino acids was synthesized and 

used as a building block in synthesizing peptide polymer chains. The truncated 15 

amino acid peptide sequence, BNDL15-TR, was found to exist in a random coil state, 

as per the design rules established in Chapter 3. The truncated sequence was 

functionalized at the N-terminus with either a thiol or maleimide, which, upon mixing, 

resulted in the formation of rigid-rod polymer chains that were 2 nm in diameter and 

reached multiple microns in length, as determined by cryo-TEM. The diameter of 

these chains is that of a single coiled coil, which indicates that the polymerization 

process resulted from the stabilization of the coiled coil structure within the backbone. 
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This result displays the robustness of this polymerization to allow for the 

incorporation of disruptions due to the N-terminus to N-terminus connection between 

peptides, which acts as a discontinuity in the peptide backbone. However, due to the 

stabilization along the backbone of the coiled coil chain, BNDL15-TR can be 

stabilized into a coiled coil. This new polymerization displayed longer chain lengths 

than chains of BNDL29 alone because of a new polymerization method that is a mix 

of step-growth and chain growth due to polymerization being driven by the physical 

assembly of the coiled coil rather than the covalent linkage of the N-termini together. 

This provides the potential for developing new peptide polymers that are less reliant 

on stoichiometry and are thus more accessible to achieve longer chain lengths and 

higher yields.   

In Chapter 5, a new method for the click functionalization and water 

solubilization of MOPs was established and demonstrated by conjugating functional 

peptides to a cage. A calixarene capped cobalt (II) MOP was used as a model system 

to functionalize through post-synthetic modification (PSM) with click reactive handles 

by incorporating click functional anhydrides. These resulting structures demonstrated 

steric limitations of PSM to these cobalt cages through the limited conversion 

achieved by bulky anhydrides and amide coupling reagents. A maleimide 

functionalized cage was used to conjugate various thiol-containing functional 

peptides, imparting water solubility and pH responsiveness to the cage. The pH-

responsive cage precipitated at acidic pH and redissolution at basic pH, which showed 

that conjugation to the cage did not disrupt the ability of the peptides to fold. To 

expand the functionality of the click functional cages to be compatible with assembled 

peptides and proteins, a sequential addition of ethylene glycol and then maleimide 
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created a water-soluble MOP that was click functionalized. This process created a 

uniquely functional cage and demonstrated a generally applicable method for 

sequentially adding chemistries onto the cage, allowing for future conjugations and 

tunable properties. This new cage allowed for the conjugation of self-assembled 

bundle-forming peptides, which resulted in the formation of 2-D sheets that were 2.7 ± 

0.7 nm thick, as determined by cryo-TEM, corresponding to the thickness of a single 

coiled coil or MOP. This single layer of cage-peptide conjugate provides a potential 

platform for creating membranes for separations, catalysis, and drug delivery.  

This work developed a toolbox of functional materials that allows for 

incorporating various click functional groups to facilitate the design of new materials. 

These new peptides and peptide conjugations represent a methodology for utilizing 

coiled coil peptides as a tailorable building block for materials. This work opens up 

the possibilities of using these materials for applications traditionally considered for 

biological materials, such as drug delivery and cell culture, but also those often not 

considered for biological materials, such as colloidal studies, 3-D printing, 

separations, and catalysis. 
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SUPPLEMENTAL INFORMATION FOR CHAPTER 3  

Table 5 - Designed Sequences of Variable Length tetrahelical coiled coils. Sequences 

of BNDL15, BNDL22 and BNDL29. Residues are colored by type: non-

charged residues in black, acidic (negative) residues in red, and basic 

(positive) residues in blue. BNDL15_D and BNDL22_D correspond to 

the sequences initially designed. To reduce the potential for aspartamide 

formation during synthesis, the aspartic acid (D) was replaced by 

glutamic acid (E). 

Id Sequence 

BNDL15_D EDDI KRM ARRI DWM A 

BNDL15  EEEI KRM ARRI EWM A 

BNDL22_D EDDI KRM ADWIRRM AERI EKM A 

BNDL22 EEEI KRM AEWIRRM AERI EKM A 

BNDL29 DEEI RRM AEEI RQM AERIQQM AEQIQQE A 

BNDL22_Alloc KAlloc  EEEI KRM AEWIRRM AERI EKM A 

 

  

Appendix A 
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Table 6 - Collected pH values for CD of BNDL22. The pH values of BNDL22 used 

for CD were measured via pH probe and averaged from three replicates 

of each pH condition. 

 

 

 

 

 

Expected 

pH 

Value 

Measured 

pH value 

2 2.2 ± 0.1 

3 3.2 ± 0.1 

4 3.8 ± 0.1 

5 4.8 ± 0.1 

6 5.9 ± 0.1 

7 7.0 ± 0.3 

8 7.9 ± 0.2 

9 9.0 ± 0.2 

10 9.8 ± 0.1 

11 10.8 ± 0.1 

A.1 UPLC Mass Spec of Peptides 
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A  

B  

C  
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D  

E  

Figure 43 - UPLC-ESI-MS of peptide. The left plot shows ultra-high pressure liquid 

chromatography chromatograms of peptides after purification, as run for 

mass spectroscopy. The right plot shows the corresponding mass 

spectroscopy. A, B, C, D, and E represent BNDL8, BNDL15, BNDL22, 

BNDL29, and BNDL22-Alloc, respectively. The UPLC chromatograms 

were used to determine the purity of peptides and were as follows: 

BNDL8 ï 98%, BNDL15 ï 89%, BNDL22 ï 91%, BNDL29 - >99%, 

and BNDL22-Alloc ï >99%.   

A.2 Circular Dichroism of peptides at different concentrations 
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A  B  

C  D  

E  F  

Figure 44 - Circular dichroism of BNDL8. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of the 

secondary structure within the concentration range tested. All samples 

were prepared in deionized water at the following peptide concentration: 

A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM F. 6.25 µM  
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A B  

C D  

E  F  

Figure 45 - Circular dichroism of BNDL15. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of the 

secondary structure within the concentration range tested. All samples 

were prepared in deionized water at the following peptide concentration: 

A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM F. 6.25 µM  
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A B

C D

E F  

Figure 46 - Circular dichroism of BNDL22. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of the 

secondary structure within the concentration range tested. All samples 

were prepared in deionized water at the following peptide concentration: 

A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM F. 6.25 µM. Note: 

MRE values were excluded from the 200µM plot where the high-tension 

voltage exceeded the instrument threshold, which indicates low light 

transmission due to scattering or absorption.  
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A B  

C D  

E F  

Figure 47 - Circular dichroism of BNDL29. CD measurements were conducted at 

different concentrations, indicating no concentration dependence of the 

secondary structure within the concentration range tested. All samples 

were prepared in deionized water at the following peptide concentration: 

A. 200µM B. 100 µM C. 50 µM D. 25 µM E. 12.5 µM F. 6.25 µM. Note: 

MRE values were excluded from the 200µM plot where the high-tension 

voltage exceeded the instrument threshold, which indicates low light 

transmission due to scattering or absorption.  
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A B  

Figure 48 - Melting curves of both coiled coil-forming peptides, A) BNDL22 & B) 

BNDL29, at concentrations ranging from 6.25 to 200µM. Melting curves 

were obtained by extracting the MRE value at 222nm from CD 

measurements and plotting as a function of temperature. 
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Figure 49 - Concentration effects of peptides at 222nm. CD values at 222nm were 

compiled for the peptides series to illustrate the change in helical 

structure across a peptide concentration range of 6.25µM to 200µM in DI 

water without pH adjustment, resulting in a pH of ~5. Minimal change in 

ellipticity at 222nm is observed across the concentration range, 

suggesting independence of structure from concentration within the 

measured concentration range. Low concentration measurements (i.e., 

6.25µM) exhibit large random error as the signal is at the low end of the 

detection limit of the spectrometer.  
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A B      

C D  

Figure 50 - Circular dichroism of BNDL22 at 0.1mM in various concentrations of 

NaCl. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of NaCl are as follows: 

A. 20mM B. 70mM C. 120mM. D. Melting of the coiled coil was tracked 

at 222nm. Note: MRE values below 198nm were excluded from the plot, 

because the high-tension voltage exceeded the instrument threshold, 

which indicates low light transmission due to scattering or absorption.  

A.3 Circular Dichroism of BNDL22 at different salt conditions 
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A B  

C D  

Figure 51 - Circular dichroism of BNDL22 at0.1mM in different concentrations of 

NaF. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of NaF are as follows: A. 

20mM B. 70mM C. 120mM. D. Melting of the coiled coil was tracked at 

222nm.  



 142 

 

A B  

C D  

Figure 52 - Circular dichroism of BNDL22 at 0.1mM in different concentrations of 

KF. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of KF are as follows: A. 

20mM B. 70mM C. 120mM. D. Melting of the coiled coil was tracked at 

222nm.  



 143 

A B  

C D  

Figure 53 - Circular dichroism of BNDL22 at 0.1mM in different concentrations of 

KCl. All samples are prepared in deionized water at a peptide 

concentration of 100 µM. Sample concentration of KCl are as follows: A. 

20mM B. 70mM C. 120mM. D. Melting of the coiled coil was tracked at 

222nm. Note: MRE values below 198nm were excluded from the plot, 

because the high-tension voltage exceeded the instrument threshold, 

which indicates low light transmission due to scattering or absorption. 

A.4 Circular Dichroism of BNLD22 at different pH conditions 
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A B   

C D   

E F   
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G H   

I J   

K L  

Figure 54 - CD spectra of BNDL22 at various pH conditions. Samples were prepared 

at a peptide concentration of 0.1mM in deionized water and adjusted to 

the proper pH using HCl or NaOH as necessary. The pH values were as 

follows: A) 2, B) 3, C) 4, D) 5, E) 6, F) 7, G) 8, H) 9, I) 10, J) 11, K) 12, 

and L) 13.  Note: MRE values were excluded from the plot where the 

high-tension voltage exceeded the instrument threshold, which indicates 

low light transmission due to scattering or absorption.  
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A B  

Figure 55 - CD spectra of BNDL22-alloc. The sample was prepared at a peptide 

concentration of 0.1mM in DI water without pH adjustment resulting in a 

pH of ~5. A) shows the CD spectra of 10°C increments, while B) tracks 

the CD signal at 222nm to determine a melting temperature of 65°C. 

These data indicate that the addition of the alloc-protected lysine to the 

N-terminus does not disrupt the coiled coil structure 

  

A.5 Circular Dichroism of Alloc Functionalized BNDL22 
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Figure 56 - Oscillatory strain sweep of BNDL22 hydrogel. Oscillatory strain sweeps 

were performed to determine the linear viscoelastic regime to be used in 

subsequent temperature and strain cycling experiments.  

A.6 Hydrogel Oscillatory Strain Rheology 
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Figure 57 - In-situ polymerization of BNDL22-Alloc hydrogels through lower plate 

irradiation with 365nm light. In-situ polymerization was conducted using 

irradiation at 365nm from the bottom parallel-plate to determine the 

necessary irradiation time for gelation. The crossover of storage and loss 

modulus denotes the gel point of the reaction. 
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A B  

C  

Figure 58 - Circular dichroism of BNDL22 without TFA removed. Preliminary 

experimentation found that removing residual trifluoroacetic acid (TFA) 

from peptides was critical for consistent results. A representative circular 

dichroism experiment of BNDL22 at pH 7. (A) CD spectra of BNDL22 

while increasing the temperature (i.e., coiled melting). (B) CD spectra of 

BNDLD22 while decreasing the temperature (i.e., coiled formation). (C) 

Melting curves were constructed by tracking CD at 222nm while cycling 

the temperature from 10°C to 90°C to 10°C. The difference in MRE 

resulted in an apparent shift in melting temperature to 66±1 °C, attributed 

to aggregation/precipitation that was not observed when TFA was 

removed. 

A.7 Circular Dichroism prior to TFA removal  
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SUPPLEMENTAL INFORMATION FOR CHAPTER 4  

A  

B  

 

Appendix B 

B.1 UPLC-MS of Peptides 












































































































