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ABSTRACT 

 

Various materials capturing CO2 have been developed for addressing the threat 

of climate change. Recently, physical adsorbents are proposed as strong alternatives for 

conventional chemical absorbents with high regeneration energy; however, the former 

usually has an issue of low stability especially in humid condition. Herein, it is shown 

that amyloid biomaterials from novel computational design are effectual for CO2 capture. 

After the computational design and validation using in-house protocol to capture 

multiple CO2 molecules per peptide, self-assembling amyloid biomaterials are fabricated 

from promising peptides. Breakthrough measurement articulates that the biomaterials 

can selectively capture carbon dioxide over nitrogen. Unit CO2 uptake demonstrates that 

computational approach on the mechanism of CO2 capture is compatible with 

experimental result. 100  is sufficient temperature to regenerate the biomaterials, where 

the additional vacuum swing can be supportive. Computational secondary structural 

analysis verifies that designed peptides inherently retain stable structure rich in  -sheets. 

All the results show that proposed biomaterials are strong alternative, and the novel 

computational method can be the new criterion for CO2 adsorbent design. 
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NOMENCLATURE 
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1. INTRODUCTION 

 

1.1 Addressing Climate Change 

 

Recent energy infrastructure and industry mostly rely upon the utilization of 

fossil fuels.
1
 Oxidizing such fuels via combustion gives rise to a huge amount of 

anthropogenic CO2 emission. CO2 has mainly affected greenhouse effect, which causes 

diverse problems including current sea-level rise from the meltdown of pole glaciers and 

brings abnormal climate changes.
2
 The effect is due to the molecular vibration of CO2, 

which absorbs and re-emits photon energy in the wavelength region of infrared radiation 

from sunlight.
3
  The instantaneous forcing of CO2 in terms of greenhouse warming is 

relatively low. The cumulative forcing of CO2, however, is hardly negligible due to its 

great portion in the atmosphere.
3
 The industrial revolution has made a significant 

difference in the air composition. Over the last five decades, the CO2 fraction in air 

shows an increment of 0.25   0.21% per year.
4
 Earth’s surface has been warmed 

roughly 0.8   in the past 100 years.
5
 The sum of the main sources of CO2 that 

contributes to the greenhouse effect is in the following equation.
 6

 This indicates that the 

system using high-energy source including coal, natural gas, and oil should be primarily 

mitigated. 

                                                         

  (~35%)   (~36%)  (~20%)  (<1%)       (3%)           (<1%)           (4%) 

 

Various methodologies have been suggested to deal with ongoing threats of 

climate changes. Developing alternative energy with low CO2 emission is based on 

renewable energy
7

, inherently energy-efficient or conservative process
8

, and the 

prevention of direct emission of CO2 into an atmosphere
9
 and the like. Alternative 

energy is promising but still far from commercialization. It has been shown that the 

utilization of alternative energy is useful for small-scale industry, but is not sufficiently 

for the large-scale industry.
7
 The novel design process for energy conservation is 
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required but cannot be a conclusive solution since the CO2 emission over a certain 

amount is inevitable. The latter referred to as CCUS has been regarded as one of the 

most feasible solutions to address climate changes due to CO2 increase in the air.
10

 It 

mainly captures CO2 from huge anthropogenic sources, compresses, and transports it to 

the plant for CO2 utilization or specific geological storages for safe sequestration. This 

systematic approach offers a mid-term solution for existent power plants using 

petroleum and natural gas.
10 

With the advantage of the economies of scale, it could be 

more applicable to large anthropogenic CO2 sources. The U.S. Department of Energy 

has a plan to develop large-scale CCS project in 2018.
11

 In line with enhanced oil 

recovery
12

 and shale gas revolution
13

, chances are fossil fuel industry will linger over 

several decades forward, which implies that CCUS would remain important.  

CO2 capture technology can mitigate the detrimental effect of direct emission of 

CO2 from the power plant to the atmosphere. CO2 capture is most effective when it is 

applied to high concentration (<20%) flue gasses from power plants.
14

 Especially at the 

coal-based power plant, around 15% of CO2 emission from flue gas is exemplary.
15

 

Various methods for CO2 capture in the plant have been investigated; there are most 

representatively Post and Pre-combustion, and Oxy-fuel combustion technology. No one 

is distinctively best; a technology can be selected for specific needs and requirements. 

To apply technology for ongoing power plants, post-combustion technology and oxy-

fuel combustion technology are of critical importance for the reduction of flue gas.
14

 

This is because CO2 capture plant, referred to as a stripper, can be additionally installed 

beside the previously installed power plant. Sorbents in strippers are vital to capturing 

CO2 over impurities. The selectivity helps lower the impurities in CO2 stream for the 

decent operation in the following procedure.
16

 CO2 needs to be very pure because an 

even low humidity can lead to a fracture or rupture due to the ice or carbohydrate formed 

during the transportation.
17

 In addition, material regeneration in a stable manner is a 

prerequisite for selecting good sorbents.
 18

 In other words, CO2 needs to be easily 

detachable from sorbents by heating, and in such a process, sorbents should not be 

damaged. The current CO2 sorbents are discussed in the next section.  
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1.2 Current CO2 Sorbents 

 

To capture CO2 in the post-combustion process, chemical or physical agents with 

a variety of material types have been developed.
10, 19  

The design and specific 

configuration of capture plant are different for each type of sorbents. The objective of 

each type of sorbents is also different for the purpose of specific sweetening plants. To 

achieve both the lowest cost and the highest efficiency, promising candidates have been 

developed. Recently, with the emergence of nanotechnology, an approach from 

microstructural synthesis and modification has been widely favored to elaborate 

complicated nanomolecules as CO2 sorbent.
18 

Adsorbents and absorbents are worth being distinguished in terms of their 

capturing mechanisms. The adsorbent attracts the molecule of a substance by its surface.  

For the sake of large amount of adsorption, the large surface area would be the primary 

factor that affects the capacity in a positive way.
20

 The absorbent, however, is 

distinguishable as it attracts the molecule by its bulk, not by its surface. In the interest of 

the practical application of chemical absorption, gas-to-liquid mass and heat transfer 

between the absorbent and target molecule would be deterministic.
20

 Here, adsorbents 

are mainly studied to obtain a deeper understanding of its mechanism. 

Chemical adsorbents comprise amine-based, potassium or lithium-based, 

magnesium or calcium-based materials, etc. They react to CO2 with a large heat, forming 

carbamate or other derivatives. In general, Alkaloamine including MEA, DEA, and 

MDEA have been widely used for CO2 capture in the power plant.
10

 Zwitterion 

mechanism explains the reaction of primary or secondary amine with CO2, which is 

reviewed in the Chapter II.
21

 In the presence of water, the sterically hindered primary or 

secondary amine can formulate bicarbonate.
19 

The amines can be alternatively utilized 

for the impregnation into silica supports or covalently tethered oxide supports. From this 

technique, various microporous and mesoporous solid materials supported with amine 

functionality have been developed to chemisorb CO2 from flue gas, which involves 

activated carbon, polymer-based sorbents, silica-supported sorbents, alumina-supported 
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sorbent, and so on.
22

 Covalently tethered amine sorbents have an advantage that can be 

regenerated under the several cycles of adsorption and desorption.
19

 Calcium oxide 

based adsorbents result in metal carbonate in absence of water, whereas lithium oxide 

based adsorbents form hydrocarbonate phase in the presence of water. The former ones 

are advantageous in consideration of low cost and abundancy of its precursors on earth.
19 

The latter ones have very selective CO2 adsorbing mechanism and thermally stable at 

extreme temperature.
23

 

Physical adsorbents comprise carbonaceous materials, zeolites, ordered 

mesoporous silicas, activated carbons, and MOFs. By the van der Waals force from 

internal pressure and molecular interaction, they physically adsorb CO2 mainly in their 

high porous structure based on their shape selectivity, size selectivity, and adsorption 

selectivity.
24

Zeolites, microporous crystalline minerals comprising of hydrated 

aluminosilicates, have been extensively applied to the various separation process due to 

its high capability in molecular sieving.
25

 Compared to other adsorbents including 

hydrotalcite, zeolite-based materials have shown high adsorption capacities under 

relatively low operation temperature.
 26

 Among commercial zeolites, the molecular sieve 

13x with highest pore size and volume is reported as the highest CO2 adsorbent. 
27

 In 

addition, molecular sieve 13x regenerated under pressure swing adsorption (PSA) and 

temperature swing adsorption (TSA) can be utilized as a competitive adsorbent of CO2, 

especially in low pressure (<25 psi).
28

 This specific material is tested for the verification 

of laboratory-made breakthrough experiment, which is reviewed in Chapter III. 

Activated carbon, a carbon with activated adsorbing surfaces of mesoporous or 

microporous structures produced from the carbonization and activation of coals or 

industrial byproducts, has been widely accepted as a decent CO2 adsorbent.
19

 This is 

beneficial as it is less energy intensive in the process of regeneration than zeolite 

adsorbent.
29

 MOF, a crystalline solid organic-inorganic hybrid framework connected 

with metal-ligand bonds, has recently emerged as a competitive CO2 adsorbent.
30

 This 

has numerous advantages in the control of pore size, pore shape, and adsorbing surface 

to give rise to high selectivity, kinetics, and capacity, respectively.
31
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However, plentiful issues remain to be solved. The issues regarding (1) pressure 

drop, (2) equipment corrosion
20

, (3) solution degradation
32

, (4) large equipment size
9
, 

and (5) large regeneration energy
33

 have been troublesome when it comes to using amine 

solution such as MEA and DEA, the conventional representatives of the CO2 absorbent. 

Not only is considerable heat needed to regenerate the absorbents, but also the 

inhibitors
34

 are necessary for corrosion control. MEA itself is not so much corrosive, but 

degenerated intermediates intensify the corrosion.
35

 Some adsorbents including lithium 

zirconate have drawbacks in adsorption/desorption kinetics.  

As strong alternative, physical adsorbents including hollow fiber absorbents and 

ZIFs have notably achieved low pressure-drop, high stability, and low regeneration 

energy due to their inherent porous matrix, the property of solid, physical uptake and 

release, respectively.
36

 However, a major concern of physical adsorbents, however, is 

both low stability and low capacity in the presence of water although water production in 

fossil fuel combustion is unavoidable. H2O is, in fact, one of the major components that 

can competitively adsorb on the active sites of zeolite
19

, activated carbon
37

, etc. 

Especially, activated carbon suffers gradual oxidation of the carbon surface.
38

  

In addition, the massive production for commercial plant is also of paramount 

importance.
44

 Therefore, new physical adsorbents with (1) low regeneration energy (2) 

sustainable performance in the presence of water, and (3) commercial viability are 

worthy of investigation, development and inclusion in existing technologies.  
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1.3 Amyloid Biomaterials as Materials of the Future 

 

Mother Nature has developed diversified methods to sequestrate CO2 for its own 

sake.
39

 To obtain energy source from CO2, water and light, microorganisms have 

evolved original CO2 concentration mechanisms, CO2 fixation pathways, and CO2 

utilization methods.
40

 Improvement in genetic engineering enables microorganisms to 

produce objective bio-based products. Biological absorbents have been traditionally 

based on photosynthetic organisms, which assimilate CO2 to the complex molecules and 

consume such as energy sources. 
41

 

Recently, synthetic biology-based approach has been noticed due to the potential 

to develop a functionalized complex entity.
42

 Biological molecules functionalized to 

capture CO2 are regarded as one of the stronger alternatives. The focal point of such 

method is that specific design can be purposefully implemented on a molecular scale. 
42

 

This readily satisfies several principles of Green Chemistry proposed by Tang et al. in 

that the fabrication process gives rise to (1) degradable chemical product, (2) few 

auxiliary substances, and (3) the low toxicity of chemical products.
 43

 Additionally, most 

of biological molecules come from (4) safe synthetic methods. Moreover, in the long 

term, bacterial production of DNA cloning potentially paves the way for the massive 

commercialization of peptide.
44

 

Thermal and chemical stability mostly cause a hesitation to use protein as the 

adsorbent for anthropogenic sources with high temperature and harsh components. The 

amyloid biomaterials have been suggested as strong alternatives that overcome such 

drawbacks of current adsorbents.
44, 104

 In this paper, amyloid biomaterials are based on 

the peptide scaffold inspired by the adenovirus fiber shaft. The introduction, challenge, 

and achievement of functionalized amyloid biomaterial from computationally designed 

peptide for capturing CO2 are minutely discussed in Chapter II.  
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2. LITERATURE REVIEW 

 

2.1 Nature of Self-Assembly 

 

Self-assembly refers to the spontaneous arranging procedure that leads several 

basic elements into a highly organized scheme.
45

 This intriguing phenomenon occurs 

without intervention from an outside source. The meaning of ‘self-assembly’ is not 

synonymous with ‘formation’; the former can be controlled by how the components are 

organized, whereas the latter is not.
45 

Amidst size variety in self-assembly, molecular 

self-assembly has attracted significant attention because engineering techniques in a top-

down manner have faced a limitation over downsizing. However, self-assembly enables 

fabrication of highly ordered materials or formation from simple subunits with nanoscale 

or microscale size.
46

 Molecular self-assembly stems from the implicit characteristics 

imposed by the non-covalent interactions.
45

 These lead molecules to have 

supramolecular interaction, triggering a group of interesting properties in a material.
47

 

The engineering techniques based on the self-assembly have been extensively applied to 

the crystallization in all scales and the nanofabrication of robots, wires, protein films, 

chemicals, microelectronics, surface coating, and netted systems. 
48

 

 

 

 

2.2 Self-Assembly in Biological Systems 

 

Self-assembly has triggered the complexity and functionality of biological 

systems from the basal building blocks. For instance, it has been found that DNAs can 

serve as excellent elementary units for the application of nanotechnology.
49

 With a 

programmable ability for molecular recognition and microscopic size consisted of 2 nm 

of diameter and 3.4-3.6nm of the helical pitch, DNAs self-assemble in a remarkably 

controllable way.  
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Another example would be protein self-assembly. Several classes of proteins 

such as  -synuclein
50

, a heterotetrameric diiron protein
51

, and viral capsid protein
52

 are 

known as building blocks that can self-assemble into crystal, filaments, gel, and other 

proteineceous aggregates with different scales and symmetries.
53

 The self-assembling 

proteins not only play an important role in various physiological systems, but also allow 

the industrial application in the form of functional biomaterials. 

Particularly noteworthy, peptides can perform as attractive building blocks for a 

wide range of new biomaterials. With the cooperation of non-covalent interactions, the 

self-assembly of peptides can be controlled in a kinetic and structural manner.
54

 

Hydrogen bonding plays a role of stabilizing the peptide’s secondary structure and 

protein folding. Hydrophobic interactions can lead to a formation of micelles
55

 and 

enhance the salt-triggered self-assembly due to the charge-screening effect.
56

 

Interactions between charges can be used for layer-by-layer self-assembly.
57

 van der 

Waals interactions are not predominant but contributes to various non-covalent 

interactions.
54

 Kinetic factors involving temperature and pH are strong factors that 

determine non-covalent interactions.
54

 The suitable combination of such non-covalent 

interactions enables a controllable self-assembly of peptides. The rational selection of 

self-assembling strategies enables the fabrication of peptide biomaterials over different 

length scale with various functions.  

 

 

 

2.3 Self-Assembling Peptide Biomaterials 

 

Peptide as a scaffold of biomaterial has numerous advantages in terms of 

programmable structure, biocompatible and biodegradable property
58

, versatile 

functionality
48

 and top-down availability
59

. In the primary stage, Zhang suggested self-

assembly of short designed peptides in aqueous solution by alternating the location of 

positive and negative charged amino acids to subsequently self-assemble those into 
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nanofibers making  -sheet structures.
60

 Self-assembly of a series of nanoscale tubules 

described by Bong and Ghadiri is another quintessential example for purposely-designed 

peptides.
61

 By alternating D- and L-amino acids, they possess a flat ring-shaped 

conformation to peptides, which are stabilized in an anti-parallel  -sheet formation 

through hydrogen bond interactions between the peptide backbones. Nowadays, the 

application of peptide comprises biologically compatible scaffold
62

, non-lipid biological 

surfactant
63

, and drug delivery system
64

. Moreover, novel robust biomaterials with 

functional nanostructures have been fabricated using amyloidogenic  -sheet self-

assembling peptides.
65

 The property of amyloidogenic  -sheet self-assembly is discussed 

in the following section minutely.  

 

 

 

2.4 Amyloidogenic  -Sheet Self-Assembly 

 

Amyloid nanostructures represent proteinaceous aggregates that can be deposited 

in tissues or organisms, which can lead to several pathological diseases including 

Alzheimer disease or type-2 diabetes.
66

 Amyloid protein is hypothesized to build up in 

organs or tissues and decrease the physiological function of a normal protein by being 

unnecessarily accumulated around specific sites.
67

 There has been great momentum to 

investigate the property of amyloid nanostructures for understanding the mechanism of 

amyloid formation. 

The amyloid peptides with the specific sequence form  -Sheet through amyloid 

nucleation dependent polymerization and result in long fibers.
68,69,70 

On the process of 

self-assembly, structure changes over from the normal fold of aggregated proteins to the 

 -sheet secondary structure. Fibril fragmentation is a dominant secondary process that 

forms fibril, consisting of lag phase and growth phase.
71

 The time for the whole process 

to form fibril can shorten by the addition of fibrils seed, which cuts down the duration of 

the lag time.
72
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Amyloid fibrils have a cross   spine, which is a double  -sheet, with each sheet 

formed from side-by-side segments stacked.
73

 Amyloid spine from various sequences is 

a pair of  -sheets with various classes of a dry steric zipper; interdigitation of side 

chains between parallel or antiparallel  -sheets causes the eight distinct classes of steric-

zipper interaction.
74

 These studies brighten the promising applicability of amyloid fibril 

based on its stability, self-assembling characteristics, and polymorphic structures. 

Amyloid proteins show a wide range of common properties owing to such plentifully 

interesting structures including elongated formation
75

,  -sheet formation dyed by Congo 

red staining
76

 and Thioflavin T
77

, and unusual mechanical and chemical stability under 

the harsh environmental condition
78

 due to the stacking of aromatic side chains.
 79

  

 

 

 

2.5 Properties of Amyloid Fibrils 

 

 The mechanical strength of amyloid fibril (0.6 0.4 GPa) is paramount to that of 

steel (0.6-1.8 GPa) and silk (1-1.5 GPa). 
80

 This scaffold is also revealed to endure up to 

100  of temperature. 
81

 Figure 2-2 shows the dimension of amyloid fibril by cross-   

X-ray Diffraction pattern.
 82

82 The whole fibril is around 100   in diameter, which is in 

the range from 40    to 120   . It typically shows lengthy, straight, and unbranched 

formation. In the parallel sheet, one strand is 4.8  away from another strand right next to 

the one.
83

 In the antiparallel sheet, strands are separated 9.6   . In terms of distance 

between sheets, one sheet is 10   away from another sheet beside the one. The amyloid 

structures have components in common consisted of 1) cross-   type   -strands 

horizontally lying to the fibril axis, 2)   -sheets as parallel or anti-parallel, and 3) the 

sheets in which strands line up with each other.
82, 84  

Each different amyloid fibril 

morphology relates to different basic molecular structures where the main structure can 

be manipulated by variations in the condition of fibril formation. 
85
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2.6 Current Amyloid Biomaterials 

 

Based on the pragmatic properties in the section above, amyloid nanostructure 

can be applied to the development of functional amyloid biomaterials. Nature has 

explored functional amyloid fibrils for various applications. For instance, E. coli. curli 

operons forms amyloid fibrils to bind to host surfaces.
86

 Yeast prions utilize amyloid 

fibril formation to evade cell death.
87

 Pituitary secretory granules store hormone in a 

form of amyloid protein.
88

 Furthermore, amyloid fibril biomaterials have been explored 

by researchers for specific purpose. The development of amyloid biomaterials is on the 

way to exploit its versatileness. Fibril has been regarded as a biocompatible matrix for 

tissue engineering, which can be applied into cell adhesion
89

 or 3D cell culture systems
90

. 

Performance as a means of drug delivery is also promising in respect of the slow 

release
91

 and the extended activity in vivo
92

. Metal nanoelectric material
93

 and 

nanowire
94

 are also self-assembled with advantages in clear synthesis and 

biodegradability.  

 

 

2.7 Novel Amyloid Biomaterials Inspired by the Adenovirus Fiber Shaft 

 

The sequence segments from the adenovirus fiber shaft have been deemed as 

motifs for novel biomaterial. The adenovirus type2 (Ad2) fiber trimers comprise three 

main segments: an N-terminal tail, a thin fibrous shaft, and a C-terminal globular knob.
95

  

The essential peptide residues that directly relates to the formation of self-assembling 

amyloid-like fibrils have been clarified in a minimalistic view. A stable domain of Ad2 

fiber spanning residues 319-582 was identified and crystallized, unveiling a triple   -

spiral fibrous fold for the shaft.
96

 Furthermore, Papanikopoulou et al. found that five 

peptides from the adenovirus fiber shaft with lengths of 41, 25, 12, 8, and 6 self-

assemble into amyloid-like fibrils.
 97

 They experimentally verified the formation of 
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amyloid-like fibrils using Congo red binding, electron microscopy, infrared spectroscopy 

and X-ray fiber diffraction methods. The sequences of five peptides are as follows. 

 

41-amino acid peptide: PIKTKIGSGIDYNENGAMITKLGSGLSFDNSGAITIGNKND 

25-amino acid peptide: AMITKLGSGLSFDNSGAITIGNKND 

12-amino acid peptide: LSFDNSGAITIG 

8-amino acid peptide: NSGAITIG 

6-amino acid peptide: GAITIG 

 

Remarkably, the amyloid-like self-assembly of peptide sequences, octapeptide 

NSGAITIG and hexapeptide GAITIG, are studied by Tamamis et al.
98

 The results, 

including molecular conformation and fiber diameter, are in line with the experimentally 

observed data. They showed that modification of such peptide building blocks, 

particularly on N-terminal residues Asn1 and Ser2 that are exposed at the exterior of 

fibril and accessible, retains the amyloidogenic properties of peptide and imposes a 

binding function for metallic nanoparticles. This opens an applicability of utilizing MD 

simulations for the rational modification of new adenovirus fiber shaft. Based on this 

work, Kasotakis et al. showed that amyloid biomaterials formed by peptide NSGAITIG 

binds to gold nanoparticles, whereas amyloid biomaterials formed by peptide 

NCGAITIG, CNGAITIG, and CSGAITIG binds to gold, silver, and platinum 

nanoparticles.
99

  They experimentally investigated that the N-terminal residues of 

octapeptide NSGAITIG can be substituted to the functional amino acids without 

harming the fibril-forming potential of peptides, and that the amyloid biomaterials 

formed by such peptides embody selective binding function to metals.
99

 

Furthermore, Tamamis et al. studied the MD simulation of the dodecapeptide 

LSFNDSGAITIG from the adenovirus fiber shaft.
100

 Tamamis et al. also investigated an 

aqueous solution of aspartate-rich peptide sequence LSGSDSDTLTV from the 

adenovirus fiber shaft. 
101

 As this sequence contains plentiful aspartate and serine, this is 
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designated to help the computational analysis of interactions to facilitate the nucleation 

of calcium ions and biomineralization. 

Kasotakis and Mitraki also reported that the effect of serine residue onto 

NSGAITIG biomaterial incubated with TEOS precursors nucleate silica nanoparticles on 

the surface of such fibril.
102

 They suggested the mechanism in which the serine residue is 

atypically rendered nucleophilic via hydrogen atom transfer by the N-terminal amino 

group.
102

 Correspondingly, Terzaki et al. found the strategy for hard tissue engineering 

named ‘scaffold on scaffold’, referring that mineralized peptide tied to laser-made 

material enhances the proliferation.
103

 Deidda and Jonnalagadda rationally designed and 

validated functional peptide RGDSGAITIGC that can potentially have functions of cell 

adhesion and cysteine-mediated functionalization properties.
104

All these results above 

illuminate the usefulness of rationally designed self-assembling peptides as a template 

for specifically oriented targets. 
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2.8 Computational Investigation of Structure of Amyloid Biomaterials 

 

For a guide of the theoretical investigation of fibril-forming peptides, the case 

study of dodecapeptide LSFNDSGAITIG and octapeptide NSGAITIG (residue 385-392) 

by Tamamis et al. are briefly introduced in this chapter.
105

 The following steps are the 

computational investigation including setup, execution and analysis of MD simulations 

of fibril-forming peptides, which elucidates the structure of amyloid biomaterial. 

 

1. The representations for molecules and force fields are selected for the 

interaction between peptide and solvent. 

2. All simulations are conducted with the CHARMM program
106

 in this case 

study.  

3. All simulations are conducted at infinite dilution condition for the 

prediction of implicit-solvent model. 

4. The implicit solvent simulation results should be compared with the explicit 

solvent simulation results using REMD method
107

 in the case without 

experimental information. 

5. Container volume is adjusted to the experimental self-assembly 

concentrations and the non-bonded cutoff distance between peptides after 

the random placement of peptide over container. 

6. Simulation with REMD method
108

 is conducted under the satisfaction of 

several criteria (Temperature
109

 and MD Steps
110

) and the fine-tuning of 

simulation condition (various temperature, replica with random walk, etc.). 

7. The probable formation of intermolecular structures ( -sheets) is observed.  

8. The intermolecular structures trajectories are visualized with the secondary-

structure algorithms such as STRIDE
111

 and DSSP
112

. 

9. Compare of the trajectories from infinite- and finite-dilution by merging 

coordinates. 
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Computational investigation for the detailed identification of intermolecular  -

sheets are provided in the below. These are to figure out the richness of  -sheets content 

in a systematic way to analyze how much designed peptides are amyloidogenic. 

 

1. The intermolecular  -sheet contents of aggregate are collected by post-

processing trajectories. 

2.  -sheet structures are classified in order of decreasing complexity using 

FORTRAN programs. 

3. Detailed information is obtained by 2D probability maps of intermolecular 

 -bridges. “In” or “Off” register  -sheets are analyzed to find whether those 

are in states of antiparallel, mixed, and parallel. 

4. Extra information on key sheet-stabilizing side chain interactions is 

obtained by probability maps of intermolecular side chain contacts. 

5. New variables are introduced to identify different peptide shapes: 

Linear (I) or Bent (U). 

6. The polar (P1) and nematic (P2) order parameter
113, 114

 are introduced to 

reflect the orientation. The P1 and P2 are computed with the program 

WORDOM
115

. 

7. Free-Energy Landscape (FEL) are constructed by 2D probability as  

G(P1,P2) = -kbT * lnP(P1,P2). 

8. Representative structures are extracted from the FEL minima. 

9. The global minimum strand folding is checked whether it is in agreement 

with the experimental width. 

 

From this protocol, Deidda and Jonnalagadda et al. 
104

 developed self-assembling 

peptides as promising agents for tissue engineering. This clearly shows that the 

computational protocols are powerful tool for the development and fabrication of novel 

biomaterials. All peptides for novel amyloid biomaterial capturing CO2 are 

computationally designed following an in-house protocol of Tamamis lab at Texas A&M 
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University. GAITIG and GAIIG scaffold are used as a source of inspiration for the novel 

amyloid biomaterials. The protocol is not provided here, as it is unpublished. The 

fabrication procedure of the amyloid biomaterials is discussed in 4.1. 

 

 

 

2.9 CO2 Capture Using Amyloid Biomaterials from Previous Studies 

 

It was reported that hydrophobic dipeptides self-assemble crystal and 

nanochannel structures with low density.
116

 To capture CO2 with such material, porous 

dipeptide crystals with high selectivity on CO2 over N2 and CH4 were produced and 

verified by isotherms, GCMC, and MAS NMR spectroscopy.
117

 The dipeptides formed 

nanochannels through charge-assisted hydrogen bonds between ammonium and 

carboxylate groups, which leads to the physically selective capture of CO2. 

 

Noticeably, amyloid biomaterials were fabricated for the purpose of CO2 capture. 

Inspired by the aspect that Hemoglobin uptake CO2 using its amine groups and that the 

regeneration energy of amines can be lowered if solid-supported, amyloid biomaterials 

formed by peptide VQIVYK are designed for selective CO2 capture. 
118

 They utilized the 

epsilon-amino group of the lysine residue to form carbamate with CO2.
119

 Unlike the 

conventional stoichiometry (2:1) of CO2 capture by a primary and a secondary amine
120

, 

it shows 1:1 stoichiometry where one peptide binds to one CO2 molecule. Chemical 

equations suggested for those reactions are described below. Figure 2-1 shows 

Zwitterion mechanism that is typically happened to primary or secondary amine. Figure 

2-2 shows how an unexpected ratio was observed. 
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RNH2 + CO2  RNH2
+
COO

-
  [1] 

RNH2
+
COO

-
 + RNH2 RNHCOO

-
 + RNH3

+
 [2] 

 

 

Figure 2-1. Zwitterion Mechanism proposed by Caplow
120

 

 

RNH2 + CO2  RNH2
+
COO

-
  [3] 

RNH2
+
COO

-
 + B  RNHCOO

-
 + BH

+
 [4] 

 

Figure 2-2. Carbamate Formation Mechanism proposed by Li et al.
118

 

 

 In Equation 1, the sorbent with the primary amine group, RNH2, formulates the 

carbamic acid, RNH2
+
COO

-
. However, as the reactants are not stable enough, these can 

react with another amine group, and sequentially build up carbamate, RNHCOO
-
, and 

RNH3
+
 as in Equation 2. This is a typical reaction in amine-based sorbents; however, Li 

et al. proposed the mechanism as Figure 2-1 based on their experimental observation. To 

neutralize the amine group in lysine residue by making the carbamic acid stable, a high 

basic condition of sodium phosphate buffer (pH = 12.0) is used. As the basicity of added 

basic sodium phosphate buffer is higher than the basicity of amine group in lysine, the 

reaction of Equation 4 is preferred to the reaction of Equation 3. 
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 This work manifested the potential of amyloid fiber as an adsorbent for CO2 

capture. Li et al. additionally suggested the structure-based designing approach of 

functional amyloid biomaterials formed by peptide LKQALKL, KLVFFAK, and 

VKAVAK, which show better binding capacities than their previous result of amyloid 

biomaterial formed by VQIVYK.
121

 Steric zipper spines with inward-facing side chains
74

 

are selected and modified in order to increase hydrophobicity, neutralize pH, and 

modifythe size. High hydrophobicity helps form a stable fibril in the water. Neutral pH 

condition is important to make fibrils formed inmild pH.
121

 For instance, Serine is 

substituted by Valine, and Asparagine is changed to Isoleucine for high hydrophobicity. 

For pH neutralization, Glutamic acid is substituted by Glutamine, and Aspartic Acid is 

replaced to Asparagine. To modify the size, floppy ends such as Thronine and Glycine 

are cropped. To increase CO2 capture capacity, Lysine is inserted instead of the 

segments that do not consist of zipper spine. After this process, fibers are functionalized 

by supplanting side chains connected to the zipper spine and extending termini, both 

with functional amino acids. The group also found optimized pH condition by observing 

morphologies, checking fiber formation and estimating capacity of designed peptides 

synthesized from different pH. They obtained amyloid biomaterial formed by peptide 

KLVFFAK with doubled capacity compared to the one formed by peptide VQIVYK, 

which corresponds to the fact that the former contains two lysines. However, they also 

observed that the amyloid biomaterial formed by VQIVYKK has less than doubled 

capacity of amyloid biomaterial formed by peptide VQIVYK due to the adjacency of 

two lysines. This work explicates versatile applicability of amyloid biomaterial designed 

from a structure-based approach.  
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3. EXPERIMENTAL SETUP 

 

3.1 Amyloid Biomaterials Preparation 

 

All peptides are custom synthesized by Wuxi Apptech China and were utilized as 

a TFA salt as soon as received. The peptide powders were dissolved in 50mM sodium 

phosphate buffer of pH 8 with 6mg/mL concentration. All the peptide solutions were 

incubated in an ambient condition for three days. Fiber formation was verified by 

FESEM and TEM at Crete University in Greece.  Fibrils were collected after the 

centrifugation at 13000 rpm for 30 min and resuspended in pH 12.6 of 50mM sodium 

phosphate buffer 50mM.  The fiber solution was incubated at room temperature under 

agitation for 6 hours. Then the solution is lyophilized until the sample became a dry 

white powdery fiber. This step is to stabilize peptides by evading possible degeneration 

pathways.
122

 The lyophilized fibril and salt powder was stored in the glass vacuum 

desiccator at room temperature. The lyophilized white powders are shown in Figure 3-1. 

 

 

Figure 3-1. Amyloid Biomaterial in Lyophilized Powder Form 

 

Amyloid biomaterials from five different peptides are fabricated. Specific 

sequences of such biomaterials will be claimed in the journal that will be peer-reviewed 

and published hereafter. To help classification, each amyloid biomaterial is named 

amyloid biomaterial formed by peptide 1, amyloid biomaterial formed by peptide 2, etc. 
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3.2 Breakthrough Measurement System 

 

Breakthrough measurements in the presence and absence of water are laboratory-

made and performed to evaluate the dynamic CO2 separation capacity of the biomaterial.  

The schematic diagram of breakthrough measurement and its actual setup in the 

laboratory are described as follows in Figure 3-2. The setup inside the adsorption bed is 

also depicted. Figure 3-3 shows the photo of actual setup of breakthrough measurement 

system. 

 

 

Figure 3-2. Schematic Diagram for Breakthrough Measurement in Absence of Water 
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Figure 3-3. Setup of Breakthrough Measurement System 

 

 

The brief illustrations in chronological order are described as below in Figure 3-4. 

 

Figure 3-4. Illustration of Breakthrough Measurement in Absence of Water 
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The adsorbent is exposed to a flue gas stream to evaluate how long such 

materials take for selective capture of CO2 while nitrogen intactly passes it through. The 

adsorbent material is homogeneously packed in stainless steel tube (1/2”OD, 0.049” 

Wall Thickness   2 inch, Swagelok). The vacant portion in the bed is filled with 

trimmed fiber glass wool (Corning, 8 m), an inert material that does not selectively react, 

adsorb, and absorb inlet gasses. Wool acts as a physical filter that prevents adsorbents 

from being swept away by the momentum of inlet gas flow. However, contact of 

biomaterial with glass wool can also lead to some weight loss. Therefore, microporous 

membranes (Millipore, Filter type: 0.05  ) with selectivity on neither CO2 nor N2 are 

inserted between glass wool and material to maximize the recovered amount of 

biomaterial.  

As with the total procedure, Argon flow is first used to flush the whole system 

and the adsorbents. Flue gas then flows through bypass line in order to check the 

constant composition of flue gas. After reaching out to dynamic equilibrium of such 

composition, the flow directions toward bypass line are changed to the adsorption bed to 

start seeing breakthrough over adsorption bed. Pressure drop and temperature change 

here are assumed negligible, as the packing amount throughout the experiments barely 

affects the surrounding pressure and temperature. 

Flue gas consists of nearly 14% CO2 (v/v) and 86% N2 (v/v), which simulates the 

composition of flue gas from a general power plant. A mass Spectrometer (Hiden 

Analytics, QGA-gas analysis system, Software: MASsoft 7) is used for the analysis of 

the gas composition which passed the packed bed. The calibration method is discussed 

in the 3.4. The mass flow controller (BROOKS, 5850E) is directly connected to a flow 

controller (BROOKS, 0154E) to designate a specific flow rate. Argon flow rate is 

measured by using the highly accurate bubble flowmeter. A flue gas of specific flow rate 

with such ratio is confirmed by using soap film flowmeter (Hewlett Packard, 100ml, 

0101-0113) and mass spectrometer repeatedly. 
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3.3 Preparation of Humid Condition 

 

The schematic diagram of breakthrough measurement in the presence of water is 

described in Figure 3-5. 

 

 

Figure 3-5. Schematic Diagram for Breakthrough Measurement in Presence of Water 

 

Humidifying apparatus (Labglass, 500mL) is set up between the inlet gas and the 

valve before adsorption bed and bypass line. This generates 100% relative humidity, 

which is tantamount to 1.49% (w/w) of water moisture. Humid Nitrogen is equilibrated 

for 2 hours into the adsorption bed.
118

 The humidifier is detached before the flue gas is 

started to flow through the bypass line, and the remaining procedure is same as the 

breakthrough measurement in the absence of water. This procedure is to investigate that 

the breakthrough cycle is reproducible regardless of humidity in the flue gas. This 

process will be tested with the newly ordered samples. 
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3.4 Notes for Breakthrough Measurement Setup 

 

Two issues are handled to specify those parameters:  

1. In the case of flow rate less than 5 sccm, the driving force of flow is not 

enough to move the bubble layer outwards or to generate the bubble layer. 

2. The mixing of 8.5 V (mL) of N2 and 1.5 V (mL) of CO2 does not confirm 10.0 

V of Flue gas with 85% of N2 and 15% of CO2, as the moving speed of each gas 

is different as well as the mixing is not perfect.  

 

Therefore, a staged approach is used to solve those problems. In the first stage, 

the flow rate of N2 is measured and set to be 8.5 V. Additionally, certain amount CO2 is 

specified through mass flow controller to make up total 10 V of flue gas. The 

composition is sequentially checked through the mass spectrometer to find whether it 

satisfies an objective value. If the composition deviates from such value, the whole 

procedure with edited set value can be repeated until the optimum value is obtained. This 

process is briefly described in Figure 3-6. 

 

Figure 3-6. Procedure to Set Specific Flow Rate with Specific Composition 
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The QGA mass spectrometer was calibrated for the case of humid condition. The 

dry-bulb temperature and relative humidity is detected by VWR Jumbo 

Temperature/Humidity Meter. From the saturation pressure of the temperature indicated, 

the ambient pressure of water vapor can be calculated by the equation below. 

 

                                                                             

 

Assuming the ideal gas law, it is clear that partial pressure of specific molecules 

is proportional to the number of specific molecules in unit volume. By comparing 

ambient pressure of water with standard pressure, water content is identified in terms of 

the number of molecules. Considering typical air composition without water contents, 

arranged composition at the condition of specific temperature and relative humidity can 

be derived. This value can be used for the calibration process of mass spectrometer.  

 

 

Kelvin 0'C 273 K Dry Gas 98.58%   

Temp 22 C Typical Air Composition Arranged Composition 

Dry Bulb T 295 K N2 78.03% N2 76.92% 

Psat of H2O 2612.018 Pa O2 20.99% O2 20.69% 

Psat of H2O 2.612018 kPa CO2 0.04% CO2 0.039% 

Pstandard 101.325 kPa Ar 0.94% Ar 0.93% 

Hrel 55 %   H2O 1.42% 

P of H2O 1.43661 kPa     

Content 1.417824 %     

 

Table 3-1. Example of Arranged Composition Calculation at Certain Condition 
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3.5 Validation of Breakthrough Apparatus 

  

The whole setup of breakthrough apparatus is validated through the experiments 

using commercial Molecular Sieve 13x (Micromeritics). This is to see whether the 

estimated capacity is compatible with the range of reported values. For free volume test, 

molecular sieve 13x was regenerated using BET activation process at 467K under high 

vacuum (~50 mHg) for 12 hours. Material regeneration method is described in the next 

section. Dead volume was measured using saturated and inactivated molecular sieve 13x. 

Breakthrough curves obtained by those conditions are plotted in Figure 3-7. Actual 

volume corresponded to 2.05 mmol/g of CO2 uptake, which is compatible to the 

competitive adsorption results using CO2 and N2 at around standard pressure and 

temperature condition; by 2.1 mmol/g of Siriwardane et al
28

, and 2.23 mmol/g of Lee et 

al
123

. The method to calculate CO2 capture capacity is presented in the Chapter IV. 

 

 

Figure 3-7. Breakthrough Curves for Free and Dead Volume of Molecular Sieve 13x 
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3.6 Material Regeneration Condition 

 

Before the finalization of regeneration condition, attempts to use vacuum oven, 

in-situ bed heating, and BET activation process were made. It is turned out that the 

regeneration of amyloid biomaterials using the degassing process of BET Apparatus 

(Micromeritics, ASAP 2010, Figure 3-8) under the condition of mild heat (set point 

100 ) and vacuum swing ( 10 mHg) is most promising. The temperature condition 

has followed the regeneration temperature of amine-based biomaterials.
118,121

 Time 

condition is being confirmed from trial and error, which is discussed in Chapter IV. 

Temperature and pressure control and detection can be simultaneously executed through 

this apparatus. Vacuum swing adsorption is to detach the physically adsorbed CO2 in the 

adsorbent, whilst temperature swing adsorption is to regenerate carbamate in the lysine 

to the amine functional group.
124

 

 

 

Figure 3-8.  BET Apparatus, Micrometrics ASAP 2010  
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4. RESULTS 

 

4.1 Validation of  -Sheet Formation 

 

Peptides’ self-assembly properties were investigated using the in-house protocol 

of Tamamis lab introduced in 2.8.
105

 REMD simulation snapshots in a water box were 

examined for the analysis. Residue participation in  -sheets per peptide are examined by 

the averaged amount of amyloidogenic  -sheet formation for each strand. Secondary 

structure  -sheet formation resulting from the replica exchange MD simulation 

snapshots of computationally designed peptide were evaluated using STRIDE
111 

algorithm of VMD. The residue participation in  -sheets per peptide can be obtained by 

dividing the number of residues involved in  -sheets by the number of frames from 

simulation and the number of strands. Since the residues AITIG mainly take part in the 

 -sheet formation
98

, averaged residue participation in   sheets per peptide around four 

indicate that the self-assembled peptide is rich in  -sheets. The result as in Figure 4-1 

suggested that all the designed peptides show the richness in  -sheets, verifying that the 

designed peptides are highly amyloidogenic.  

 

                                                         

 
                                           

                                   
 

 

Figure 4-1. Averaged residue participation in  -sheets per peptide  
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4.2 Calculation Method for CO2 Capture Capacity 

 

To measure the CO2 capture capacity, detection time delay on the breakthrough 

measurement is converted into the volume of CO2 captured, referred to as free volume. 

However, this does not consider the time delay by the vacant space, referred to as dead 

volume, throughout the main line. Dead volume is typically calculated using the porosity 

and the volume of main line, which is assumed the volume of adsorption bed. However, 

for the case of the adsorbents that are impossible to measure porosity or have unknown 

porosity, dead volume can be evaluated using the fully saturated material. Mole 

adsorbed by the material can be calculated as follows.
125

  

 

Actual Mole Adsorbed = the total moles adsorbed in free volume 

  – the total moles absorbed in dead volume (empty volume)   (1)  

 

     
        

  
 

          

  
 

 
          

  
 

        

   
 

 

However, when the adsorbents are atypical so that it is hard to determine its 

porosity, the equation below offers a nice apporach to calculate dead volume. If the 

adsorbent has high selectivity on CO2 over N2, then the total adsorbed amount becomes 

relevant only to the amount of adsorbed CO2 if CO2 and N2 are only used. Therefore, 

 

Actual Mole Adsorbed = the moles of CO2 adsorbed by activated sample  

  – the moles of CO2 adsorbed by saturated sample      (2)  

 

As saturated adsorbents barely captures CO2, the latter term would mainly 

consider the effect of the dead volume, which means the volume of the pores in between 

particles and empty volume in the adsorbent bed. CO2 on the saturated sample would not 
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be desorbed by sole inert gas flushing as Argon flushing needs to be done every single 

time before the breakthrough measurement starts off. The identically shaped material 

that does not capture CO2 would be ideal to measure the moles of CO2 adsorbed by 

saturated sample. In line with this point, the regenerated buffer can be also used to 

calculate the dead volume estimation.  

 

Figure 4-2. Typical Breakthrough Curves using Ar, N2 and CO2; 

A Zone of Interest for Capacity Calculation is Grey-Boxed. 

 

 

Figure 4-3. Free, Dead, and Actual Volume Adsorbed 

 

 Figure 4-2 shows the zone of interest for the calculation from the typical 

breakthrough curves. In Figure 4-3, Area A is a time [sec] that indicates the delayed time 
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by a capture of activated biomaterial and the vacant volume. Area A’ is a time [sec] that 

shows the delayed time by a capture of saturated biomaterial and the vacant volume. By 

subtracting A’ from A, the effective time that indicates a capture by adsorbing spots on 

biomaterial can be only taken into account. Figure 4-4 shows intuitively how to calculate 

an area of A from the raw data. 

 

Figure 4-4. Obtaining an Area of A from CO2 Breakthrough Curve 

 

B can be calculated by the integration of CO2 composition curve from the starting point 

of breakthrough to the ending point. 

        
  

    

  

       

As composition is given as a set of points in time step, this can be numerically 

intergrated applying Simpson’s 3/8 rule as below. For most of the cases, the last point is 

selected where it corresponds to more than 500 seconds. This enables to have a reliable 

accuracy regardless of time step of mass spectrometer. 
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The number of data selected to measure, n, is selected from the starting point of 

breakthrough to the point that shows the concentration equilibrium.  

 

As A+B would be the area of rectangle, A can be calculated as below. 

                     

                           
  

    

 

       

 

Actual delated time can be calculated from the colored areas of the activated and 

saturated sample as Figure 4-5. 

 

Figure 4-5. Obtaining an Area of Actual delay time from Free and Dead Curves 

 

        

         

                         

 

The actual time can be converted into the volume by multiplying total flow rate. 

Note that actual time is an integrated value of CO2 composition over time, so it gives 
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CO2 captured volume after multiplied to the total flow rate. This volume can be 

converted into the molar amount by applying the ideal gas law.  

 

Dividing by the weight of biomaterial, CO2 capture capacity can be evaluated in 

the unit of mmol/g or mL/g. 

 

                     
  

   
              

           

    
 
    

  
                     

                
             

                
 

              
           

                
 

 

As the capture mechanism is based on the functionalization of peptides, the CO2 

uptake per peptide should be evaluated as well.  The 1:1 binding ratio of CO2 and 

biomaterial is calculated by taking into account of the proportion of amyloid fibers in the 

whole material.
118 
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4.3 Evaluation of CO2 Capture Capacity 

 

Buffer with high pH at as-synthesized state captures CO2. As-synthesized 

amyloid biomaterial is not considered for the evaluation of CO2 capture capacity. 

However, the buffer in amyloid biomaterial cannot be regenerated after the regeneration 

at 100°C in vacuum, while peptide fibril in amyloid biomaterial can be regenerated after 

several cycles of regeneration. Therefore, the capacity after regeneration is a 

straightforward indicator to check the workability of functionalized peptide. This capture 

availability of biomaterial components at certain stages is tabulated in Table 4.1. 

 

Biomaterial As-synthesized 1
st
 Regenerated N

th
  Regenerated 

Self-assembled Peptide Fibril O O O 

Phosphate Buffer with Certain pH O X X 

 

Table 4.1. Capture Availability of Biomaterial Components at Certain Stages 

 

The capture of phosphate buffer at as-synthesized state is because lyophilized 

buffers at high pH have a high deliquescence due to Sodium Hydroxide. Sodium 

Carbonate is produced as soon as it is released to atmosphere through the acid-base 

reaction as follows. Since this is neither reversible nor easily decomposable in mild 

temperature, trials to regenerate samples at 100  are not effective at all. 

 

2NaOH (s)    2Na
+
 (aq) + 2OH

-
 (aq)  

CO2 (g) + 2H2O (l)   H2CO3 (aq) + H2O (l) 

H2CO3 (aq) + 2H2O (l)  CO3
-
 (aq) + 2H3O

+
 (aq) 

2Na
+ 

(aq) + 2OH
-
 (aq) + CO3

-
 (aq) + 2H3O

+ 
(aq)   Na2CO3(s) + 4H2O (l) 

 

Net Reaction: 2NaOH (s) + CO2 (g)  Na2CO3(s) + H2O (l) 

Decomposition (~500  : Na2CO3 (s) 
 
  Na2O(s) + CO2 (g) 
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Amyloid biomaterials formed by peptide 1 to peptide 5 showed most promising 

result in terms of CO2 capture capacity after regeneration. Amyloid biomaterials formed 

by Peptide 2, 3 and 4, however, showed CO2 capture in an as-synthesized state but 

showed limited CO2 capture after regeneration. The results from amyloid biomaterial 

formed by peptide 1 to amyloid biomaterial formed by peptide 5 are mainly presented. 

Experimental data for amyloid biomaterial formed by peptide 1 are tabulated in Table 4-

2. The number of CO2 molecules captured per peptide of amyloid biomaterial formed by 

peptide 1 is described in Figure 4-6. Note that regeneration conditions are not consistent 

here since at the initial experiments several trials and errors were practiced to find an 

optimal regeneration condition. This will be discussed in the next section. 

 

 

Reg. Time in 

Vac Oven at 

100  

Capacity 

[mmol/g] 

*NCO2 

(# of CO2 

per Peptide) 

As-synthesized 
 

- - 

1
st
 Regeneration 2hrs 0.62 2.32 

2
nd

 Regeneration 2hrs - - 

3
rd

 Regeneration 1hr 0.20 0.77 

4
th

 Regeneration 1hr 0.20 0.78 

5
th

 Regeneration 0.5hr (BET) 0.19 0.73 

6
th

 Regeneration 0.5hr (BET) 0.11 0.43 

 

Table 4-2. Tabulated Data for Amyloid Biomaterial Formed by Peptide 1 

 

 

Figure 4-6. The Number of CO2 Molecules Captured per Peptide of Amyloid 

Biomaterial Formed by Peptide 1 
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Amyloid biomaterial formed by peptide 1 at as-synthesized was not measured 

due to the malfunctioning of Mass spectrometer at that time. During the handling 

procedure, it was revealed to the air for a long time and showed no capture. Thus, 

amyloid biomaterial formed by peptide 1 was measured after the first regeneration. It 

shows capture more than 2 CO2 molecules per peptide. Figure 4-7 shows the 

breakthrough measurement results, which clearly indicate the delay of CO2 detection. 

Nevertheless, it shows steady degradation after regeneration cycles, and finally shows no 

capture after seventh regeneration. 

0 100 200 300 400

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 Free

 Dead

Time (sec)

C
/C

o

 

 

Figure 4-7. Breakthrough Curves of 1
st
 Regenerated Amyloid Biomaterial Formed by 

Peptide 1 

 

The experimental data of amyloid biomaterial formed by peptide 5 are tabulated 

in Table 4-3. The number of CO2 molecules captured per peptide of amyloid biomaterial 

formed by peptide 1 is described in Figure 4-8. 
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Reg. Time 

in BET  

at 100  

Capacity 

[mmol/g] 

*NCO2 

(# of CO2 

per Peptide) 

As-synthesized 
 

0.74 3.19 

1
st
 Regeneration 17hrs 0.76 3.24 

2
nd

 Regeneration 23hrs 0.32 1.36 

3
rd

 Regeneration 0.5hrs -0.11* -0.50* 

4
th

 Regeneration 2hrs 0.05 0.23 

*Overshoot occurred in the dead volume testing. 

Table 4-3. Tabulated Data for Amyloid Biomaterial Formed by Peptide 5 

  

Figure 4-8. The Number of CO2 Molecules Captured per Peptide of Amyloid 

Biomaterial Formed by Peptide 5 

 

Amyloid biomaterial formed by peptide 5 shows nearly same amount of captures 

both in as-synthesized and 1
st
 regenerated condition. Figure 4-9 is the breakthrough 

measurement results where actual delay of CO2 detection clearly happened. As the dead 

volume of 1
st
 regenerated amyloid biomaterial formed by peptide 5 is not measured after 

regeneration, as-synthesized dead volume is rather used for the calculation. This 

approximation is identified to be valid by checking other sets of amyloid biomaterials. 

The number of CO2 molecules captured per peptide is evaluated as much as 3.24 CO2 

molecules.  As it showed capture even after 17 hours of regeneration, 23 hours of 

regeneration was subsequently conducted in order to find the maximum capacity. 

However, the capture has been significantly reduced after the second regeneration, and 

the amyloid biomaterial formed by peptide 5 eventually showed significantly less 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

As-syn. 1st Reg. 2nd Reg. 3rd Reg. 4th Reg. 

N
u
m

b
e
r 

o
f 

C
O

2
 

M
o
le

c
u
le

s
  

p
e
r 

P
e
p
ti
d
e
 



 

38 

 

 

capture after third regeneration. This finding suggests that 23 hours of regeneration time 

possibly had a negative effect on the amyloid biomaterial formed by peptide 5.  
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Figure 4-9. Breakthrough Curves of 1

st
 Regenerated Amyloid Biomaterial Formed by 

Peptide 5 (Free) and As-synthesized Amyloid Biomaterial Formed by Peptide 5 (Dead).  

 

 

4.4 Finding Optimum Regeneration Condition 

 

For the continual use of adsorbent, material has to be fully regenerated under 

mild heating condition. Comparing the capacities after regeneration at certain 

temperature in vacuum oven or BET activation process, a proper regeneration condition 

is being determined. BET activation process with 100  of temperature at high vacuum 

(under 20 mHg) for 2 hours has produced reproducible results. However, the proper 

regeneration time should be confirmed, as it might not show a full capacity. Additional 

experiments have been conducted for the finalization of the optimum condition. The new 

condition considers the stability of biomaterial after repetitive regeneration cycles as 

well as the working capacity. The difference of characteristics between regenerated and 

saturated biomaterial could be subsequently investigated by the result of transmission 

electron microscopy (TEM), and powder X-ray diffraction. 
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5. CONCLUSION AND FUTURE WORK 

 

 

Amyloid biomaterial based on computational design of peptide sequence are 

synthesized and evaluated to test CO2 capture capacity. The material is considered as a 

strong alternative for CO2 adsorbent, since amyloid biomaterials have moderate 

regeneration temperature, high stability during the regeneration cycles selectivity for 

CO2 and water stability.
18,126

 Promising five peptide sequences are obtained from the 

computational design that implements the mutation of residues in the way of both 

functionalization and stabilization. This peptide is ordered and is fabricated into the form 

of amyloid biomaterials by a self-assembly and the lyophilization of the mixture of 

peptide fibrils and phosphate buffer. Breakthrough measurement studies show that 

amyloid biomaterial from peptide 1 to 5 captures CO2. Amyloid biomaterials formed by 

peptide 1 and 5 showed promising CO2 captures after regeneration, but amyloid 

biomaterials formed by peptide 2, 3 and 4 showed limited capture after regeneration. The 

results of amyloid biomaterials formed by peptide 1 and 5 show that the CO2 capture 

mechanism does not only rely on the capture of exposed arginine or lysine groups acting 

as amines. Although amyloid biomaterials from peptide 1 and peptide 5 showed good 

capture after first regeneration, those were gradually reduced after several cycles of 

regeneration. This suggests the necessity of the optimized regeneration conditions, 

especially in terms of regeneration time. Additional test using amyloid biomaterials are 

required for the finalization of regeneration condition and validating the computational 

design results. After the posterior computational validation based on the experimental 

results, the new peptides were ordered and will be tested soon. Breakthrough 

measurement in humid condition will be also conducted to verify the capture capacity in 

the presence of water.  

Repeating research cycles from computational design to experimental validation 

can contribute to improve the computational design methodology of fibril forming 

functional peptides for the amyloid biomaterials. Check needs to be added to verify that 
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if designed scaffolds are antiparallel or parallel then the designed biomaterials show 

corresponding performance based on the antiparallel or parallel arrangement, 

respectively. CO2 Adsorption Isotherm should be further investigated to understand the 

mechanism and dynamics of CO2 adsorption and desorption through the type of its 

isotherm curve. Powder X-ray Diffraction, Transmission Electron Microscope, and 

Solid-State NMR will help to characterize the states from the saturated biomaterial to the 

regenerated biomaterial. This would also help confirm the occurrence of chemisorption 

by the carbamate. Correlation between the number of residue participation in  -sheet of 

designed peptides and the thermal stability of amyloid biomaterial formed by such 

peptides can be additionally investigated to develop more stable amyloid biomaterials. 

Comparison between the result of explicit simulation and implicit simulation will give 

an insight to have a better understanding of CO2 capture.  
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