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SUMMARY 

Organized bionanocomposites are promising new materials since they are 

biocompatible, biodegradable, and can be used in a variety of applications such as flexible 

electronics, wearable sensors, and molecular sieving membranes. However, their 

mechanical and functional performance is not up to theoretical predictions due to a gap in 

understanding fundamental interactions between the biopolymeric and synthetic 

components of multilayered composite films. This work will focus on chemical and 

morphological changes of structural proteins in intimate contact with two-dimensional 

nanofillers when exposed to differing chemical environments and the resulting mechanical 

and conductive properties of multilayers composites. 

The first task aims to unveil the mechanisms behind silk fibroin’s natural 

morphological reorganization in direct contact with the surface of Ti3C2Tx MXene over 

time in aqueous solution. In the second task, the mechanical properties of silk-MXene 

multilayered composite films were investigated. Finally, suckerin-12 protein encapsulated 

MXene flakes are fabricated and their morphological reorganization in response to salt 

annealing was studied. These studies showed that MXene can be uniformly encapsulated 

by proteins with secondary structures that can be manipulated with non-covalent methods. 

Organized layered nanocomposites formed from these hybrid materials display enhanced 

mechanical properties dependent upon protein concentration and secondary structure. 

This work will inspire the fabrication of functional bionanocomposites with 

tailorable properties facilitated through interfacial interaction manipulation via non-

covalent methods. These studies provide a framework for understanding interfacial 

interactions between structural proteins and two-dimensional synthetic materials and 

outlines techniques with which functional organized protein composites can be designed. 
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CHAPTER 1. INTRODUCTION 

Natural nanocomposites are known for having unique mechanical properties 

achieved with varying hierarchical structures. Specifically, silk and cellulose have gained 

attention in recent years as high performance materials for controlled drug delivery, 

nanocomposite films, bio-sensing applications and more due to their natural abundance, 

mechanical toughness, and high strength.1 These natural components have been assembled 

with other synthetic components such as graphene oxide for increased strength and 

functionalities in electronic applications.2–5 The unique characteristics given by the 

versatility of these components lend a degree of variability and tunability not achieved in 

traditional composites. Fundamental understanding of interfacial organization and how it 

pertains to macroscopic mechanical and chemical properties offers insight required to 

design highly strong and functional composites for different applications.  

The future of nanomaterials is in the ability to enhance structural properties and 

provide added functionalities to enable emerging nanotechnologies and their prospective 

applications to thrive. Specifically, nanomaterials need to improve upon the mechanical 

performance of traditional materials while introducing novel functionalities like sensing, 

self-healing, and energy storage.1 Examples include UV-protecting coatings on vehicles 

that provide self-healing functions or clothing that is robust and comfortable while 

providing chemical sensing useful for detecting toxic chemicals or monitoring the health 

of the wearer.1 Specifically, bionanocomposites offer a unique approach to this field due 

to their ability to enhance mechanical, optical, and electrical properties while 

simultaneously being responsive, biocompatible, biodegradable, and made from earth-

abundant sources.  
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Aside from providing resources, nature provides an abundance of inspiration for 

functional materials. Spiders extrude dual functional silk fibers that are adhesive for 

catching prey and robust for building webs while wood is both strong and tough, which is  

     

 

Figure 1.1 Schematics showing (a) grains held together with biopolymers, (b) 
mechanisms of sliding with and without organic layers, (c) interlocking CaCO3 plates 
with protein mortar in nacre, (d) crack bridging shown with horizontal tension, as 
well as comparisons of (e) strength, and (f) toughness of natural nacre and synthetic 
composites. Figure from ref. 6 

   

difficult to obtain together, due to hierarchical organization of proteins and nanocelluloses, 

respectively.1,7,8 Nacre is a composite material of both hexagonal platelets of inorganic 
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grains glued by proteins and organic components that make up the shells of some 

cephalopods, gastropods, and even pearls.9 These shells gain their strength from the 

organization of the inorganic platelets and organic proteins, shown in Figure 1.1, giving 

inspiration to laminated composites.6 Hard plates like in nacre or 2D flakes like graphene 

oxide or Ti3C2Tx MXene are very strong but are brittle if their movement isn’t mediated 

by some flexible component thus making hybrid materials with strong plates and soft 

organic constituents good candidates for materials with tunable mechanical properties. 

The field of organized bionanocomposites uses inspiration and derivation from 

natural systems to solve problems in unique ways. Bionanocomposites can be optically 

active, electrically conductive, and self-healing. These properties can be achieved by 

incorporating synthetic components with useful properties like conductivity and optical 

activity into functional biopolymer matrices. Specifically, the natural components can 

mediate movement of the flakes while providing responsive behavior to external stimuli 

such as pH changes, temperature, humidity, etc. to achieve tunable properties.1 While these 

numerous properties are imperative to the development of responsive and functional 

composites, the natural components provide a certain complexity that cannot be easily 

discerned. Thus, it is important to understand how these natural components act in contact 

with synthetic fillers in different environments to better design bionanocomposites for 

specific applications.   

1.1 Natural Components 

Due to the complexity and efficiency of biological systems, nature has inspired the 

use of bio-derived materials and functional structures. As shown in Figure 1.2, the bio-
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derived materials to be used in this work include silk fibroin and suckerin-12 proteins while 

Ti3C2Tx MXene will serve as the synthetic component. Considering that much has been 

done in this area with graphene oxide, it is important to understand its chemistry and 

interactions and use the knowledge as a model for systems in this work involving MXene. 

Both synthetic materials are electrically conductive and mechanically strong 2D flakes with 

   

 

Figure 1.2 Chemical and domain structures of (a) silk fibroin modified from ref.,10,11 
(b) suckerin-12 modified from ref.,12,13 (c) graphene oxide,14 and (e) Ti3C2Tx MXene 

where T= O, OH, or F.15  
 
 
surface moieties, containing oxygen, that provide availability for functionalization as well 

as solvent and chemical interface interactions. Silk fibroin and suckerin-12 materials will 
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provide strength and tunability to laminated bionanocomposites through secondary 

structure mediation and adhesion. 

1.1.1  Silk Fibroin 

Among the most popular biopolymer materials explored for bionanocomposites is 

silk fibroin. It is created by several species including many types of spiders and bombyx 

mori worms for purposes in protection from prey and sunlight and for movement.7 The 

animal itself can choose when and what type of silk to extrude based on its current need 

such as dragline, cocoon, or web. Due to their ability to form into strong beta sheet 

structures, silk fibers have proven to be stronger than many conventional materials such as 

steel and Kevlar making it a massive interest in the scientific community.16  

The mechanical strength of silk lies in its glycine and alanine rich domains that 

create anti-parallel beta-sheets, modeled in Figure 2a, while its bendability its attributed to 

the helices and random coils comprised of glycine and tyrosine domains.7,16–18 Even after 

extrusion, some modification can take place when annealed with water vapor, methanol, 

or heat making them useful for applications in sensors and responsive materials.19 While 

reconstituted silk is solution processible, it lacks the hierarchical structure and strength of 

raw silk since it requires the use of chaotropic agents to cut the fibrils.20,21 However, it has 

been shown that the secondary structure of recombinant silk can change in response to 

mechanical shearing, chemical environment changes, and solvent annealing allowing for 

tunability in post processing.17,18  

Specifically, silk from Bombyx Mori worms contain both hydrophilic blocks rich 

in tyrosine and glycine and hydrophobic blocks of alanine and glycine that give rise to the 
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overall hierarchical design of a fibroin (Figure 4.1b).16 These blocks are composed of 

various secondary structures brought on by hydrogen bonding between chains such as β-

sheets and random coils that determine the size of each block and also the ultimate 

mechanical strength.  Due to its unique chemical design with diverse multidomain 

composition, silk fibroin can interact with heterogeneous inorganic fillers through 

electrostatic, van der Waals, hydrophobic, and hydrogen bonding of different blocks.22  

This makes it an attractive material for nanocomposites with enhanced interfacial strength 

as demonstrated with graphene oxide at different reduced states such as biographene 

papers.11,19,23 Many of these nanocomposites can be made into ultrathin, transparent, 

strong, electrically conductive, and optically active films or fibers.1,24–26   

1.1.2   Sucker Ring Protein 

Recently, another family of proteins with similar structures to silk has been discovered in 

the sucker ring teeth (SRT) of cephalopods and are aptly named suckerins. These teeth 

were found to be all protein and comprised of different isoforms held together with 

hydrophobic and hydrogen-bonding interations.27 These proteins provide high hydrated 

and dry moduli of 4 GPa and 8 GPa, respectively, to the SRT.28 The suckerin protein family 

consists of 35 isoforms with unique amino acid sequences and molecular weights. Great 

scientific interest has been sparked in this family of proteins due to their β-sheet dominated 

structure that creates strong nanoscale constructs by self-assembling without the need of 

crosslinking mineralization.29,30  

Despite their similarity to silk, suckerins are modular proteins that can be expressed 

with monodisperse molecular weights from 5 to 60 kDa.13,31 The block-copolymer like 
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proteins form structures consisting of isotropically oriented β-sheets, typically composed 

of histidine, alanine, and threonine in an amorphous matrix of glycine, tyrosine, and 

leucine.13 β-sheets are brought on by intermolecular bonding and strong pH sensitive 

peptide-peptide bonds are formed in histidine and alanine rich segments.32  The isoform 

used in this study is a histidine tagged form of the smaller suckerin-12 isoform with a 

molecular weight of only 27 kDa  and a chemical structure consisting largely of 29%, 15%, 

12%, and 8% of glycine, tyrosine, alanine, and histidine, respectively.12 Given histidine’s 

propensity for deprotonation at higher pH, it can aid the self-assembly of the protein while 

alternatively increasing solubility at a low pH. This allows for tunable control in secondary 

structure manipulation that could prove useful in composite materials.  

1.2  Two-Dimensional Flakes 

Two-dimensional (2D) functional materials such as graphene, transition metal 

dichalcogenides, and hexagonal boron nitride have garnered much interest in the scientific 

community due to their unique chemical, electrical, photonic, and structural properties as 

pure materials and as components of composites.1,14,33–38 

1.2.1  Graphene Oxide 

Two-dimensional materials like graphene are of considerable interest as 

bionanocomposite fillers due to their unique geometry that allows for high strength, 

electrical conductivity, and high light transmittance. This unique geometry specifically 

allows graphene to have a transmittance as high as 97%, a low electrical sheet resistance 

of 125 ohm m-1, and a Young’s modulus of 1TPa even at less than a nanometer in 

thickness.39 However, the lack of surface functionalities creates enormous difficulty in 
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processing, giving rise to graphene oxide (GO), a 2D sheet of graphene with a high 

concentration of oxygen moieties that makes it dispersible in water.  

Like graphene, GO is transparent due to its single-atom thick layer and strong due 

to the honeycomb basal plane structure. Perhaps the most interesting part of GO is the 

surface hydroxyl, epoxy, and oxygen groups that make it hydrophilic, dispersible in water, 

and capable of hydrogen bonding.14 GO has been found to have use in many applications 

in strong composites, sensors, and even biological imaging due to its unique chemical 

structure. GO is frequently paired with biopolymers like cellulose and silk to make robust, 

electrically conductive, and flexible nanocomposites.2,5,40   

1.2.2  Ti3C2Tx MXene 

In recent years, a novel family of 2D materials known as MXenes41,42 has become 

the subject of intense research due to their high electrical conductivity upwards of 15,000 

S cm-1 (Ti3C2)43 coupled with the high Young’s modulus values, 330 ± 30 GPa for Ti3C2
44 

and 386 ± 13 GPa for Nb4C3,
45 among solution-processed 2D materials.44,46,47 Their rich 

surface chemistries and chemical functionalities make MXenes viable for a large variety 

of applications in electronics, separation membranes, wearable sensors, and biomaterials 

for medical use.48,49 

As shown in Figure 1.3a, MXenes are created by etching the A component from a 

MAX phase where M is an early transition metal, A is usually a group IIIA or IVA element, 

and X is nitrogen and/or carbon.49 These materials consist of Mn+1XnTX layers (n=1, 2, or 

3) where Tx represents a surface terminal functional group of either -OH, =O, or -F that is 

formed as a result of the etching process. 
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Figure 1.3 Schematic of (a) MXenes and their corresponding MAX phases,49 and the 
structure of Ti3C2Tx with varying degrees of T= -O, OH, and F groups in the (b) 
stacking direction, (c) top view, and (d) illustration of hydrogen bonding (black dotted 
lines) between layers. Figure b-d modified from ref.50  

 

For this study, Ti3C2TX, etched from Ti3AlC2 using LiF and HCl, was obtained from 

collaborator Prof. Gogotsi’s group at Drexel University. Our collaborators have extensive 

experience in synthesis and study of MXenes for various applications from electrically 

conductive films to molecular sieving membranes.48,49,51,52 Due to the nature of the 

synthesis, MXenes typically have O, OH, and F pendant groups giving it a slightly 

amphiphilic nature allowing for solution processing.49  Despite having surface functional 

groups that allow for dispersion in various polar solvents and reduce oxidation upon storage 

and use, without proper surface modification, a propensity for oxidation in humid 

environments and restacking in aqueous suspensions may cause significant reduction of 

conductivity and mechanical performance over time.34 Unlike graphene oxide, these 

groups do not reduce the conductivity of the flake so much that it cannot compete with 

others of its type making it an obvious choice for applications in electronics.   

The surface chemistry of MXenes is difficult to determine however, some studies 

suggest that the ratio of =O, -OH, and -F groups on the surface of the flakes can be changed 
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using different synthesis methods.53 Modeling has been used to show more detailed 

structures of atoms in MXene flakes with emphasis on the surface terminations. Figure 3b 

shows one of the more stable structures of MXene with an approximate ratio of 3:24:19 for 

oxygen, hydroxyl, and fluorine groups, respectively.50 While modeling proves to be useful, 

experimental results are necessary for confirmation.  

1. 3  Hybrid Materials 

1.3.1  Modified Graphene Oxides 

   

Figure 1.4 Graphene oxide functionalization routes through non-covalent and 
covalent interactions on basal planes and sheet edges.76 

    

Although there has been extensive recent research interest in the modification of 

graphene derivatives and MXenes, there does not yet exist a commensurate research effort 

into the incorporation of modified flakes into novel, functional composite materials.  

 
Physical entrapment40,54  
π-π55–57 
Ionic interactions8,58,59 
H-bonding60–62 
van der Waals63 
Etherification64 
 
Esterification65–67 
Amidation14,68–70 
Heterocyclic ring formation71 
 
Silylation72 
Addition of isocyanate73,74 
Addition across epoxide75 
Free-radical addition76,77 
Diels-Alder/”Click”78–80 
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However, in the past few years some studies have shown that modified flake-based 

bionanocomposites can be used for a variety of functional applications. 

Because these composites consist of bio-derived materials, they are often capable 

of degradation, reduced cytotoxicity, and enhanced biocompatibility making them eco-

friendly and viable for biomedical applications. Modified graphene oxide (MGO) is central 

to the desired mechanisms of these bionanocomposites. These studies show that MGO 

   
Table 1.1 Bionanocomposites containing functionalized graphene oxides and 
biomaterials. 

Bio-
derived 
material 

Surface 
Modification 

Method of 
assembly 

Reported 
Application 

Issues Ref 

Chitosan Nitrene 
chemical 

reduction and 
grafted 

chitosan 

Drop cast Biosensors, 
tissue 

engineering, 
separation 

membranes, and 
food and 

biomedical 
packaging 

Poor MGO 
ordering and 

low 
mechanical 

strength 

81,82 

Poly (lactic 
acid) 

Starch Compression 
molding 

Thermally 
stable, structural 

film with gas 
barrier 

Low 
mechanical 
strength and 
gas barrier 

83 

Cellulose 
acetate 

Sulfonated 
poly (ether-

ether-ketone) 

Drop cast Strong films 
with gas barrier 

and thermal 
stability 

Low 
mechanical 
strength and 
gas barrier 

64 

Sodium 
Alginate 

Tetraethylene
pentamine 

Drop cast Strong, 
thermally stable, 

biodegradable 
films 

Low 
mechanical 

strength 

84 

Polylactide Grafted 
polylactide 

Drop cast Bone 
replacement and 

packaging 

Aggregations 
and low 
optical 

transparency 

60 
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containing bionanocomposites can be well functionalized and tuned to be useful for very 

specific applications.  Many of these bionanocomposites have dual functionalities such as 

artificial muscles used for actuator applications or mechanically enhanced composites with 

antimicrobial properties.  GO and MGO have been shown to also increase the oxygen 

barrier of composites so it is expected that various combinations of modified flakes and 

biopolymers could arise and be useful in several fields not obviously related.  Since MGO 

bionanocomposites have increased mechanical properties and biocompatibility it is also 

reasonable to expect even more studies on these composites for biomedical applications.   

1.3.2  Modified MXenes 

Scientists have begun to modify the surface of MXene flakes in recent years as 

well. Typically, small molecules such as aluminum ions and metal nanoparticles are 

investigated with a distinct lack of large molecule attachment.85,86 MXene is welcome to 

the addition of such materials since it has an abundance of surface =O, -OH, and -F pendant 

groups. Modification of 2D flakes can add functionality to the already great material as 

well as offer stability in solution and against oxidation and aggregation, a current issue 

with T3C 2TX MXenes. 

Due to their numerous pendant groups, MXenes and graphene oxides are solution 

processable and therefore can be modified in aqueous solution. Previously, scientists have 

attached polydopamine by mixing dopamine and graphene oxide in aqueous solution while 

polymerization takes place. Hydrophilic and amphiphilic copolymers have been shown to 

graft directly to the surface of graphene oxide in water.3 These 2D flakes can be dispersed 

in water and mixed with an aqueous solution of biopolymer to form uniform coatings of 
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said biopolymer. Excess material can be washed away with simple centrifugation steps 

since these biopolymers are more attracted to the surface of the 2D flakes than the 

surrounding solution.  

1.4  Nanocomposite Systems 

1.4.1  Nanocomposite Assembly 

The organization of individual components in nanocomposites is of vital 

importance to its mechanical, electrical, and chemical performance. As such, it’s no 

surprise there are numerous ways of assembling the components including layer-by-layer 

(LbL) assembly via dip, spray, and spin casting onto various substrates.87 This method is 

frequently used to create organized and ultra-thin films with nanoscale precision for  

 

Figure 1.5 Fabrication of ordered bionanocomposites via (a) layer-by-layer assembly, 
(b) vacuum assisted filtration, and (c) cast drying.1 (Figure modified from ref 87–89) 
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various applications. Using the unique chemistries of the components, one can alternately 

layer positively charged material with a negatively charged material to make a film held 

together by electrostatic attraction. Specifically, mechanically strong and robust laminated 

structures inspired by nature’s nacre design can be made with this method. While the 

components discussed in the previous section are highly useful, they can be combined in 

variations that afford useful characteristics. Biopolymers provide an option for tunability, 

increased strength, and glue for strong, functional, and electrically conductive 2D 

materials.  

Precision and high degrees of ordering are extremely useful in retaining good 

functionality but LbL is time consuming and is difficult to scale up leading to another 

methods of assembly called one-pot assembly. In this technique the components are mixed 

before fabrication via drop casting, Meyer bar coating, or vacuum filtration. While the 

components discussed in the previous section are highly useful, they can be combined in 

variations that afford useful characteristics. Biopolymers provide an option for tunability, 

increased strength, and glue for strong, functional, and electrically conductive 2D 

materials.  

1.4.2  Silk and Graphene Nanocomposites 

Silk and graphenes have frequently been paired to make robust, electrically 

conductive, and flexible nanocomposites in the form of films, hydrogels, and aerogels with 

tunable properties.5,24 Specifically, the silk can mediate movement of the flakes via 

effective load transfer through an array of hydrophobic, van der Waals, electrostatic, and 

hydrogen bonding interactions while providing responsive behavior to external stimuli 
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such as pH changes, temperature, humidity, etc. to achieve tunable properties.1 The 2D 

flakes in these composites typically provide structural stability and electrically conductive 

properties useful in applications ranging from biosensors to photothermal heating. 

Wang et al. reported that silk fibers, which are loaded with traces of CNT and 

graphene components by directly feeding Bombyx mori larval silkworms with CNT and 

graphene solutions, demonstrated remarkable mechanical enhancement. Further 

pyrolyzation of these nanocarbon-loaded silk fibers resulted in carbonized nanocomposites 

with greatly enhanced electrical conductivity.90 In some cases, it is suggested the interfacial 

interactions between NPs and SF play a dominant role in improved toughness. For 

example, graphene oxide and silk nanocomposite membranes have been fabricated with 

varying ratios using the spin assisted layer-by-layer technique. When the volume ratio of 

GO (0.04 wt% in concentration) reached 23.5%, the tensile modulus, ultimate stress, and 

toughness of the nanocomposites reached 145 GPa, over 300 MPa, and above 2.2 MJ m−3, 

respectively, which far exceed other SF-based materials.24 The extraordinary mechanical 

properties were ascribed to the interphase reinforcement mechanism in which the 

complementary heterogeneous surface functionalities of GO and SF made them intimately 

connect via a dense network of various interactions including hydrogen bonding, polar, 

and hydrophobic interactions promoting the formation of a strong molecular interphase 

zone. These ultrathin and ultrarobust GO-SF nanocomposite membranes have the potential 

application in bio-sensing devices or protective molecular coatings due to the GO provided 

strength and conductivity and SF provided reinforcement and biocompatibility. 

The assembly of SF and GO is vitally important to the mechanical properties of 

these films.26 These systems often have a “brick-and-mortar”91 structure inspired by nature 
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where the GO serves as the strong “bricks” and the silk is the flexible component that is 

the “mortar” that connects them. This form has been produced using various methods 

including vacuum filtration, but layer-by-layer assembly has proven to be best for 

nanoscale manipulation of structure via deposition of single monolayers of components at 

a time. Using this method, films with elastic modulus up to 76.8 GPa have been made by 

improving the interfacial strength of silk and GO via pH manipulation adding ballistic 

armor to the growing list of applications for these systems.92 

1.4.3  MXene Nanocomposites 

Though new to studies in combination with proteins, few papers have shown 

MXenes to create electrically tunable93 and stimuli-responsive electromagnetic 

interference shielding94 membranes in combination with various proteins. Mixing of 

proteins with differing repetitive sequences, inspired by squid sucker ring proteins, with 

MXene at different ratios has been used to vary solution viscosity for inkjet printing94 and 

dry volume for controlling thin film conductivity.93 These proteins allow for interface 

mediation between the conductive component with themselves and various substrates 

while still having high conductivity. Surface modification with collagen95 and 

polypeptides93 have allowed for better biocompatibility and solution stability. These 

studies show MXene as a promising filler in protein nanocomposites for several useful 

applications.   

1.5  Limitations in Bionanocomposites 

Designing novel nanocomposites with synthetic and bio-derived components with 

unique functionalities requires fundamental understanding of system organization and how 
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it affects overall performance. There have been numerous studies of the combination of 

synthetic and natural components for functional nanocomposites but these materials 

haven’t achieved theoretical functionalities and mechanical properties.1 This gap is caused 

by a distinct lack of understanding of the complicated interactions, mechanisms, and 

organization driving the performance of these materials.    
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CHAPTER 2. GOALS, OBJECTIVES, AND ORGANIZATION AND 
COMPOSITION OF DISSERTATION 

2.1 Research Goals 

The goal of this research is to understand the fundamental mechanisms of 

organization of proteins when co-assembled with two-dimensional synthetic flakes and 

leverage the components in ordered, mechanically strong, chemically stable, and functional 

bionanocomposites by manipulating the interfacial interactions and organization of bio-

derived components (Figure 2.1). This can be broken into multiple smaller goals to (1) 

understand the interfacial interactions between components in protein-based functional 

nanocomposites by studying the influences of secondary structure, morphology, and 

organization on 2D MXenes and silk fibroin, (2) fabricate mechanically enhanced 

multilayered MXene composites by varying concentration and secondary structure of 

biomacromolecules elucidated in previous studies for bulk materials, (3) apply the 

fundamental knowledge gained from the model study to investigate the combination of 

MXene and a novel protein, suckerin-12.   

 

Figure 2.1. Schematic showing material components and research plan. 
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2.2 Technical Objectives 

In this research, two important mechanically robust proteins (silk fibroin and suckerin-12) 

with tunable secondary structures are assembled with two-dimensional synthetic Ti3C2Tx 

MXenes and used to form multilayered composites with tunable properties. The goals of 

this research are realized through the following specific tasks:  

 Modifying the surface of MXene flakes with silk fibroin and investigating the 

effects of time and local chemical environment on the biopolymer secondary 

structure as mediated by direct attachment to a synthetic substrate.  

 Fabricating microscale and nanoscale organized composite thin films through 

vacuum filtration to assemble the materials into the hierarchical organizations of 

nanocomposites and investigating the resulting enhanced molecular sieving and 

mechanical performance.  

 Use chemical modification techniques founded in previous tasks to modify the 

surface of MXene with the less studied suckerin-12 protein and elucidate structural 

changes resulting from exposure to differing salt environments in an effort to 

determine the possibility mechanically tunable composites. 

A model system of silk fibroin and MXene was used to advance these objectives. 

First, silk fibroin was adhered to the surface of the MXene, and secondary structure 

change was investigated in response to time and temperature. The components were 

then used to form bulk multilayered composites with varying ratios of to determine the 

relationship between secondary structural changes and mechanical properties. The 

information gleaned from this model system was leveraged in a new system to study 
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the newer less-understood protein, suckerin-12, in conjunction with MXene. This 

dissertation provides knowledge on fundamental processes of organization of two 

protein systems in combination with synthetic MXene and provides techniques for 

which future scientists may use to similarly investigate new materials.  

2.3 Organization and Composition of Dissertation 

Chapter 1 introduces the component materials used in this work and a critical review of 

the assembly and limitations of bionanocomposites.   

Chapter 2 outlines the research goals and technical objectives of the studies in this 

dissertation and provides brief descriptions of the chapters presented.  

Chapter 3 describes the experimental techniques used in the studies composing this 

dissertation. It includes details of methods of synthesis, processing, and characterization of 

the materials presented.  

Chapter 4 reports that Ti3C2Tx MXene flakes can be co-assembled with recombinant silk 

fibroin in aqueous suspensions with silk fibroin nanolayers uniformly covering individual 

flakes. These bioencapsulated flakes evolve with time due to the gradual growth of silk 

bundles having β-sheet secondary organization with unique nanofibrillar morphologies 

extending across flake edges and forming long fringes around individual MXene flakes. 

This spontaneous reorganization of recombinant silk suggests surface template-initiated 

formation of intramolecular hydrogen bonding of silk backbones assisted by intermolecular 

electrostatic and hydrogen bonding with the MXene flake. The formation of dense and 

hydrophobic β-sheets results in development of a protective shell that hinders the surface 
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oxidation of Ti3C2Tx in colloidal solution in water and significantly extends the storage 

life of the individual MXene flakes. Moreover, assembly into organized laminated 

composites with individual bioencapsulated flakes tightly interconnected via biopolymer 

bundles and hairs produces robust freestanding electrically conductive membranes with 

enhanced transport properties. 

Chapter 5 presents extended studies on the system described in chapter 4 including micro- 

and macro-mechanical properties of the hybrid material. Micrometer thick films produced 

from amorphous silk encapsulated MXene flakes display moduli and ultimate stress of 22.6 

± 3.9 GPa and 109.2 ± 56.9 MPa, respectively, that is double the values of pristine MXene 

film. Multilayered composites made from simple mixing of silk and MXene at different 

weight compositions reveal that adding amounts of silk as small as 2.5 wt% can increase 

the extensibility of the composites. Moreover, manipulation of incubation temperature and 

time can be used to include secondary structure changes in the templated assembly of 

attached silk fibroin.    

Chapter 6 displays studies on the secondary structure changes of the silk-like protein, 

suckerin-12, brought on by concentration and deposition differences as well as exposure to 

kosmotropic salt solutions. Using techniques founded in chapter 4, suckerin-12 

encapsulated MXene was fabricated. The morphology of this new system was manipulated 

via salt exposure and investigated using high resolution AFM.  

Chapter 7 is a summary of the results and general conclusions gained from the studies 

presented in chapters 4-6. Also discussed is the broader impact of the work in this 
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dissertation on the scientific community and possible applications and studies based on the 

work.
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CHAPTER 3. EXPERIMENTAL DETAILS 

3.1 Synthesis, Assembly, and Processing 

3.1.1 Synthesis of 2D Ti3C2Tx 

Two-dimensional Ti3C2Tx MXenes were supplied by Prof. Yury Gogotsi’s group 

(MSE, Drexel University) and synthesized following the previously reported “clay 

method.”1,2 First, 20 mL of 9M hydrochloric acid (HCl) was mixed with 2 g of lithium 

fluoride (LiF), to produce in-situ HF required for etching the Ti3AlC2 MAX phase 

precursor. Then, 2 g of Ti3AlC2 MAX phase was slowly added to the etchant solution and 

magnetically stirred for 24 h at 35°C at 400 rpm. The resultant suspension was then split 

into two 50 mL centrifuge tubes and dispersed in 40 - 45 mL of deionized (DI) water. The 

mixture was then centrifuged at 3500 rpm for 2 - 3 min and the clear supernatant was 

decanted. This process was repeated until reaching neutral pH. Sediment containing 

multilayer MXene and residual MAX phase was then dispersed in 18 MΩm Millipore 

water, hand shaken, and centrifuged at 3500 rpm for 1 hour. The resulting supernatant 

containing single- and few-layer MXene flakes of 1.6 ± 0.1 nm average height and lateral 

size around 1 µm (0.4 – 1.8 µm) was collected and used for SFMX dispersion and the 

sediment was frozen and kept for future use. 

3.1.2 Preparation of Silk Fibroin Solution 

Solutions of silk fibroin were prepared mostly via previously studied methods.3 Silk 

cocoons were cut into small pieces and placed into a bath of boiling sodium carbonate for 

30 min to remove the sericin coating. The silk was then rinsed in deionized (DI) water three 
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times for 20 minutes each. Approximately 0.5 g of dried silk was dissolved in 4.5 mL of 

9.4 M lithium bromide solution (made with Millipore water) and placed in an oven for 30 

minutes at 80 °C. The resulting solution was allowed to cool, centrifuged at 6000 rpm for 

10 minutes to remove impurities and placed into a 10,000 MW cutoff dialysis cassette. The 

cassette was placed into 2 L of Millipore water and stirred gently for 15 minutes before the 

water was removed and replaced with clean water. This was repeated for longer periods of 

time until the water was changed six times over the course of 24 hours. The resulting 

solution was kept at 4°C to prevent premature aggregation or for fast fibril formation and 

used within a month of preparation. 

3.1.3 Preparation of Silk-Encapsulated MXene 

The concentrations of all silk and initial MXene suspensions were determined by 

measuring out 200 μL of solution in aluminum weigh boats. Once dry, the boats were 

measured again to obtain dry weight per cent. Newer MXene suspension concentrations 

were henceforth determined via comparison with a previously measured suspension of 

known MXene concentration. The two components were mixed in water for 30 minutes at 

an 8:1 silk to MXene weight percent ratio and then rinsed via centrifugation to remove 

unbound silk, leaving silk modified MXene (SFMX).  To limit MXene oxidation, the 

dispersion of SFMX was refrigerated at a temperature of 4 °C for future use. The SFMX 

dispersions were diluted to 0.1 wt%, 0.05 wt%, and 0.01 wt% AFM and XPS, FTIR, and 

UV-Vis measurements, respectively. SFMX films were also prepared via vacuum assisted 

filtration to investigate its ability to self-assemble into ordered structures. 
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3.1.4 Membrane fabrication via vacuum assisted filtration 

Vacuum filtration of aqueous mixtures over nanoporous membranes was used to 

create ordered bionanocomposites containing modified 2D flakes. This technique works 

well for aqueous dispersions of 2D materials due to concentration induced alignment.5,6 As 

the vacuum pulls solution, the concentration of the dispersion increases causing 2D flakes 

to order horizontally before drying resulting in ordered laminated composites. Solutions 

were diluted to 0.02 mg mL-1 and 0.5 mg mL-1 and vacuum filtered over track-etched 

polycarbonate filters (200 nm pore size, 47 mm diameter; Whatman) supported by similar 

nylon filters to make 9.62 cm2 area films for dye filtration and mechanical testing, 

respectively. Films used for tensile testing were peeled off the substrate, placed between 

two glass slides, and dried in vacuum overnight. UV-Vis was used to match MXene 

concentration of both the pristine MXene and SFMX suspensions to ensure the same 

amount of MXene was deposited. 

3.2 Characterization 

3.2.1 High Resolution Atomic Force Microscopy 

Atomic force microscopy (AFM) images were obtained on the Veeco Dimension 

Icon microscope with light tapping mode in air, 512 samples per line, and an aspect ratio 

of 1 with tips of radius 8 nm and 2 nm for exploratory and high-resolution imaging, 

respectively.7 Samples were deposited onto freshly Piranha treated thermally oxidized 

silicon wafers via spin casting at 3000 rpm for 30 seconds or dropped onto the wafer for 

one minute and rinsed. The silicon wafers used were cleaned via rinsing in DI water several 

times, soaking in a Piranha solution of 2:1 sulfuric acid to hydrogen peroxide ratio for 1 
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hour, and rinsed again with clean water before drying off with an air gun. Heights and 

roughness of features were analyzed in the NanoScope software via the section or absolute 

depth function to obtain height histograms of the topography images.  

3.2.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 

ATR-FTIR was conducted on a Bruker Vertex 70 spectrometer using crystal 

substrate for attenuated total reflectance (ATR). To investigate the secondary structures 

seen in AFM imaging, ATR-FTIR was done on drop cast samples in the range of 4000 – 

400 cm-1 at a resolution of 4 cm-1 with 100 scans per sample and 200 scans per 

background.8–10 The resulting spectra were smoothed, background subtracted, and fitted in 

Origin software using second derivative analysis for 6 peaks in the Amide I region from 

1600 cm-1 to 1680 cm-1 using known peak assignments to account for silk secondary 

structures of β-sheets, random coils, helices, and turns.8,9,11 

3.2.3 UV-Vis Spectroscopy 

UV-vis spectroscopy measurements were carried out with a Shimadzu UV-3600 

Plus Spectrophotometer with a quartz cuvette. Prior to the measurements, a background 

was taken using water in the same cuvette. For concentration determination measurements, 

the cuvette was dried with air before the solution was added. All measurements were taken 

with at medium speed with 0.5 nm intervals from 1000 nm to 180 nm. 

3.2.4 X-ray Photoelectron Spectroscopy 

XPS was done using a Thermo K-Alpha XPS. Survey spectra were obtained with 

two scans and high-resolution spectra of titanium, carbon, oxygen, and nitrogen were taken 
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of each sample with five scans. All spectra were fitted using Origin 8.5 software with the 

Fit Peaks (Pro) function.  

3.2.5 Scanning Electron Microscopy 

A Hitachi SU8010 Ultra-High Resolution (1.0 nm) Scanning Electron Microscope 

FE-SEM was used to view the cross sections of the layered structures. Strips of prepared 

films were cut to about 3 mm wide using a blade, pulled apart uniaxially by hand, and the 

newly exposed cross section was imaged. 

3.2.6 Conductivity Measurements 

Vacuum filtered films were cut into 15 mm by 5 mm strips and measured using the 

four-point probe method. The four probes, spring loaded to reduce sample damage, were 

2.54 mm apart and connected to a Keithley 2400 source meter with 4 wire sense operation. 

Five measurements were taken, averaged, and used to calculate the conductivity. 

3.2.7 Tensile Mechanical Testing 

 Vacuum assisted filtration fabricated films were cut into 3 mm by 27 mm strips and 

glued to precut paper substrates dried overnight. The substrates cut into 34 mm X 20 mm 

pieces and hole punched to have a square were made to have 2.54 cm2 squares in the center. 

Samples were placed on a Shimadzu EZ-SX tester machine, the edges of the supports were 

cut, and the samples were pulled uniaxially at a rate of 1 mm min-1 until break. The length 

and width of the samples were measured individual after each test while SEM imaging was 

used to determine the thicknesses.  
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3.2.8 Buckling Mechanical Testing 

Since the size of 2D flakes is on the micron scale, buckling must be used to 

elucidate mechanical properties of single flakes. Flakes are deposited onto acid treated 

PDMS, imaged using AFM to determine thickness, then compressed 30% and imaged 

again using AFM.12 The thickness of the flakes and the distance between wrinkles induced 

upon compression can be used to calculate the modulus of few to single flakes.13 
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CHAPTER 4. BIO-ENCAPSULATED MXENE FLAKES FOR ENHANCED 

STABILITY AND COMPOSITE PRECURSORS 

4.1  Introduction  

Polymer coating or incorporation of Ti3C2Tx MXene (Figure 4.1a) into polymer 

matrices can address issues of environmental stability discussed previously and allow 

fabrication of robust and stable materials and devices.  There have been numerous studies 

on the combination of these synthetic 2D materials with polymers to create nanocomposites 

with enhanced mechanical properties, preservation of conductivity, and stable or added 

functionalities.1 Specifically, the natural components, such as proteins, polysaccharides, 

and amino acids, have been explored for various synthetic and bionanocomposites based 

upon proteins and various 2D functional materials.2 However, there are very few published 

research on MXene-biopolymer composites.3,4 Prior studies on biopolymer-based 

composites using other 2D materials, specifically graphene oxides, have shown they can 

be modified in aqueous suspension with various materials including block co-polymers5 

and biomaterials such as cellulose6 and silk protein.7   

Understanding the interfaces between the polymer and MXene nanosheets is 

required for manipulating physical properties of the functional composites. Specifically, 

the structure of proteins like silk when combined with 2D sheets has proven to be more 

complicated due to the balance of van der Waals interactions, hydrogen bonding, and 

electrostatic interference. Herein, we report direct co-assembly of Ti3C2Tx MXene flakes 

with silk fibroins in aqueous suspension with formation of individual flakes tightly 

encapsulated with biopolymer nanoscale coatings controlled by weak interactions (Figure  
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Figure 4.1 Surface modification of MXene flakes with silk fibroin: (a) Single flake of 
Ti3C2Tx MXene with surface functional groups (Tx = O, OH, F) and co-assembly of 
silk fibroin on flake surfaces; (b) typical amino acid composition of silk backbones.8,9 
(c) Schematic representation of individual encapsulated flake on silicon substrate 
with parameters derived from high resolution atomic force microscopy (HRAFM) 
imaging; (d) layered morphology of a thin bio-MXene film assembled via vacuum 
assisted filtration of SFMX dispersions.  

     

4.1).  Due to the similarity of surface pendant groups of these 2D flakes, silk co-assembly 

can be done on MXene similar to that observed for graphene oxide but with unique features 

caused by evolution of the silk secondary organization.  Indeed, encapsulated MXene 

flakes show unique nanofibrillar fringes around the flakes that facilitate their improved 

oxidation stability.  Their assembly into freely standing robust laminated bio-

nanocomposites with enhanced transport properties and significant electrical conductivity 

allows for potential applications in energy storage, selective transport and sensing fields. 
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4.2  Experimental Details 

4.2.1  Synthesis of Materials 

Two-dimensional Ti3C2Tx MXenes and silk fibroin were synthesized according to 

procedures previously mentioned (Chapter 3). Dispersions of MXene post centrifugation 

were purged with argon and frozen at -80 °C if not used immediately. Silk fibroin solutions 

(2.4 wt% - 4 wt%) were kept at 4 °C and used within a month of synthesis.   

4.2.4  Suspension Stability Studies 

To study the stability of the MXene and SFMX dispersions over time, suspensions 

of each at 0.1 wt%, 0.05 wt%, and 0.01 wt% concentrations were made and kept at 4 °C 

for 22 days and used for AFM, FTIR, and UV-Vis measurements, respectively. The 

remaining initial suspension (typically ~0.2 wt% SFMX) was split so some solution could 

be kept at both 4 °C and room temperature for XPS measurements. Over the course of three 

weeks, the suspensions were deposited on wafers or an ATR crystal every other day so that 

AFM, FTIR, and UV-Vis measurements could be taken at different time points. XPS 

measurements were only done for films deposited from fresh and 22 - day old suspensions. 

Control samples were made by spin or drop casting silk from solution kept at 4 °C for six 

days and 105 days. The films made from six-day old silk solution were placed in vials of 

water and kept at 4 °C and 50 °C for three days and then allowed to dry at room 

temperature. 
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4.2.5  Transport Properties 

Filtration experiments were carried out on thin membranes using a separate 2.27 

cm2 area vacuum filtration setup to avoid errors associated with membrane edges. Aqueous 

solutions (2 mL) of 0.01 mg mL-1 rhodamine 6G (R6G), methylene blue (MB), Coomassie 

brilliant blue (BB), and pyranine (P) were filtered through the films using a 17 mm diameter 

filtration setup. UV-Vis measurements were taken of all solute and filtered solutions to 

determine dye concentration before and after filtering.  

4.2.6  Characterizations 

Atomic force microscopy images of the modified flakes were obtained using tips of 

radium 2 nm for high resolution scans of fibrils.10 To test the affinity of MXene and silk 

fibroin, we spin cast MXene flakes onto a thermally oxidized silicon wafer and then ~50 

µL of silk fibroin solution was drop cast onto the sample directly, allowed to sit for one 

minute, and then rinsed with water and air dried. To ensure the same flake could be 

measured before and after the silk drop, the silicon wafer was patterned with a gold marked 

TEM grid before deposition, flakes were imaged, then treated, and imaged again. 

Histograms shown of flakes have a peak associated with the height given by AFM scans 

of the silicon substrate (lowest height peak) as well as the heights given of the flakes 

(highest height peak). SFMX flakes with a silk corona show either a distinct peak or slight 

shoulder between the lowest and highest height peaks. Attenuated total reflectance Fourier 

transform infrared spectroscopy was used on drop cast samples of 0.05 wt% SFMX 

dispersions to investigate the secondary structures seen in AFM imaging. Scanning 

electron microscopy was used to image free-standing films for thickness determination. 
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DLS measurements using a Malvern Instruments Nano series Zetasizer were taken of the 

dye solutions to investigate the surface charges. The zeta potentials were averaged over 

five scans with 10 – 100 runs each on the dye solutions using a dip cell.  

4. 3  Results and Discussion 

4.3.1  Morphology of silk-MXene flakes 

AFM images show pristine MXene flakes with lateral dimensions around 1 

micrometer (0.5 – 1.5 µm) and nanometer scale thickness (Figure 4.2a).  First, we studied 

how silk is absorbed from solution onto MXene flakes and silicon oxide surfaces by 

directly comparing the same flake before and after silk absorption by conducting repeated 

measurements of exactly the same flake which can be identified after return from exposure 

to dispersion by grid-controlled optical visualization (Figure 4.2).  MXene flakes were spun 

cast onto a silicon wafer and then silk fibroin solution was drop-cast onto the sample, 

allowed to sit for one minute, gently rinsed with water, and carefully air dried to avoid 

shear induced changes. 

Imaging of the same flake reveals an increase in rms micro-roughness (as measured 

within 150 nm x 150 nm selected surface area) from Rq: 0.272 nm to 0.505 nm while the 

surrounding wafer has an increase from Rq: 0.167 nm to 0.534 nm (Figure 4.2b). Such an 

increase is caused by the presence of globular silk protein on the flake and the surrounding 

wafer surfaces with heights of 0.96 ± 0.18 nm and 1.61 ± 0.65 nm, respectively.  
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Figure 4.2 AFM topography images (top), corresponding phase images (middle), and 
height histograms (bottom) from the selected white boxes of a pristine Ti3C2Tx MXene 
flake (a) and after silk deposition and rinsing (b). Z-scale is 7 nm for topography and 
6° scale for phase images (all scale bars are 200 nm).   

 

The average flake heights are calculated from the difference in corresponding peaks 

(substrate surface and flake surface) on the height histograms taken from 0.04 µm2 boxes 

placed half on and off the flake (Figure 4.2a). The apparent flake thickness of 2.6 ± 0.4 nm 

suggest that in this case, we observe MXene bilayer considering the average flake thickness 

of 1.6 ± 0.1 nm (Figure A.1a) consistent with literature values for individual flakes with 

pre-absorbed layers.11–14 The same thickness after silk deposition suggests a similar affinity 
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of the silk to both the flake and silicon wafer surfaces, each containing hydrogen-bonding 

surface groups.15   

 

 

Figure 4.3 AFM topography images (top) and corresponding phase images (bottom) 
of co-assembled SFMX on days one (a), three (b), five (c), seven (d), and 19 (e) with 
20 nm Z-scale for topography, and 6° scale for phase images. Topography images are 
provided in false color to better show silk corona morphology. 

 

Next, we conducted AFM measurements on representative silk-co-assembled 

flakes from silk-MXene water suspensions held for different times (up to 19 days) at 4 °C 

(Figure 4.3). Modified flakes show increased thickness and evolving surface morphology 

indicating complex processes of absorption and assembly of silk materials onto MXene 

surfaces in mixed suspensions.  AFM reveals that the silk-modified MXenes show smooth 

surface with occasional globular protein structures (Figure 4.3a) followed by gradual 

reorganization of the secondary structure into long nanofibrils with a beads-on-a-string 

morphology over the course of three weeks (Figure 4.3, for all AFM images for varying 

days, Figure A.1-5).  The flake and silk corona heights were determined by calculating the 
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differences between peaks in height histograms taken from 0.25 µm2 boxes (see 

representative example in Figure A.6).  

The dimensions of individual features such as globules, nanofibers, and fibers were 

measured via cross sections as shown in Figure A.6.  Overall, the global model of the initial 

silk-modified MXene flake with all dimensions derived in the current study show an 

individual MXene bilayer encapsulated in a silk shell with the effective thickness of around 

2.5 nm, thus providing estimation of silk volume content in surrounding shell of about 68% 

(Figure 4.1c).  More complex co-assembly with distinct time related morphology evolution 

is discussed below. 

Freshly made suspension yielded 7.63 ± 0.32 nm thick MXene flakes with a bed of 

globular silk of height 0.74 ± 0.23 nm and a 1.28 ± 0.35 nm thick silk corona extending 

81.6 ± 16.9 nm off the sides of the flake (Figure 4.3a). These flakes also showed to have 

some isolated globules measuring 1.25 ± 0.1 nm and 4.12 ± 0.3 nm in eight similar to the 

spin cast silk control films shown in Figure A.7. The height on the flake may be slightly 

skewed due to the uneven surface of silk globules underneath. The most prominent 

features, extended fringes of the silk corona resemble that of irregularly shaped nanofibrils 

with some measuring 1.33 ± 0.1 nm and some 0.86 ± 0.08 nm in height, which are similar 

to those seen on conventional drop cast silk films (Figure A.7) as well as those reported in 

literature.14–16 Those structures measuring near 0.8 nm are similar to the expected 

dimensions of a single silk backbone17–19 and closely resemble nanofibers formed in 

response to shear applied by spin casting low concentration silk solutions on mica20 as well 

as those observed of silicon dioxide and graphene oxide substrates, rich in hydrogen-bond 

surface groups.7,21  
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It is clear from the analysis of these images that, as early as day two and three, 

isolated silk nanofibrils with the beads-on-a-string morphology start to form on a uniform 

bed of silk on top of MXene flakes. These nanofibrils have apparent heights 2.46 ± 0.54 

nm on top of the flakes while those that extend off of the flake measure 3.99 ± 0.6 nm in 

height, similar to those reported in literature for silk nanofibers formed on oxidized 

surfaces of different nature.20,22,23  These flakes also display a well-developed corona from 

silk nanofibers in sharp contrast with initial minor corona composed of small bundles seen 

after day one (Figure 4.3). 

Interestingly, day five aging shows a mix of flakes with a coating of large (1.65 ± 

0.93 nm) globules, some with amorphous silk coatings and nanofibrils, and some with all 

three coexisting morphologies. Some of these flakes do not have a uniform silk corona and 

displayed a morphology consisting of only large silk globules like that seen on spin cast 

silk samples after being stored in water for three days. On day seven, the flakes show 

coverage with mostly fibrils on the flake with some extending off the flake edges. The silk 

corona, at this time point, no longer uniformly surrounds the flake and instead more closely 

resembles loose packs of extended nanofibrils.  Finally, by day 19, all flakes have lost their 

silk nanofibrillar corona and show a relatively uniform coverage of the flake surface with 

densely packed nanofibrils with little extending across the flake edges (Figure 4.3). This 

morphology is only shared by the control silk films made by drop casting of silk that was 

kept in water.   

This behavior is revealed during “real-time” monitoring of silk-MXene co-

assembly in contrast to those observed for other 2D materials.1,24,25  A study on modifying 

graphene oxide with silk at high temperature and pH showed rigid silk fibroin formation 
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on a short timeline with no evidence of a silk corona.7  Previous studies have shown that 

the β-sheet organization and nanofibrillar morphology of silk is the energetically favored 

structure.26  However, van der Waals interactions between multi-block amphiphilic silk 

fibroins and hydrophobic materials like graphene disrupt intramolecular hydrogen bonding 

interactions in favor of intermolecular bonding with the hydrophobic species.27 Molecular 

dynamics simulations show that electrostatic interactions bring the silk backbones close to 

hydrophilic and oxidized surfaces, while hydrogen bonding is responsible for binding.15  

Considering that nanofibrils form as early as day three, it is most likely that the MXene 

surface is serving as a nucleation site for organized nanobundles to form.  Finally, we 

suggest that similar composition of oxygen terminated surface groups causes silk to bind 

to MXene flakes similar to those observed for graphene oxide flakes.  However, stronger 

affinity and stronger surface and predominant hydrophobicity of the MXene edge initiate 

the formation of the longer silk nanofibrils extending across the edges that is not usually 

observed for graphene oxides. To further consider the role of surface chemistries and 

secondary organization, we monitored structural changes with various spectroscopies. 

4.3.2.  Monitoring of secondary structure and surface chemistry of silk-MXene flakes 

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 

measurements show a broadening around the amine I and II peaks centered around 1530 

cm-1 and 1690 cm-1 that may be due to increased hydrogen bonding (Figure A.8).20,22 

Further measurements were taken in higher resolution in limited window to monitor how 

slight changes in the amide I peaks correspond to increases in β-sheets with co-assembly 

time (Figure 4.4).15,26,28 The analysis of the fractions of each type of secondary structure 

typically seen in silk fibroin (random coils, α-helices, turns, and β-sheets) shows the 
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amount of β-sheets in the system increasing while the other possible secondary structures 

decrease. The increase of the β-sheet content corresponds to the expansion of the 

nanofibrillar morphology at the expense of the disordered silk surrounding observed in 

AFM studies and support the conclusions made upon the morphological observations 

(Figure 4.3).  However, the fraction of random coils in silk matrix increases only until day 

seven and then decreases after. These changes correspond to the increased presence of 

bead-like features that have increased content of random coils before restructuring into 

extended nanofibrils.22   

 

 

Figure 4.4. ATR-FTIR spectra of SFMX over time (a), examples of deconvolution for 
day one (b) and day 19 (c), and the secondary structure of the silk evolution in SFMX 
after different co-assembly time (d). 
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Furthermore, to investigate the effect of silk encapsulation on the surface oxidation 

of MXene flakes, the chemical composition and light absorption features of the silk-

modified MXenes on the first and following days after modification have been analyzed 

by using X-ray Photoelectron Spectroscopy (XPS) (Figures 4.5 and A.9) and UV-vis 

spectroscopies (Figures 4.6 and A.10).   

 

 

Figure 4.5. Ti 2p XPS spectra of MXene (a, b) and Silk modified MXene (c, d) on day 
one (a, c) and after being kept in water for 22 days at room temperature (b, d). 

 

As expected, survey XPS spectra confirm the presence of titanium (Ti), carbon (C), 

fluorine (F), oxygen (O), and nitrogen (N) thus high-resolution spectra (Ti2p, C1s, O1s, 

and N1s) of each were obtained and deconvoluted to determine specific origins of the peaks 
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(Figures 4.5, A.9). Some survey spectra showed very minor traces of silicon, chlorine, and 

sodium that can be attributed to impurities from water, the substrate, and glass containers 

compromised by fluorine groups. 

The Ti 2p spectra contain three doublets representing Ti-C at 455.8 and 461.5 eV, 

Ti-O at 457.5 and 463.3 eV, and TiO2 at 459.4 and 464.7 eV. The data shows MXene 

having 29.3 % TiO2, 27.9 Ti-O, and 42.8% Ti-C while the silk modified flakes are shown 

to have 14.3 % TiO2, 30.8 Ti-O, and 54.9% Ti-C bonds on just the first day after 

modification. After 22 days, the MXene surface composition was 69.3% TiO2, 19.1% Ti-

O, and 11.6% Ti-C while the SFMX composition was 20.7% TiO2, 29.9% Ti-O, and 49.4% 

Ti-C.  

As previously reported, pristine Ti3C2Tx MXene surfaces contain =O, -OH, and -F 

surface terminations as a result of synthesis conditions.1,23,23,29 After exposure to water at 

room temperature, the Ti-C bonds reduce in number while Ti(IV) oxide bonds increase.29 

Within 10 days, larger amounts of Ti(II) and Ti(III) suboxides and hydroxides can be found 

via XPS and after 25 days, the MXene is thought to contain only Ti (III) suboxides and 

TiO2 resulting in agglomeration and falling out of suspension. Reducing the temperature 

of the suspension and filling the containers with argon decreased the overall oxidation 

rate.29 Argon gas helps to reduce oxidation more compared to decreased storage 

temperature suggesting dissolved oxygen in water accelerates oxidation at the edges of 

MXene flakes causing smaller flakes to oxidize faster.29 The XPS measurements in this 

study show a similar result for the pristine MXene suspension.  In contrast, the SFMX 

dispersion shows minimal reduction in Ti-C and little increase in TiO2 content.  Therefore, 
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we can conclude that encapsulating MXene flakes in silk shells effectively dampens 

oxidation of MXene in an aqueous environment. 

 

 

Figure 4.6. UV-Vis spectra of pristine MXene (a, b) and silk modified MXene (c, d) at 
0.01 wt% in water showing 2 peaks between 235 and 385 nm (a, c) and one between 
650 to 900 nm (b, d). 

 

To further investigate the evolution of silk-encapsulated MXenes, UV-Vis spectra 

were obtained from 0.01 wt% silk, MXene, and SFMX suspensions over the course of three 

weeks (Figure A.10).  UV-Vis spectra of SFMX suspensions show a Ti3C2Tx characteristic 

peak between 750 nm and 800 nm (5) as well as a peak at 188 nm (1), a shoulder around 

227 nm (2), and peaks at 270 nm (3) and 307 nm (4) (Figure A.10).  Peaks 1 and 2 can be 

attributed to the silk materials since both silk and SFMX display them but pristine MXene 
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does not.  All suspensions show a peak 3, and this peak is not changed significantly from 

that of pristine MXene suggesting MXene is the major contributor to this peak. 

Peaks 3, 4, and 5 are frequently examined in literature to determine the size of flakes 

and degree of oxidation.29,30  Close ups of peaks 3, 4, and 5 show a reduction in intensity 

for SFMX while only peaks 4 and 5 show a reduction of intensity for pristine MXene 

(Figure 4.6).  The decrease in peak 3 to 4 intensity ratio has been reported as due to a 

reduction of flake size or oxidation induced rounding of flakes while the absorbance 

reduction in peak 5 has been attributed to increased oxidation.31   

The summaries of changes in peak position and intensity are provided in Figure 

A.11.  Peak 5 in pristine MXene suspension shows a large decrease in intensity (by 60%) 

from the first to the 22nd day while SFMX shows a much lower decrease (by only 5%).  

During this time, the pristine MXene oxidizes and falls out of suspension while the silk-

encapsulated flakes remain more stable.   

Peak 5 shows slight blue shifting over time in the MXene and slight red shifting in 

the SFMX suspension (Figure 4.7). Typically, a reduction in intensity signifies oxidation 

of MXene flakes due to oxidation-induced edge rounding.  However, AFM shows no 

significant signs of oxidation of SFMX with a silk coating (Figure A.1-5).  

Considering the changes of silk secondary structures on the MXene flakes takes 

place in suspension over time and a lack of clear topological evidence of MXene flake 

oxidation if encapsulated, it is possible to suggest that the silk is blocking surface groups 

on MXene flakes available for oxygenation.  Silk has proven to form ordered structures 

like those observed in this study due to diverse electrostatic, hydrophobic, and hydrogen 
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bonding interactions.15  The hydrophobic β-sheets become more stable when silk chains 

are in contact with a heterogeneous hydrophilic surface due to weakened van der Waals 

interactions. The positive charges provided by the amines may grant support through  

 

 

Figure 4.7. Plots of UV-Vis peak position and absorbance intensity for peaks 3 (a) and 
5 (b, c) as designated in Figure A.8 for pristine MXene (a, b) and SFMX (c) 
suspensions. 
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electrostatic interactions with negatively charged hydroxyls.  Hydrogen bonds form 

between hydrogen and a donor atom with a lone pair of electrons (such as oxygen or 

nitrogen).  In the case of silk, the -NH group hydrogen is partially positive while the C=O 

is partially negative and provides the lone pair of electrons.15,26,32 These groups on the 

amino acids form hydrogen bonds and result in β-sheets that can be linked via van der 

Waals interactions to form hydrophobic sections and promote nanofibril formation.12,33,34  

Silk has also shown to reduce oxygenated groups on graphene oxide due to its 

amino acid reaction, resulting in the disappearance of the C=O bonds and a reduction of 

C-O, and C-OH content, thus dampening the oxidation rate.35  An additional factor is the 

increasing content of hydrophobic bundles, which densely cover the surface and edges of 

the flakes thus creating a hydrophobic cushion protecting the underlying MXene surface 

from oxidation, especially at the most vulnerable place, edges.  To this end, we suggest 

that having a unique composite morphology of silk encapsulating the MXene with a unique 

corona morphology extending over the edges is critical in the unusual oxidation damping 

observed in this study. It is worth noting that usual treatments with methanol36 and drying 

resulted in faster silk nanofibrillar formation on flakes but not extending over the edges 

preventing the unique silk corona morphology from forming (Figure A.12).15,37,38 

4.3.3 Morphology and Transport Properties of Silk-Encapsulated MXene Membranes 

Finally, we consider if having tightly encapsulated MXene flakes with tethered 

nanofibrillar silk coronas can be exploited to construct robust bionanocomposite functional 

materials.  Here, we focus on testing if robust organized silk-MXene films can be 

assembled by common assembling approaches; if the original functionalities important for 
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constructing functional devices, such as electrical conductivity, can be still preserved; and, 

finally, how some commonly known applications, such as selective ion transport via 

MXene membranes, will be altered in silk-modified MXenes. 

 

 

Figure 4.8. SEM micrographs showing cross sections of fractured MXene (a) and 
SFMX (b, c) membranes assembled via vacuum assisted filtration; (c) shows a 
magnified image of the area framed in (b). 

 

First, a film of SFMX was prepared using vacuum-assisted filtration in order to 

form organized laminated films, a common approach for 2D materials such as GO and 

MXenes (Figure 4.8).2,39–41 The MXene membrane obtained in this manner displays an 

ordered lamellar structure (Figure 4.8a) when imaged with scanning electron microscopy 

(SEM).  It is important that the corresponding SFMX membranes also possess highly 

ordered lamellar organization with an even more dense and uniform laminated packing 

(Figure 4.8b).  A continuous, 2D laminated morphology is clearly visible under higher 

magnification with delamination of individual lamellae during membrane fracturing under 

uniaxial tension (Figure 4.8c).  
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Table 4.1 Table showing resistance measurements obtained via four-point-probe 
measurements on MXene and SFMX films fabricated using vacuum assisted filtration 
as well as literature reported values.  

 

 

 

 

   

 

Secondly, we found that microscopic silk-MXene membranes remained conductive 

even if the content of silk matrix was estimated to be around 68% but silk shell having only 

2.5 nm thickness (corresponding to 3-4 backbones) (Table 4.1).  Electrical resistance 

measurements were made using the four-point-probe technique45 and the conductivity was 

calculated using thicknesses obtained via averaging measured thicknesses from SEM 

images (examples shown in Figure A.14). These measurements show a high conductivity 

for pristine MXene films of 105 – 106  Sm-1 comparable with those reported in literature for 

MXene films (105  Sm-1 and above) (Table 4.1).42,43,45 Most importantly, three and 12 

micrometer thick silk-MXene films still maintain modest conductivity values of 5940 Sm-

1 and 0.054 Sm-1, respectively (Table 4.1).  Such a reduction of conductivity is caused by 

tight encapsulation of MXene flakes with extended silk coronas over flake edges that 

creates 2-4 nm dielectric gaps between flakes and compromise the low percolation limit 

for 2D laminated materials.  However, these values are comparable to those reported for 

partially reduced 2D graphene oxide materials which are widely used for various 

electronic-related applications.46,47  Overall, in a simple preliminary demonstration, we 

Material Thickness (µm) Conductivity (S/m) Ref. 
MXene 5.20 3.64 ± 0.11×105 This work 
MXene 2.09 1.40 ± 0.02×106 This work 
SFMX 3.14 5.94 ± 0.08×103 This work 
SFMX 11.9 5.36 ± 0.87×10-2 This work 
MXene 3.3 2.4×105 42 
MXene 3.0 4.56×105 40 
MXene  3.2×105 43 
MXene 1.0 1.4×106 44 
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observed that the SFMX nanocomposites can serve as a flexible electrode in electrical 

circuitry able to light up a LED source (Figure 4.9). 

 

 

Figure 4.9 Pictures showing an LED set up with a 9V battery (a) lighting up a 5.2 µm 
thick MXene film (b) and a 10.6 µm thick SFMX film (c). 

   

Finally, we explored if membranes from silk-modified MXene can show selective 

filtration performance observed for pure MXene components.48 The good performance of 

the MXene film has been shown before with a film made using 0.24 mg of pristine MXene 

in suspension filtering out 100% of BB dye.49  To test the separation performance of the 

SFMX films, we used 0.01 mg mL-1 solutions of common dyes with diverse dimensions 

and charges: Coomassie brilliant blue (BB), pyranine (P), para methyl red (PMR), 

rhodamine 6G (R6G), and methylene blue (MB) with measured zeta potentials of -30.4 ± 

0.8, -26.4 ± 1.4, -9.0 ± 1, -0.8 ± 0.8, and 7.0 ± 1 mV, respectively (Figure 4.9).  

Each dye and filtrate solution was measured using UV-Vis in order to determine 

dye rejection based on concentration (Figure A.15). SFMX films fabricated here have 

shown excellent filtering ability for BB with MXene rejecting 97.9% and SFMX rejecting 
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100% of the filtrate (Table A.1).  The SFMX film was able to filter out 60.3%, 94.6%, 

98.8%, and 98.9% of the solutions of P, PMR, R6G, and MB, respectively (Figure 4.10).  

Control MXene films without the silk encapsulation fabricated under identical conditions  

 

 

Figure 4.10 Images of a representative SFMX film on track-etched polycarbonate 
membrane before (a) after (b) filtering out MB dye. Optical images of glass vials 
containing filtrate solution before (c) and after being filtered with MXene films (d) 
and SFMX films(e).  

    

and with identical MXene flakes could only filter out 11.5%, 43.2%, 98%, and 88.9% of 

P, PMR, R6G, and MB, respectively. The dye solutions lost most of their color after being 

filtered through both MXene and SFMX films (Figure 4.10) with only P retaining enough 

color to distinguish it from the others. For each of the solutions, the SFMX membranes had 
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slightly slower permeances than MXene with 1171.6 Lm-2bar-1h-1 and 324.7 Lm-2bar-1h-1 

permeances for clean water, respectively. 

From these preliminary results, we can conclude that one-component MXene 

membranes typically show lower rejection rate and selective filtering for negatively 

charged dyes due to repulsive Columbic interactions while silk-containing MXene 

membranes with both cationic and anionic amino acids show much higher rejection rates 

for negatively charged dyes as well as positively charged dyes selected here making them 

more “universal” membranes for filtering (Figure 4.10).  The reduction in permeance 

observed across all dyes utilized in this study suggests the presence of a silk shell with 

thickness of 2-4 nm between MXene flakes and silk corona in gaps between the flake edges 

hinder overall fluidic flow due to slow relaxation of silk segments and increased resistivity 

within small pores available (from 7 to 35 nm for different silks).50–52 The mechanical 

strength of the SFMX flakes singularly and within larger membranes should be studied to 

optimize mechanical properties for specific applications. 

4.4  Conclusion 

In conclusion, we have shown the bioencapsulation of 2D Ti3C2Tx MXene flakes 

with unique silk uniform coatings and hairy morphologies. This study demonstrates the 

ability of MXene flakes to serve as a nanostructured template for the self-assembly of silk 

nanofibrils while in mixed aqueous suspension. This selective uniform deposition of silk 

is a novel approach that effectively protects MXene flakes from surface oxidation allowing 

for longer storage time in aqueous suspensions. Through time-controlled studies of 

individual flakes and their suspensions, we have shown the evolution of silk fibril 
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formation on the Ti3C2Tx surface. This change in silk morphology can be used to control 

the mechanical properties of bio-nanocomposite films and mediate interfaces for different 

biological applications, which is an important and quickly growing area of applications for 

biocompatible MXenes, like Ti3C2Tx. This strategy also enables the fine tuning of flake-

to-flake interactions for modulating the mechanical and electrical properties of this class 

of MXene-based bio-2D hybrid materials.  Mechanical properties of this system are studied 

according to procedures established in our group53,54 and discussed in the following 

chapter.  
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CHAPTER 5. MULTILAYERED NANOCOMPOSITES FROM SILK MODIFIED 

MXENES 

5.1  Introduction 

 Nature has continued to provide materials and inspiration for the fabrication of 

mechanically robust and nanocomposites with enhanced biocompatibility and novel 

functionalities. Functional bionanocomposites have been designed to have enhanced 

mechanical robustness and tunable properties by introducing strong two-dimensional 

materials into matrices of proteins that contain a wealth chemical structures that provide 

reinforcement through secondary structure changes, hydrogen bonding, and electrostatic 

interactions..1,2 While these composites showcase systems for better integration of natural 

and synthetic components, through this “brick-and-mortar” construction, electrical 

conductivity is still difficult to maintain.3 Typically, electrical conductivity is afforded by 

the two-dimensional component. However, surrounded by insulating mortar materials, the 

conductivity of the resulting composites is often compromised. 

 Several studies have shown graphene oxide and silk to be model systems for 

fabrication of these types of composites due to the tunability of silk structure and the 

abundance of hydrophilic surface groups providing the ability for aqueous proceesing.4,5 

However, in order to be electrically conductive, the graphene oxide component must be 

reduces post-processing to retain electrical conductivity.6,7 In the previous chapter, we 

explore the use of another two-dimensional component, MXene, in multilayered 

composites with silk. MXene has an intrinsically high electrical conductivity despite 

having hydrophilic surface groups making it an ideal candidate for solution processing of 
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electrically conductive bionanocomposites.8,9 Despite a composition of nearly 75% silk, 

the fabricated composite can still retain a conductivity of 5940 S m-1 without requiring post 

processing techniques. Armed with new insights into the secondary structure changes of 

silk when co-assembled with MXene and retained electrical properties of the resulting 

composites, we set out to study the mechanical properties of such systems with varied 

secondary structure and silk content.  

5.2  Experimental Details 

5.2.1  Solution Processing 

Once suspensions of MXene were obtained, the concentrations were determined by 

filtering a known amount of solution through a previously weighed filter.10 A solution of 

0.4 mg/mL was made using this method and then measured using UV-Vis for future 

concentration measurements. Solutions of 0.36 mg/mL and 0.15 mg/mL were made for use 

in spin casting and vacuum filtration, respectively. 

MXene solutions of 0.15 mg/mL were altered to have a pH above 10 using 10 wt% 

sodium hydroxide while stirring. A concentrated silk solution was then added dropwise to 

the stirring suspension slowly to avoid aggregation. Different amounts of silk solution were 

added to create solute contents of 2.5 wt%, 5 wt%, and 7.5 wt% of silk while each solution 

contained 12.1 mg of MXene. After 10 minutes, the solution was used for making vacuum 

filtered films.    
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5.2.2  Buckling Mechanical Testing 

Since the lateral size of the 2D nanosheets are on the micron scale, buckling must 

be used to elucidate mechanical properties of single nanosheets. Nanosheets are deposited 

via spin casting at 3000 rpm for 30 seconds onto acid treated polydimethylsiloxane 

(PDMS) substrates. PDMS precursor (Dow Corning Sylgard 184) and a curing agent were 

mixed in a 10:1 weight ratio and poured over a thermally oxidized silicon wafer inside a 

petri dish. The system was then degassed in vacuum and then placed in an oven a 70 ° for 

6 hours to cure. The cured PDMS was cut with free razors into 1cm by 1 cm squares, peeled 

off the silicon wafer, and placed bottom side up in 10 v/v% hydrochloric acid for 16 hours 

to induce hydrophilic surface. The PDMS was rinsed in water, placed onto a silicon wafer 

with double sided tape, and then spin cast at 3000 rpm for 30 seconds with the desired 

solution.  

The deposited nanosheets were imaged using AFM to determine thickness, then 

compressed 30% and imaged again to determine periodicity.11–15 The thickness of the 

nanosheets was obtained using the depth function in NanoScope Analysis 2.0 and the 

distance between wrinkles induced upon compression was measured using the sectioning 

tool. Elastic modulus values were obtained by using the following equation:11 

𝜆 = 2𝜋𝑑 ቈ
𝐸௙(1 − 𝑣௦

ଶ)

3𝐸௦൫1 − 𝑣௙
ଶ൯
቉

ଵ/ଷ

 

where λ, d, Ef, Es, vf, and vs are the periodic wavelength, thickness of the nanosheet, elastic 

modulus of the nanosheet, elastic modulus of the PDMS, Poissan’s ratio of the nanosheet, 

and Poissan’s ratio of the PDMS, respectively. The modulus of the PDMS was found to be 
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3.13 MPa using compression tests. The Poissan’s ratio entered for the PDMS and nanosheet 

are 0.5 and 0.3, respectively. 

5.2.3 Tensile Mechanical Testing 

Bulk mechanical properties of each material were measured using tensile testing. 

Composites of each component were made by vacuum filtering solutions of 0.15 mg 

MX/mL through membranes on a glass setup with nylon membranes for support. Both 

SFMX films were made with solutions containing 5.23 mg MX confirmed using UV-Vis 

measurements. The mass deposited for the fresh and older SFMX solutions were 13.67 mg 

and 14.45 mg, respectively, indicating films of approximately 73 wt% silk. The same 

amount of MXene in solution without silk proved too little to create films for tensile testing 

so 19 mg of MXene was used to create a thicker film for comparison to the SFMX systems.  

Vacuum assisted filtration fabricated multilayered composites were cut into 3 mm 

by 27 mm strips and glued to precut paper substrates dried overnight. The substrates cut 

into 34 mm X 20 mm pieces and hole punched to have 2.54 cm2 squares in the center. 

Samples were placed on a Shimadzu EZ-SX tester machine, the edges of the supports were 

cut, and the samples were pulled uniaxially at a rate of 1 mm min-1 until break. The length 

and width of the samples were measured individually after each test while SEM imaging 

was used to determine the thicknesses. 

5.3  Results and Discussion 

5.3.1 Temperature Effects on Hybrid Nanosheets 
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As shown in the previous chapter, silk self- assembles into fibrils on top of MXene 

nanosheets while in solution for three weeks. To determine a quicker way of obtaining 

SFMX nanosheets with different silk morphologies while maintaining low oxidation of 

MXene, we studied the effects of temperature on their morphology. AFM images of SFMX 

kept at 35° C and  

    

 

Figure 5.1. AFM images of SFMX nanosheets spun cast from solutions kept at 25°C 
(a), 35°C (b), and 50°C (c) for 24 hours and high-resolution titanium XPS spectra of 
fresh SFMX (d) and SFMX after 24 hours at 50°C. AFM image scale bars and z scales 
are 400 nm and 15 nm, respectively.  
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50° C (Figure 5.1) show that varying degrees of fibril formation can be obtained by using 

temperature as well. After just 24 hours in solution at 35°C, SFMX nanosheets have some 

fibrils formed with a silk corona present similar to SFMX kept at 4° C for three days shown 

in the last chapter. With 24 hours in solution at 50°C, SFMX shows little to no silk corona 

with mostly fibrils similar to nanosheets cast from solution after seven days at 4°C. This 

shows that the secondary structure of the silk on MXene nanosheets can restructure with 

exposure to elevated temperature as well as with time.  

To determine the extent of possible oxidation, XPS spectra were obtained of fresh 

SFMX and SFMX after 24 hours at 50°C. High resolution scans of the titanium region 

reveal a composition of 51.2% Ti-C, 28.4% Ti-O, and 20.4% TiO2 for fresh SFMX and 

41.6%, 32%, and 26.4% for SFMX after a day at 50°C. Even at 50°C, the silk corona can 

still provide protection against oxidation of the MXene in aqueous solution.  

5.3.2  Morphology and Mechanical Properties of Multilayered Composites 

SEM imaging (Figure 5.2) reveals thicknesses of 4.7 ± 0.4 µm, 7.1 ± 0.6 µm, and 

7.1 ± 0.2 µm, for MXene, SFMX, and SFMX D22 respectively indicating mass loads of 

3.75 mg mm-3
, 1.79 mg mm-3, and 1.88 mg mm-3. All films show ordered lamellar structures 

in their cross sections. The composites with silk have more dense packing with less 

distinction between layers due to the addition of the silk protein.  
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Figure 5.2 SEM images of papers made from pristine MXene (a), fresh SFMX (b) and 
SFMX after 22 days at 4°C. Scale bars are 5 µm. 

 

Tensile tests of composites made from MXene and the hybrid components (Figure 

5.3) show great differences in mechanical properties. Given that these composite films are 

collections of several nanosheets, the modulus, ultimate strain, and ultimate stress from 

tensile testing are considered sheared properties. The stress strain curves display properties 
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resulting from nanosheets moving past each other in a shear motion and do not represent 

the intrinsic properties of the nanosheets themselves.  SFMX films have a shear modulus 

of 22.6 ± 3.9 GPa and ultimate strength of 109.2 ± 56.9 MPa while the MXene films only 

show a shear modulus and ultimate stress of 10.2 ± 2.9 GPa and 55.4 ± 14.4 MPa, 

respectively. Films made from day-22 SFMX show shear modulus and ultimate strength 

of 15.1 ± 5.2 GPa and 24.0 ± 16.8 MPa, respectively. This shows that the silk encapsulation 

does enhance the mechanical properties of the films. However, the SFMX films show a 

lower strain to break than pristine MXene with fibrillar silk-MXene severely reduced. This 

is likely due to the lack of amorphous silk available to glue the stiffer fibrillar nanosheets 

together creating more brittle films. Small amounts of silk (less than 10%) have shown to 

enhance the mechanical properties of graphene oxide films while larger amounts show less 

of a positive effect.6  

 

Figure 5.3 Stress-strain curves from tensile tests of pristine MXene, fresh SFMX, and 
SFMX from day 22 (a) and composites made with varying weight per cent 
concentrations of silk (b).  
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Figure 5.4 Plots containing values of shear modulus (a), ultimate stress (b), and 
ultimate strain (c) obtained from tensile tests of MXene silk composites at different 
weight per cents of silk. 
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To examine the effect of silk concentration on mechanical properties of these 

composites, MXene composite films were made with varying concentrations of silk (0%, 

2.5%, 5%, and 7.5%). Each film was made using 12.1 mg of MXene in solution as 

confirmed using UV-Vis measurements. The MXene solutions were diluted to 0.15 mg/mL 

and then their pH was adjusted to above 10 before being mixed with silk fibroin solution. 

Tensile tests of films made (Figure 5.3) show that increasing silk concentration 

increases ultimate stress and strain producing more ductile films. However, the shear 

modulus only increases with concentration up to 5 wt% silk and then begins to decline 

again. However, ultimate stress and strain continues to increase up to 7.5 wt% silk (Figure 

5.4). This is likely due to the enhanced extensibility brought by the higher concentration 

of the silk fibroin. During tension, the silk can unravel and extend while still adhering to 

the synthetic component thus allowing the films to undergo higher strain without 

irreversible damage.  

5.3.2  Mechanical Properties of Individual Nanosheets 

To investigate the micromechanical properties of the individual nanosheets, the 

common buckling test was used to calculate the compressive elastic modulus. Suspensions 

of MXene and SFMX were spun cast onto PDMS substrates previously treated in 10 v/v% 

hydrochloric acid for 16 hours to render the surface more hydrophilic. Compression of the 

PDMS produces periodic wrinkles parallel to the direction of stress.11,13 AFM images of 

pristine MXene, fresh SFMX, and 22-day old SFMX on PDMS before compression reveal 

thicknesses of 5.0 ± 1.4 nm, 8.1 ± 0.7 nm, and 22.7 ± 2.9 nm (Figure 5.5). This is 

significantly higher than the thicknesses of 1.6 ± 0.1 nm, 7.6 ± 0.3, and 11.6 ± 1.2 nm 
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obtained in the previous study with MXene, SFMX, and 22-day old SFMX on silicon 

substrates. Silk encapsulated MXene nanosheets show an average wavelength of 445 ± 

61.4 nm which is much larger than the average distance of 209.6 ± 43.8 nm between peaks 

that pristine MXene presents. Using the equation outlined in the experimental section, the  

   

 

Figure 5.5 AFM images and corresponding height profiles (bottom) of pristine MXene 
(a, b), fresh SFMX (c, d), and SFMX after day 22 days at 4°C (e, f) on PDMS 
substrates before (a, c, d) and after (b, d, f) 30% uniaxial compression. Scale bars are 
400 nm, and the z scale is 40 nm. 
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MXene and SFMX nanosheets were calculated to have compressive moduli of 3.7 ± 2.1 

GPa and 8.0 ± 3.0 GPa, respectively. The high variability in these values is attributed to 

the differences in thickness between individual nanosheets. SFMX nanosheets that have 

formed fibrils do not show a wavelength pattern due to their strength and small lateral size. 

These results show that the silk encapsulation causes a higher buckling modulus in both 

cases with fibrils significantly impacting the bendability of the MXene. 

5.4  Conclusion 

Amorphous silk encapsulated MXene showed enhanced modulus and ultimate 

stress due to the silk acting as glue for the brick-like 2D nanosheets. Buckling tests revealed 

moduli values of 3.7 ± 2.1 GPa and 8.0 ± 3.0 GPa, for single MXene and SFMX 

nanosheets, respectively. These tests also showed that fibrillar silk modified MXene is 

nearly incompressible on the small length scale. Tensile testing of multilayered composites 

of MXene encapsulated with amorphous and fibrillar silk displayed shear moduli values of 

22.6 ± 3.9 GPa and 15.1 ± 5.2 GPa, respectively, which are 2 and 1.5 times that of 10.2 ± 

2.9 GPa obtained from MXene only films. The SFMX films also displayed higher ultimate 

strength, but those with the fibrillar morphology had a significantly reduced ultimate 

strength and strain.  

Considering the stiffness seen during buckling tests and the lack of amorphous silk 

seen in AFM imaging, it is likely that the higher modulus is attributed to the increased 

strength of the individual SFMX nanosheets, but the lack of amorphous silk for adhesion 

between components reducing efficient load transfer and stress mediation. Typically, 

proteins enhance mechanical properties of composite films through the stretching and 
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reorientation of their secondary structure resulting in reduced crack propagation via energy 

absorption. However, this requires that the protein have strong interfacial interactions with 

the synthetic component. SFMX nanosheets with most of the silk self-assembled into fibrils 

on top of the MXene nanosheets cannot form these strong interactions to other nanosheets 

in the matrix. Thus, it is important to determine the level of silk reorganization before use 

in fabricating bulk composite films. Bionanocomposites made by simply mixing silk and 

MXene at different ratios reveal that small amounts of silk, 2.5, 5, and 7.5 wt % can 

significantly enhance the mechanical properties of organized multilayered MXene 

composites.  
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CHAPTER 6. SUCKERIN-12 ENCAPSULATED MXENE STABILITY VIA 

HOFMEISTER SALT ANNEALING  

6.1  Introduction 

 After having investigated the interactions between silk fibroin and MXene and the 

resulting mechanical reinforcements of their combination, we chose to build a similar 

system with another component to determine if other proteins react similarly to the surface 

of MXene. We chose to investigate suckerin-12 protein due to its similarity in structure to 

silk fibroin and high expression from E. Coli. Suckerin-12 is one of 35 isoforms in a family 

of modular proteins with β-sheet dominated structures that form the sucker ring teeth (SRT) 

of cephalopods through hydrophobic and hydrogen-bonding interations.1 These suckerin 

proteins provide high hydrated and dry moduli of 4 GPa and 8 GPa, respectively, to the 

SRT indicating that they could be used as a reinforcing component in multilayered 

composites without the need for crosslinking.2,3,4  

Interestingly, this protein forms heterogeneous structures with isotopically oriented 

β-sheets from organization of histidine, alanine and threonine components immersed in an 

amorphous matrix of glycine, tyrosine, and leucine.5 We used the 27 kDa suckerin-12 

isoform tagged with hexahistidine. The chemical of this protein has been shown to contain 

29%, 15%, 12%, and 8% of glycine, tyrosine, alanine, and histidine, respectively.6 

Histidine typically aids self-assembly at higher pH and solubility at lower pH allowing for 

tunable control in secondary structure. Given the relative lack of knowledge on the 

nanoscale morphology and structural changes in response to external triggers,6 we first 

studied the protein by itself on hydrophilic silicon substrates before finally assembling it 
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with MXene flakes. Considering that the natural environment of the Humboldt squid is the 

ocean, we contemplate the role of salts on the assembly of suckerin-12. 

6.2  Experimental Details 

6.2.1   Materials 

The Hofmeister salts (NaC2H3O2, Na3C6H5O7, Na3PO4, Na2SO4) were obtained 

from Sigma Aldrich and the suckerin-12 open reading frame was obtained from Genescript.  

Suckerin-12 expression and purification were conducted as discussed in prior work.6 

Briefly, the suckerin-12 fraction in purified bacterial inclusion body fractions was 

solubilized after acidification to pH 3 with HCl. After centrifugation, the resulting 

supernatant was adjusted to pH 8 with 1 M Tris HCl, pH 8, 100 mM NaCl. After 

centrifugation, the precipitate was washed twice in 80% ethanol, dried, weighed, and then 

resuspended in water at a concentration of 6 wt/vol%. Then, the pH was lowered to 3 with 

glacial acetic acid followed by dialysis overnight in water and then lyophilization. Dried 

protein was stored at −80 °C and resuspended in water and adjusted to pH 5 with glacial 

acetic acid for immediate use. 

6.2.2  Sample Preparation 

Suckerin-12 was either drop or spin-cast at 3000 rpm for 30 s at 1 and 3 wt. % to 

produce homogenous films. Spin cast films of suckerin-12 were then treated with 

Hofmeister salts at 100 mM or 200mM for varied periods of time then rinsed off with 

Millipore water and air dried.  

6.2.3 Characterization 
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Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

was used to investigate the chemical composition and secondary structure of the suckerin-

12 as deposited on an attenuated total reflectance crystal. OriginPro 8.5 software was used 

to deconvolute peaks in the amide I (1591 cm-1 to 1716 cm-1) region using the “Fit Peaks 

(Pro)” function. User defined baseline subtraction with points connected by interpolation 

was completed, the most common 6 peaks found via the second derivative search method 

were used as starting peaks, and gaussian fits applied (see detailed data on deconvolution 

in SI). 

AFM images of drop and spin cast films from 1 and 3 wt% were acquired using 

ultra-sharp tips with resonance frequency 325 kHz and spring constant 40 N m−1. A softer 

ultra-sharp tip with spring constant 2.7 N m−1 was used for the samples prepared from 0.1 

wt% suckerin-12 and MXenes. Most other AFM associated images were acquired using 

tapping mode tips whose average spring constants and resonant frequencies were 0.2 - 40 

N m-1 and 15 - 350 Hz, respectively.   

Sample thickness was measured using AFM of scratched films and with a Woollam 

M2000U variable-angle spectroscopic ellipsometer.7  Optical images were obtained using 

a Leica DM 4000M microscope to evaluate macroscopic morphology changes and large-

scale phase separation. 
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6.3  Results and Discussion 

6.3.1  Composition and Deposition Mode Dependent Suckerin-12 Thin Film Formation 

Considering its high levels of expression in E. coli,6 suckerin-12 tagged with 

hexahistidine was used for this study. To begin our studies into this novel protein, we began 

with drop and spin cast suckerin-12 films from 1 and 3 wt% aqueous solutions. AFM 

imaging revealed relatively low roughness values of 0.40 ± 0.08 nm and 0.90 ± 0.5 for drop 

and spin cast films, respectively, from 1 wt% solutions. The films show globular structure 

with some larger aggregates present in the drop cast films.  Spin cast films from 3 wt % 

solutions displayed larger scale aggregates and globules than films made from 1 wt%. 

These films also showed de-wetting patterns likely due to the higher viscosity of the more 

concentrated solution and a resulting larger roughness of 1.8 ± 0.1 nm.  

To study the secondary structure changes, we used ATR-FTIR on the films and 

focused on the amide I peak centered in the range between 1600 and 1700 cm-1 (Figure 6.1, 

B.1). This range, representative of amine bonding, contains absorptions between 1605-

1621 cm-1, 1622-1637 cm-1, 1638-1655 cm-1, 1656-1662 cm-1, and 1663-1696 cm-1 that are 

characteristic of β-sheets/aggregates, β-sheets, random coils, α-helices, and β-turns, 

respectively (Figure 6.1).8,9 The spectra of each sample was deconvoluted uniformly with 

user defined background subtraction, consistent selection of six peaks, and fitted with 

Gaussian functions to determine precise compositions of the various secondary structures 

(Figure B.2).   



 
 

89 
 

 

Figure 6.1 ATR-FTIR of drop (A) and spin cast (B) 1 wt% suckerin-12 where 
deconvoluted peaks are displayed under the overall amide 1 peak to show how ATR-
FTIR spectra were analyzed. The secondary structure in each sample calculated from 
peak area of their respective peaks is given in (C).  
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The spectra of both drop and spin cast suckerin-12 displayed structures mostly 

composed of -sheets and random coils with the spin cast. However, the drop cast film 

showed slightly less -sheets than the spin cast film with a much higher percentage of 

random coils.  From this technique, suckerin-12 is shown to have a relatively heterogenous 

structure as evident in the presence of a peak and a shoulder centered over 1650 cm-1 and 

1625 cm-1 for random coils and β-sheets, respectively (Figure 6.1).   

These results suggest that suckerin-12 can be spin cast to induce organization via 

shear forces similarly to silk fibroin.10
  Considering this similarity, it is reasonable to 

suggest that suckerin-12 also forms these β-sheets and other order structures from random 

coils when exposed to shear and rapid solvent removal.11  Due to this shear induced 

organization of hydrogen bond enhanced secondary structures brought on by spin casting, 

the suckerin-12 is rendered more stable and less soluble in water than drop cast forms. 

Proof of secondary structure reorganization suggests that suckerin-12, despite being a 

smaller isoform in the suckerin protein family, can form similar structures observed in the 

native SRT.29   

6.3.2  Hofmeister Salt Aided Suckerin-12 Stabilization and Assembly 

Anions in different salts have shown to have larger affects than cations,6 we chose 

to study the effects of different kosmotropic sodium salts in the Hofmeister series on the 

organization of suckerin-12. Exposure to most of the kosmotropic salts resulted in films 

with densely packed domains, rougher surfaces, and lower thicknesses than untreated 

suckerin-12 (Figure B.3). The suckerin-12 films started out with thicknesses of 74 nm, 83 

nm, and 116 nm and changed to 70nm, 79 nm, and 102 nm after exposure to sodium 
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phosphate, sodium citrate, and sodium sulfate, respectively (Figure B.4).  However, the 

film (66 nm thick) exposed to sodium acetate did not display contraction like those of the 

other salts.  

ATR-FTIR of the same systems revealed that exposure to sodium phosphate, 

acetate, and citrate causes shifting of the major peak to 1642 cm-1 from 1650 cm-1 indicating 

increased β-sheet content (Figure 6.2). However, films exposed to sodium sulfate only 

displayed broadening of the 1650 cm-1 centered peak. Deconvolution of the amide I peaks 

confirmed that the salts had increased β-sheet content for sodium acetate, phosphate, 

citrate, and sulfate (in order of highest to lowest increase). Conversely, the suckerin-12 

showed decreases in random coil content with sodium acetate exposed films showing the 

biggest decrease in random coils while sodium sulfate treated films had the lowest 

decrease. This reveals that exposure to these kosmotropic salts results in the random coils 

reorganizing into β-sheets.  

 

 

Figure 6.2 ATR-FTIR of the amide 1 peak of spin cast 1 wt% suckerin-12 films before 
(control) and after salt annealing for 1 hr (A) as well as a graph of the secondary 
structure composition derived from deconvolution of the spectra (B). 
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This smaller effect seen with sulfate salts is similar to those reported in literature 

for sukerin-12 hydrogel systems.6,12 Similarly, suckerin hydrogels tend to form more β-

sheets and display higher roughness and compressive moduli when exposed to salts with 

stronger conjugate bases.13 Untreated suckerin-12 films dissolve relatively quickly in water 

with drop cast films dissolving almost immediately and spin cast films only lasting a few 

minutes. Treatment with kosmotropic salts, however, prevented the spin cast films from 

dissolving despite rinsing away excess salt indicating increased stability in aqueous 

environments.  

To study the nanoscale morphology of the suckerin-12, high resolution AFM 

(HRAFM) imaging was done using a sharp tip with a 2 nm radius. The samples were made 

by dropping a solution of 0.1 wt% suckerin-12 onto thermally oxidized silicon wafers and 

then rinsed carefully with water and allowed to dry. HRAFM imaging reveals a bed of 

amorphous globular structure with a roughness of 0.4 ± 0.1 nm, similar to that measured 

for the thicker film, and some isolated fibrils measuring 2.5 ± 0.4 nm in height and 112 ± 

20 nm in length. Despite previous thoughts that drop cast suckerin-12 fully dissolves when 

exposed to aqueous solution, this closer look at the morphology of drop cast suckerin-12 

reveals this is not the entire story. It is likely that the films made from higher concentration 

suckerin-12 without rinsing dissolves in water due to a lack of cohesion within the layer 

but leaves a small layer of protein attached to the silicon substrate.  

Using these thinner samples, we investigated the effect of salt annealing on the 

microstructure of this drop cast suckerin-12. After annealing in sodium sulfate, citrate, 

phosphate, and acetate, the suckerin-12 surface displayed roughness values of 0.3 ± 0.1 

nm, 0.5 ± 0.1 nm, 1.1 ± 0.1 nm, and 0.4 ± 0.1 nm, respectively (Figure B.5). Similar to the 
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thicker spin cast films, the roughness increases when exposed to most of the salts. 

However, after soaking in sodium sulfate, the roughness decreases providing contrast to 

that seen in the spin cast films. When tethered to the surface of the silicon substrate, the 

phosphate treated films show a much higher roughness than the other salts.  

6.3.3  Morphology of Suckerin-12-MXene Nanosheets 

Considering that more β-sheet content corresponds to higher stability and modulus, 

it is reasonable to assume that suckerin-12 can enhance the mechanical properties of 

multilayered composites similar to silk fibroin. Thus, we studied the effects of suckerin-12 

in contact with Ti3C2Tx MXene with exposure to these same salts.  

Similar to our silk studies, we investigated the affinity of suckerin-12 protein for 

MXene flakes. AFM imaging of the same flake before and after deposition of suckerin-12 

reveals that the MXene flakes have an increased height and roughness with globules 

covering both the substrate and the flake indicating there is affinity between the two 

components (Figure 6.3). The apparent thickness of 1.9 ± 0.1 nm for the pristine flake 

suggests a single flake with interlocked water molecules. The difference in thickness before 

and after (2.3 ± 0.1 nm) deposition suggests the suckerin-12 has a different affinity for 

MXene than it does the silicon dioxide surface. The suckerin-12 covered flakes show an 

increase in roughness from 0.3 ± 0.1 nm to 0.7 ± 0.2 nm while the surrounding substrate 

only changes to 0.4 ± 0.1 nm from 0.2 ± 0.1 nm. Considering that an increase in roughness 

corresponds to an increase is β-sheets for pristine suckerin-12 shown in previous sections 

and literature,13 it is likely that the MXene surface allows for more β-sheet formation and 

stability than the silicon dioxide surface of the substrate wafer. 
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Figure 6.3 AFM topography images (top) and corresponding height histograms 
(bottom) of a pristine MXene flake before (a) and after (b) suckerin-12 deposition. 
Scale bars are 400 nm, and the z scale is 9 nm. 

 

6.3.2  Manipulation of Secondary Structure of Suckerin-12 Using Salts 

To determine if exposure to salt has a measurable effect using AFM imaging in this 

manner, we imaged similar flakes after exposure to sodium citrate and sodium sulfate after 

1 hour and 11 days (Figure 6.4). After one hour of treatment in sodium citrate and sodium 

sulfate, the flakes showed thicknesses of 2.99 nm and 3.04 nm, respectively, and roughness 

values of 0.65 nm and 0.47 nm. After 11 days, the sodium sulfate treated flakes showed to 

be 2.4 nm thick with a roughness of 0.49 nm while the sodium citrate treated flakes show 

a decreased roughness of 0.47 nm while the suckerin-12 on the substrate seems to be 

pulling away from the flakes. Considering the higher roughness value and morphological 
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changed observed for flakes treated with citrate than those treated with sulfate salt, 

suckerin-12 adhered to MXene displays similar structural changes in response to salts as 

those previously studied.6 This indeed shows that exposure to salt has a measurable effect 

on the morphology of drop deposited suckerin-12 when adhered to the surface of MXene 

flakes.   

    

 

Figure 6.4 AFM topography images (top) and corresponding height histograms 
(bottom) of MXene flakes with suckerin deposited after soaking in 100m M sodium 
citrate (a, b) and 100mM sodium sulfate (c, d) for one hour (a, c) and 11 days (b, d). 
Z scale is 9 nm.  

   

To get a better understanding of the microstructure of suckerin-12 adhered to 

MXene, we use HRAFM to image the coated flakes when exposed to the different salt 

environments for 16 hours to compare with similar conditions for suckerin-12 on silicon 

substrate discussed previously (Figure 6.5). Suckerin-12 adhered to MXene after treatment 

in sodium sulfate, citrate, phosphate, and acetate have roughness values of 0.26 ± 0.01 nm, 

0.50 ± 0.08 nm, 1.10 ± 0.04 nm, and 0.37 ± 0.01 nm, respectively. Sodium sulfate treated 
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suckerin-12 again has the lowest roughness while sodium phosphate has the highest. The 

trend is similar for both the silicon substrate and MXene flake, but the roughness is much 

higher on MXene showing increased inhomogeneity caused by a higher degree of structural 

changes.  All conditions show a decrease in thickness except treatment with sodium acetate. 

This could be due to contraction of the suckerin-12 as seen in previous studies.6  

    

 

Figure 6.5 AFM topography images (top) taken with an ultrasharp tip and 
corresponding height histograms (bottom) of MXene flakes with suckerin deposited 
after soaking in 100 mM sodium sulfate (a) sodium citrate (b), sodium phosphate (c), 
and sodium acetate (d) for 16 hours. Scale bars are 400 nm, squares are 300 nm X 300 
nm, and Z scales are 12 nm.  

   

6.3.4 Morphology of Suckerin-12 Modified MXene Flakes 

Next, we conducted AFM measurements of suckerin-12-co-assembled MXene 

flakes deposited via drop and spin casting. Modified flakes1.5 deposited via drop casting 

show an average thickness of 4.04 ± 0.01 nm and roughness of 0.27 ± 0.02 while flakes 

deposited via spin casting show a thickness and roughness of 4.62 ± 0.01 and 0.27 ± 0.01 
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nm. Assuming average pristine MXene thickness of 1.6 ± 0.01 nm, the suckerin-12 creates 

a shell with an effective thickness of 1.2 nm and 1.5 nm for drop and spin cast flakes, 

respectively. The higher thickness and roughness afforded to the spin cast flakes may be 

correlated to the shear induced self-assembly of the suckerin-12. 

    

 

Figure 6.6 AFM topography images (top) taken with an ultrasharp tip and 
corresponding height histograms (bottom) of drop (a) and spin (b) cast MXene flakes 
directly modified with suckerin-12 in solution. Scale bars are 400 nm, squares are 300 
nm X 300 nm, and Z scales are 12 nm.  

   

The spin cast suckerin-12-modified MXene flakes were similarly treated with 100 

mM salt solutions for 16 hours and imaged with HRAFM to determine changes in 

morphology. Flakes treated with acetate, sulfate, and citrate (in order of lowest to highest) 

had reduced thicknesses around 4 nm while those treated with phosphate were thicker at 
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about 4.9 nm. Treatment with sodium citrate induces the most inhomogeneity in the coating 

with some parts of the flake having larger globules than others.   

 

 

Figure 6.7 AFM topography images (top) taken with an ultrasharp tip and 
corresponding height histograms (bottom) of MXene flakes directly modified with 
suckerin-12 in solution deposited via spin casting after soaking in 100 mM sodium 
sulfate (a) sodium citrate (b), sodium phosphate (c), and sodium acetate (d) for 16 
hours. Scale bars are 400 nm, squares are 300 nm X 300 nm, and Z scales are 12 nm.  

 

6.4  Conclusion 

We have shown that suckerin assembly takes place with spin casting induced 

shearing and kosmotropic salt annealing rendering the protein more stable in aqueous 

environments. Our results suggest that suckerin-12 may have a multi-step self-assembly 

process in which spin casting lends higher stability to thicker films allowing their further 

treatment in aqueous salt solutions. For thinner films adhered to silicon substrates and 
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MXene flakes, the shear induced assembly may hinder homogenous secondary structural 

change in response to salt solutions.  

When spin cast rather than drop cast from higher concentration solutions, suckerin-

12 assembled into a fibrous connected network via β-sheet formation.30 We then 

characterized the self-assembly suckerin-12 when treated with salts of differing anions. 

The treatments proved to increase β-sheets formation from random coils and increased film 

stability. Self-assembly via salt annealing is reasonable considering the high salinity of the 

natural environment in which the squid live and similar to reports on other species. For 

example, it was found that the Nereis virens sandworm can plasticize and toughen its body 

via alternating anion infusion.14 Thus, it is reasonable to assume that aqueous salt annealing 

is a stabilization methods used in nature.  

We then showed that bioencapsulation of 2D Ti3C2Tx MXene flakes with novel 

suckerin-12 protein provides flakes with a uniform coating. The suckerin-12 on the MXene 

surface showed similar morphological changes in response to salt annealing as those seen 

on silicon. However, in this case, the suckerin-12-MXene flakes deposited via spin casting 

developed less homogenous changes in response to salts due to the constrictions provided 

by the MXene surface and shear assembly of the protein. It is likely that being tethered to 

the MXene surface while having shear induced organization reduces mobility of the protein 

and causes heterogeneous annealing in salt solutions. These results indicate that the 

suckerin-12 morphology can be manipulated via exposure to salts and shearing to fabricate 

bulk films with tunable mechanical properties similar to our previously studied system of 

silk and MXene.  
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CHAPTER 7. GENERAL CONCLUSIONS AND BROADER IMPACT 

7.1 General Conclusions 

This work advances the understanding of how several critical functional 

biopolymers interact in intimate contact with synthetic 2D MXenes providing an avenue 

for creating functional bionanocomposites with tunable mechanical and conductive 

properties. While recent research has shown that the combination of biopolymers and 

synthetic 2D flakes allows for composites with unique functionalities, there is still a gap 

between the interfacial processes and overall performance that limits the field of 

bionanocomposites.  

The goal of this study was to help bridge this gap by investigating 2D synthetic 

flakes in intimate contact with proteins and consider the fundamental mechanisms of 

organization and leverage them to fabricate ordered, mechanically strong, chemically 

stable, and functional bionanocomposites. This was achieved through investigating the 

structural changes of well-studied silk fibroin and novel suckerin-12 proteins while 

tethered to Ti3C2Tx MXene and the resultant conductive and mechanical performance of 

films made from silk-encapsulated MXene.  

First, we co-assembled Ti3C2Tx MXene flakes with recombinant silk fibroin in 

aqueous suspensions resulting in silk fibroin nanolayers uniformly covering individual 

flakes. These bioencapsulated flakes evolved with time due to the gradual growth of silk 

bundles having β-sheet secondary organization with unique nanofibrillar morphologies 

extending across flake edges and forming long fringes around individual MXene flakes. 

Colloidal dispersions of these MXene-silk hybrid flakes can be used to deposit single flakes 
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for fundamental characterization or device fabrication onto silicon and other substrates, as 

well as to manufacture composite films for a variety of applications. The silk coating 

provides increased stability in suspension allowing for longer storage and ease of 

processing while preventing restacking of MXene flakes. Due to the nature of the 

modification, this hybrid may provide strong and flexible membranes for various 

applications.  

It is important to emphasize that silk fibroin can efficiently encapsulate MXene 

flakes with either uniform shells or hairy coatings, depending on specific interfacial 

processes. After attachment, silk can reorganize from amorphous globules into 

nanofibrillar bundles and β-sheets inhibiting surface oxidation and stabilizing MXenes in 

colloidal solutions and aqueous media in general. This spontaneous reorganization of 

recombinant silk suggests surface template-initiated formation of intramolecular hydrogen 

bonding of silk backbones assisted by intermolecular electrostatic and hydrogen bonding 

with the MXene flake. The formation of dense and hydrophobic β-sheets results in 

development of a protective shell that hinders the surface oxidation of Ti3C2Tx in colloidal 

solution in water and significantly extends the storage life of the individual MXene flakes.  

Despite having a high silk composition of nearly 70 wt %, the multilayered 

composites made from the silk-encapsulated MXene were still electrically conductive. 

However, the SFMX composites displayed a conductivity 2-3 orders of magnitude less 

than that of MXene only films. This is due to the 2-4 nm dielectric gap created between 

flakes compromising the low percolation limit of 2D laminated materials caused by the 

tight encapsulation of the individual MXene flakes. Despite this reduction in conductivity, 

the values measured for the SFMX composites are still comparable to those reported for 
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partially reduced 2D graphene oxide materials widely used for various electronic-related 

applications.45,46 Moreover, assembly into organized laminated composites with individual 

bioencapsulated flakes tightly interconnected via biopolymer bundles and hairs produces 

robust freestanding electrically conductive membranes with enhanced transport properties.  

Second, we used this system to investigate the mechanical properties of 

multilayered bionanocomposites with different silk secondary structures and 

concentrations. Amorphous silk encapsulated MXene showed enhanced modulus and 

ultimate stress due to the silk acting as glue for the brick like 2D flakes. MXene 

encapsulated with fibrillar silk showed an increase in modulus (less than that of amorphous 

silk encapsulated MXene) from the MXene only system but a decrease in ultimate strength 

and strain. Buckling mechanical tests of individual hybrid flakes revealed similar results 

but showed fibrillar silk modified MXene to be incompressible on the small length scale. 

Bionanocomposites made by simply mixing silk and MXene at different ratios reveal that 

smaller amounts of silk, about 5%, provide better reinforcement than larger amounts 

similar to systems of silk and graphene oxide. It is important to note that these silk MXene 

multilayered systems have shown enhanced mechanical performance without significant 

loss of electrical conductivity. 

Last, we used our knowledge of silk and our previous systems to investigate the 

molecular self-assembly of the suckerin-12 protein derived from the sucker ring teeth of 

the Humboldt squid. The protein itself behaves similarly to silk in response to shear 

induced assembly with enhanced β-sheet formation.  The protein was exposed to different 

salt solutions to draw parallels with previous studies on hydrogels of the same protein. Our 

findings indicate that thin films of the same protein react similarly by having increased β-
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sheet formation when exposed to more kosmotropic salts like sodium phosphate, sulfate, 

and citrate.  

Using experience from the previous silk and MXene studies, suckerin-12 was 

mixed with MXene to form suckerin encapsulated MXene flakes. The results provide more 

insight into the similarities and differences of the two proteins. Like silk, the suckerin was 

able to attach to MXene in aqueous solution but it had a slightly different morphology 

displaying a thinner protein layer with a distinct lack of corona likely attributed to the 

smaller molecular weight. With exposure to kosmotropic salt solutions, the suckerin-12 

reorganized into organized secondary structures with both drop and spin cast films reacting 

similarly to the different salts. However, spin cast suckerin-12-encapsulated flakes 

displayed more heterogenous structure reformation than those drop cast. This may be due 

to the inhomogeneities in MXene surface functionalities nucleating organization in some 

spots while order induced via shear blocks portions of the protein from aqueous annealing. 

This study shows that MXene can be encapsulated suckerin-12 protein and the secondary 

structure can be manipulated using different deposition methods and salt annealing proving 

there is an ability for these hybrid materials to serve as tunable composite precursors. 

7.2 Significance and Broader Impact 

The field of organized bionanocomposites has yielded many systems with enhanced 

capabilities from optically active and conductive films to biocompatible and sensing 

materials through inspiration and derivation from natural systems. These systems depend 

on the intimate organization of conductive and mechanically strong fillers and 

biocompatible and stimuli responsive biological materials.  
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Due to the inherent complexity of the natural components, much investigation into 

their fundamental processes of organization and structure is necessary for proper 

management of the bulk properties of composites made from them. As outlined in this 

dissertation we have demonstrated that proteins such as silk and suckerin-12 can serve as 

biological binders for Ti3C2Tx MXene flakes resulting in electrically conductive 

multilayered composites with enhanced mechanical stability. We have also shown that 

MXene can serve as a template for guiding the self-assembly of proteins thus providing a 

model with which the nanoscale morphological changes of other proteins be investigated 

before forming hybrid organized composites.  

While these works have provided fundamental knowledge these protein-based 

nanocomposite systems, there is still much work that can be done. It would be beneficial 

to directly investigate the resultant mechanical properties of the suckerin-12 MXene hybrid 

constructs to provide insight for the similarities and differences afforded by materials of 

such different sizes. These systems could also be used to fabricate devices such as strain 

sensors, electromagnetic interference shielding films, and separation membranes for which 

understanding into the long-term stability and degradability of these composites is 

imperative for ensuring continued performance in flexible functional materials. Overall, 

the field of protein nanocomposites is promising for the development of biocompatible 

functional materials for various applications such as flexible electronics, wearable sensors, 

energy storage, and selective molecular transport.  
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APPENDIX A. CHAPTER 4 SUPPORTING INFORMATION 
 

 

 

Figure A.1 AFM topography images of pristine MXene (a) and SFMX on day 1 (b) 
with 16 nm Z-scale and 500 nm scale bars.  

 

 

 

Figure A.2 AFM topography images of SFMX on day 3 with 16 nm Z-scale and 500 
nm scale bars.  
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Figure A.3 AFM topography images of SFMX on day 5 with 16 nm Z-scale and 500 
nm scale bars. 

 

 

 

Figure A.4 AFM topography images of SFMX on day 7 with 16 nm Z-scale and 500 
nm scale bars.  
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Figure A.5 AFM topography images of SFMX on day 19 with 16 nm Z-scale and 500 
nm scale bars.  
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Figure A.6 A topographical AFM image of a day three SFMX flake (a) with 
corresponding height histogram showing flake and corona height (b), flake height 
profile showing size of corona (c), and profile showing a fibril height (d).    
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Figure A.7 AFM images of silk spin (a, c, e, g) and dip (b, d, f, h) cast from 0.1 wt% 
silk solution that was kept at 4 °C for 105 days (a, b) and six days (c, d, e, f, g, h). The 
images include silk films allowed to sit in water at 4 °C (e, f) and 50 °C (g, h) for three 
days. Z scale is 10 nm and scale bars are 200 nm. 
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Figure A.8 ATR-FTIR spectra of silk and SFMX from fresh solutions and those kept 
at 4 °C for 22 days.  
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Figure A.9 XPS spectra of pristine MXene and SFMX after being stored in water at 
4°C and room temperature over a period of 22 days. 
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Figure A.10 UV-Vis spectra of pristine silk, MXene, and SFMX solutions at 0.01 wt% 
from (a) 180-1000 nm and from (b) 180-350 nm to show the peak origins of the SFMX.  
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Figure A.11 Plots of UV-Vis peak position and absorbance intensity for peaks 3 (a), 4 
(b), and 5 (c) as designated in Figure A.10. 

 

 

 

Figure A.12 AFM topography images and corresponding histograms of pristine 
MXene (a), SFMX (b), MeOH vapor treated SFMX (c), and MeOH solvent treated 
SFMX. Scale bars are 200 nm and Z scale is 30 nm. 

 

 

To ensure the fibril formation takes place in solution and not due to spin casting, 

these flakes were deposited onto thermally oxidized silicon wafers via dip coating and 

either allowed to air dry or dry by air gun. As shown in Figure A.10, flakes deposited after 
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three weeks in solution show no visible difference in morphology due to different 

deposition (spin or dip cast) or drying techniques (evaporation and airflow). Flakes were 

also unperturbed by post deposition rinses in water proving these flakes are relatively stable 

and have a high affinity to the silica surface.  

   

 

 

Figure A.13 AFM topographical (top) and corresponding phase (bottom) images 
(Z=25 nm, phase=10°, Scale bar=500 nm) of dip cast SFMX flakes (a) allowed to dry 
by evaporation and (b) dried with an air gun as well as one flake spun cast from water 
at 3000 rpm for 30 seconds (c) before and (d) after being rinsed with water via spin 
casting. 
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Figure A.14 SEM images showing the thickness of MX (a, c) and SFMX (b, d) vacuum 
filtered films.  
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Figure A.15 UV-Vis spectra of PMR (a, b), BB (c, d), P (e, f), R6G (g, h), and MB (i, 
j) dye solutions before (black) and after (orange) filtering through MX (a, c, e, g, i) 
SFMX (b, d, f, h, j) films.  
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Table A.1 Table showing permeance and dye rejection performance of MX and 
SFMX vacuum assisted filtration films.  

Dye 

Size 

(nm) 

Charge 

(mV) Sample 

Permeance  

(Lm-2bar-1h-1) 

Rejection  

(%) 

BB 

 

2.8 x 1.8 

 

-30.4 ± 0.8 

MX 171.4 97.9 

SFMX 85.6 100.0 

P 

 

1.3 x 0.9 

 

-23.4 ± 1.4 

MX 458.4 11.5 

SFMX 125.9 60.3 

PMR 

 

1.9 x 0.7 

 

-9.0 ± 1.0 

MX 145.7 43.3 

SFMX 73.7 94.6 

R6G 

 

1.9 x 1.2 

 

-0.8 ± 0.8 

MX 553.2 98.0 

SFMX 94.7 98.8 

MB 

 

1.7 x 0.4 

 

7.0 ± 1.0 

MX 653.1 88.9 

SFMX 66.2 98.9 
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APPENDIX B. CHAPTER 6 SUPPORTING INFORMATION 

 

Table B.1 Summary of processing conditions and RMS roughness measurements 
discussed in the main text for suckerin-12 films. 
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Table B.2 Summary of processing conditions and RMS roughness measurements for 
suckerin-12-MXene systems as discussed in the main text. 
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Figure B.1 ATR-FTIR spectra corresponding to those shown in Figures 6.1 (A) and 
6.2 (B) meant to show the full length of the spectra taken (left) as well as a zoomed in 
version (right) showing the amide I and II bands.  
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Figure B.2 Peak deconvolutions (grey) of the amide I bands in ATR-FTIR spectra of 
suckerin-12 films before and after salt annealing (Figure 6.2). The original 
background subtracted curve is shown as a black dashed line.  
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Figure B.3 AFM topographical images of spin cast 3 wt% suckerin-12 films after salt 
annealing for 1 hour with sodium phosphate (A), sodium acetate (B), sodium citrate 
(C), and sodium sulfate (D). Scale: 1 um. Z range: 33 nm (A), 38 nm (B), 30 nm (C), 
and 36 nm (D).  
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Figure B.4 AFM topographical images of spin cast, salt annealed 3 wt% suckerin-12 
films before (A, C, E, G) and after (B, D, F, H) immersion in water. The samples 
shown were neat (A, B) and annealed with sodium phosphate (C, D), sodium acetate 
(E, F), sodium citrate (G, H), and sodium sulfate (I, J).  Scale: 1 um. Z range: 20 nm 
(A-H).  
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Figure B.5 AFM topographical images displaying overall morphology (a, c, e, g, i) and 
isolated fibrils (b, d, f, h, j) of suckerin-12 films drop cast from 0.1 wt% solution, 
rinsed, and then salt annealed for 16 hours with 100 mM of sodium sulfate (c, d), 
sodium citrate (e, f), sodium phosphate (g, h), and sodium acetate (i, j). Scale bars are 
100 nm and Z scales are 2.5 nm (a, c, e, g, i) and 6 nm (b, d, f, h, j). 


