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Peptide Cross-β Nanoarchitectures:
Characterizing Self-Assembly Mechanisms,
Structure, and Physicochemical Properties
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8.1 Introduction

Peptide and protein self-assembly into β-sheet fibrils is a characteristic of both
amyloid misfolding disorders and functional biomaterials [1]. Alzheimer’s disease,
Huntington’s disease, and Parkinson’s disease are prominent examples of protein
misfolding disorders that are characterized by the aberrant self-assembly of proteins
or peptides into amyloid fibrils [2]. These fibrils and/or their metastable oligomeric
folding intermediates have been shown to be cytotoxic to cells and tissues and are
thought to play an important role in the etiology of these amyloid diseases. This
relevance to disease has prompted intense scrutiny of the structure and function of
amyloid fibrils, including efforts to understand the mechanisms of self-assembly
through thermodynamic and kinetic models, the development of tools to more
accurately determine the molecular architecture of these materials, and interrogation
of the emergent properties of these assemblies and the related prefibrillar aggregates
[3, 4]. These efforts have led to discoveries that amyloid fibrils are also found in
functional biological materials in which the assembly of the fibrils is carefully
regulated [5, 6]. These discoveries have been coupled with efforts to design and
engineer novel biomaterials inspired by self-assembled amyloid fibrils for applica-
tions in biomedicine and materials [7].

Amyloid fibrils adopt a common quaternary structure that has been termed the
cross-β fold. Cross-β fibrils are β-sheet assemblies of peptides and proteins (Fig. 8.1)
[8]. These one-dimensional assemblies are unbranched fibrils that are typically ~10
nanometers in width and up to tens or hundreds of micrometers in length. The
constituent peptides or proteins adopt parallel or antiparallel β-sheet configurations
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in which there is an intermolecular hydrogen bond network between the amide
backbone entities of neighboring peptides that stabilizes the assembled system.
The amide and carbonyl groups are oriented parallel to the fibril axis, which enables
the formation of this hydrogen bond network. The side chain groups of the constit-
uent peptides are perpendicular to the fibril axis (Fig. 8.1b), hence the “cross-β”
designation. Side chain groups further stabilize the self-assembled fibrils through
hydrophobic, Van der Waals, aromatic π-π, and charge-charge interactions. The
fibril-forming proteins associated with the known amyloid disorders have no signif-
icant sequence or length homology, which has given rise to the hypothesis that all
proteins and peptides are capable of forming amyloid fibrils under appropriate
concentration and solvent conditions of pH and ionic strength. A great variety of
protein and peptide sequences have been demonstrated to form amyloid fibrils, and
these fibrils share the common features of the cross-β structure even while the
specific structural elements (parallel versus antiparallel β-sheet, length of β-sheet
element, the presence/absence of loop structures, etc.) of a given fibril are unique to
that sequence. All amyloid fibrils exhibit an X-ray scattering pattern with scattering
intensities of 4.8 Å and ~ 10 Å, corresponding to the backbone peptide-peptide
distances between hydrogen bonded β-sheets and the intersheet distance between
laminated β-sheets, respectively [9]. In addition, amyloid fibrils commonly bind
histological staining agents, including Congo red, and exhibit a characteristic
red-green birefringence when viewed under polarized light [10, 11].

Researchers have committed significant effort to understanding cross-β amyloid
fibrils and related biomaterials [9]. Cross-β fibrils have proven to be challenging

Fig. 8.1 Illustration of a representative structure of amyloid fibrils of the amyloid-β 1–42 peptide
(Aβ42). The N-terminal fragment comprising residues 1–16 is not shown. (a) Five molecules of
Aβ42 (shown in red, green, blue, yellow, and magenta) stacked in an amyloid cross-β fibril with the
fibril axis indicated. An extensive intermolecular hydrogen bond network composed of the amide
groups, which are oriented parallel to the fibril axis, is formed between neighboring peptides. (b) A
view of the Aβ42 fibril segment from panel A that has been rotated 90�. This view illustrates the
β-sheet-rich structure of these amyloid fibrils, which feature a parallel alignment with a sheet-loop-
sheet structure of the constituent peptides. The alignment of the side chain groups perpendicular to
the fibril axis becomes readily apparent in this view. This structural model of a segment of Aβ42
fibrils was reproduced from the Protein Data Bank structure reported in Lührs, T.; Ritter, C.; Adrian,
M.; Riek-Lohner, D.; Bohrmann, B.; Döbeli, H.; Schubert, D.; Riek, R. Proc. Natl. Acad. Sci. USA
2005, 102, 17,342–17,347 (PDB ID Code 2BEG, DOI: https://doi.org/10.2210/pdb2BEG/pdb)
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subjects of study. This is due, in part, to the physical characteristics of cross-β fibrils,
which are often insoluble and can be found as part of complex heterogeneous
mixtures of subtly different fibril morphologies as well as prefibrillar aggregates.
The inherent cytotoxicity of these aggregates has presented challenges to under-
standing their functional properties. Engineered cross-β biomaterials must be
nontoxic, which has placed increased urgency on the need to understand the
interactions of cross-β fibrils and their prefibrillar aggregates with cells. Structural
understanding has been complicated by the non-crystalline nature of most cross-β
fibrils as well as the large molecular mass of these aggregates, which make high-
resolution crystallography and solution-state NMR problematic for structural deter-
mination. Thus, the development of methods for the characterization of cross-β
assemblies has been critical to provide deeper insight into these materials
[12, 13]. The objective of this chapter is to present an introduction to current
methods used to characterize cross-β fibrils. These methods are divided into those
used for interrogation of the self-assembly mechanisms (kinetics and thermodynam-
ics), molecular structure, and the emergent properties of cross-β fibrils.

8.2 Mechanisms of Cross-β Self-Assembly

8.2.1 General Mechanistic Considerations

The self-assembly of amyloidogenic peptides into cross-β fibrils typically proceeds
in a three-step mechanism (Fig. 8.2) [14]. The first step, nucleation, is often referred
to as the “lag phase.” Nucleation is characterized by an associative collapse of
monomeric peptides into oligomeric and prefibrillar aggregates [14]. These oligo-
mers give rise to protofibrils, which have the characteristic β-sheet secondary
structure of amyloidogenic peptide assemblies. The elongation phase is the second
step of amyloid formation. In the elongation phase, addition of monomeric peptide to
protofibril results in maturation of the fibril through a lengthening process. Finally,
the third phase is marked by a saturation plateau where the monomers in solution
have reached equilibrium with the fibrils. The kinetics of amyloid formation typi-
cally display a sigmoidal shaped curve in thioflavin T (ThT) assays (discussed in
Sect. 2.2). The nucleation phase can be bypassed by “seeding,” where preformed
fibrils are added to monomer solutions acting as a template for immediate elongation
without the characteristic lag phase, indicating that nucleation is a kinetically slow
step in cross-β self-assembly [15]. The aggregation process occurs over a variable
time range that is dependent on both peptide/protein identity and environment.
Secondary structural conformation changes can occur on the order of milliseconds,
while the formation of fibrillar aggregates that are observable to the naked eye can
occur on the order of days [4]. Characterization of the kinetic and thermodynamic
parameters of cross-β assembly is critical in building mechanistic models of self-
assembly [16–18]. Methods that are used to interrogate the kinetics and thermody-
namics of cross-β assembly are outlined in the following subsections.
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8.2.2 Fluorescent Reporters of Cross-β Assembly,
Including ThT

The kinetics of cross-β amyloid self-assembly are commonly characterized by a
thioflavin T (ThT) fluorescence assay [19]. ThT (Fig. 8.3) is a fluorescent dye that
has been used for histological staining. ThT has also been useful in studying amyloid
assembly since it exhibits a shift in the fluorescence emission spectrum from 510 nm
to 480 nm upon binding to β-sheet rich structures, producing an observable change
that can be used to conveniently monitor fibril formation as a function of time
(Fig. 8.2) [19]. To monitor fibrillization, either the self-assembling peptide is
incubated with ThT and the fluorescence signal is read continuously or aliquots of
the fibril forming solution are taken at fixed time points and diluted into a
ThT-containing solution, and the fluorescence of the resulting solution is recorded.
Assuming the concentration of ThT is constant, the fluorescence signal intensity at
480 nm is directly related to the fibril concentration. ThT does not typically bind to

Fig. 8.2 A kinetic depiction of the self-assembly of cross-β fibrils showing the initial aggregation
into prefibrillar oligomeric aggregates followed by conversion to one-dimensional amyloid fibrils.
The initial nucleation of peptides and proteins into oligomers occurs during the “lag phase”which is
followed by the exponential elongation of protofibrils into mature cross-β fibrils. These types of
kinetics experiments are often conducted using thioflavin T (ThT) as a fluorescent reporter of fibril
formation (see Sect. 2.2)

Fig. 8.3 Chemical structure
of thioflavin T (ThT)

182 C. W. Jones et al.



prefibrillar oligomeric aggregates; thus this assay reports directly on the degree of
fibril formation. As shown in Fig. 8.2, ThT binding assays typically exhibit a
sigmoidal curve shape that represents the initial nucleation step as a lag phase,
followed by the exponential elongation phase and reaching a final saturation of
ThT fluorescence as peptide/protein monomer and fibril reach equilibrium.

There are some caveats to the use of ThT fluorescence to monitor amyloid self-
assembly. First, ThT fluorescence can be induced by binding to molecules other than
peptide/protein β-sheets, including DNA or cyclodextrin. ThT fluorescence is thus
most useful for in vitro experiments where all components of the mixture can be
carefully controlled and quantified. Additionally, ThT fluorescence varies depending
on peptide identity and solution pH, ionic strength, and viscosity. This complicates
the use of ThT fluorescence for the comparative quantification of absolute fibril
concentrations for peptides and proteins with different sequences. Despite these
limitations, ThT fluorescence is accepted as a robust tool for the characterization
of cross-β self-assembly. While ThT is the most commonly used reporter for fibril
self-assembly, others have been developed that have also found utility for the kinetic
analysis of self-assembly processes [11].

8.2.3 Turbidity

Turbidity, a measurement of the amount of light scattered by a given material, is
another common method for probing the kinetics of cross-β fibril formation [15]. In
this technique, samples are analyzed by UV-Vis spectroscopy, and the degree to
which light is scattered by fibrils and other aggregates in solution is quantified
[20]. Typically, samples are analyzed at 350–450 nm, where the fibrils do not
absorb, so that any changes in transmittance can be attributed to light scattering
effects [16]. The main advantages of turbidity measurements for interrogating
peptide self-assembly kinetics include simplicity of application, since sample mod-
ification or the addition of external reagents is not required, and the high reproduc-
ibility of the measurements. However, the sensitivity of this method is low and
scattering from the largest insoluble particles dominates the data, which fails to
provide a complete picture of all aggregate species in solution. Despite these
drawbacks, turbidity measurements are frequently used to characterize the self-
assembly kinetics of amyloid systems [21–23].

8.2.4 Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) has also been used to follow the
kinetics of cross-β self-assembly by monitoring the development of the β-sheet
structure that is characteristic of these materials as a function of time [24]. Peptides
display a prominent amide I band between 1600 and 1700 cm�1 that results from
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stretching vibrations of the carbonyl group in the peptide backbone [25]. Peptides
and proteins lacking a distinct secondary structure have a broad amide I band around
1650 cm�1, while proteins with significant β-sheet secondary structure, such as
cross-β fibrils, display a narrower peak from 1620 to 1625 cm�1. It is important to
note that the water bending absorption band overlaps with the amide I band, which
requires that experiments interrogating peptide/protein secondary structure be car-
ried out in D2O or at a very high peptide concentration. The kinetics of cross-β
assembly can be characterized by monitoring the formation of β-sheet structure in
the amide I IR region as a function of time. In one illustrative example, the
aggregation of Aβ1–28 upon acidification was studied to model how Aβ acts in the
acidic lysosomes of cells [26]. In this study, the kinetics of Aβ1–28 aggregation under
these conditions was followed by observing an increase in the intensity of the β-sheet
band at ~1620 cm�1 accompanied by a decrease in intensity of the random coil band
around 1651 cm�1, indicating a loss of random coil structure and transition to
β-sheets upon acidification of the environment.

8.2.5 Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) is a spectroscopic method commonly used to characterize
the secondary structure of peptides and proteins that has also been used to monitor
cross-β self-assembly [19]. CD spectra report the differential absorption of left- and
right-handed circularly polarized light by chiral molecules [25]. Peptides that lack a
clear secondary structure present a very weak CD signal, while β-sheets, α-helices,
and random coils present distinct CD spectra that have been used to monitor the
formation of β-sheet-rich cross-β structures over time. β-sheets are characterized by a
negative CD band at 220 nm. While ThT fluorescence reports selectively on cross-β
fibrils without providing information about many prefibrillar aggregates, CD spectra
report on formation of β-sheet structure generally in both prefibrillar and fibrillar
aggregates [27]. In one example, CD spectroscopy was used to monitor the forma-
tion of Aβ fibrils as a function of time in the presence of Cu2+ in low pH environ-
ments, where it has been shown that copper ions inhibit β-sheet formation and higher
temperatures increase aggregation rates for fibers incubated in the absence of copper
ions [27].

8.2.6 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is another technique that is used to characterize
cross-β self-assembly mechanisms by measuring the size of particle aggregates in
solution [16]. DLS spectroscopy measures the correlation function of light scattered
by particles in solution or suspension which can subsequently be used to determine
the translational diffusion coefficient of molecules undergoing Brownian motion to
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determine the size of particles present [28]. DLS techniques assume that particles are
spherical. DLS can therefore be used to monitor amyloid formation as a function of
increasing particle size and is especially useful to characterize the early events of
self-assembly which includes the formation of nonfibrillar aggregates. Unfortu-
nately, DLS signals are often dominated by the largest particles in solution, making
it a low-resolution technique that is often incapable of monitoring monomers or
oligomers directly once fibrils begin to appear. Despite these drawbacks, DLS has
been useful to interrogate early events in cross-β amyloid aggregation. In one
example, DLS was used to measure the kinetics of aggregation of the amyloid-β
40 peptide (Aβ40) at slightly acidic pH values similar to those that would be found in
endosomes during cellular update of this peptide [29]. In solutions of Aβ40 under
these conditions, DLS was used to detect several early phases of aggregation: an
initial rapid burst phase followed by slower phase 1 and phase 2 association phases.
In the burst phase, large aggregates with an average hydrodynamic radius (Rh) of
84 nm to 196 nm were observed by DLS in the first 12 minutes of incubation; these
aggregates were shown to be amorphous in morphology by correlating atomic force
microscopy. The association phases gave rise to smaller spherical aggregates with Rh

values that were ~ 36 nm in diameter. This work clearly demonstrates the utility of
DLS methods to give insight into early aggregation events in cross-β, specifically
showing an initial hydrophobic collapse of peptides into amorphous aggregates
followed by reorganization into ordered oligomeric aggregates prior to fibril forma-
tion in the case of Aβ40 under these conditions [29].

8.2.7 Transmission Electron Microscopy (TEM), Atomic
Force Microscopy (AFM), and High-Speed AFM
(HS-AFM)

A limitation of many of the spectroscopic methods that have been used to study
cross-β self-assembly is that they monitor the aggregates that dominate at any given
time in the self-assembly process and often fail to capture the complexity of
heterogeneous mixtures [30]. They give information about the species that are
present in the highest concentration, while species in lower concentrations are
overlooked. Microscopic imaging methods, including transmission electron micros-
copy (TEM) and atomic force microscopy (AFM), have the potential to reflect more
accurately the diversity of aggregate species that exist at any given point during self-
assembly [30]. This enables deeper mechanistic insight into the heterogeneous
structures found in the course of cross-β assembly. TEM and AFM are most often
used to structurally characterize the morphology of the aggregates that are formed by
peptide self-assembly. Recent advances in high-speed AFM (HS-AFM) have
enabled the use of this technique to follow self-assembly over time. For example,
HS-AFM has been used to rapidly acquire consecutive images of the elongation of
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Aβ42 fibrils, enabling the simultaneous observation of structural morphology and
elongation kinetics in compiled video files [31, 32].

8.2.8 Sedimentation Analysis

The thermodynamics of peptide cross-β self-assembly can be quantified using
sedimentation analysis [33]. Sedimentation analysis exploits the selective sedimen-
tation of self-assembled aggregates, both cross-β fibrils and prefibrillar aggregates,
when subjected to high-speed ultracentrifugation. Under appropriate centrifugal
forces, all aggregate structures can be sedimented, leaving monomeric peptides in
solution. Quantification of monomeric peptide by high-performance liquid chroma-
tography (HPLC) correlation to a standard curve can be used to extrapolate com-
parative free energies (ΔΔG�) of self-assembly for specific peptide systems. The
concentration of monomer in solution at equilibrium, the critical concentration (Cr),
can be related to the equilibrium association constant (Ka) for the addition of a
molecule of monomeric peptide to the end of a fibril, which is dependent on both the
identity of the peptide and the assembly environment. The association constant, Ka,
is the reciprocal of the critical concentration, 1/Cr. The free energy of assembly for
that peptide, ΔG�, can be determined from Ka using the standard expression
ΔG� ¼ �RT(lnKa). In an application of this method, Nilsson and coworkers have
used sedimentation analysis to characterize the relative thermodynamics of nine
variants of the amyloid-β 16–22 fragment (Aβ(16–22)) [34, 35]. In the wild-type
peptide, residues 19 and 20 are Phe. Variant peptides were prepared in which Phe
19 and 20 were changed to residues of differing hydrophobic and aromatic character
in order to understand the possible role of aromatic effects on the thermodynamics of
Aβ(16–22) self-assembly. Sedimentation analysis of each of the variant peptides
provided ΔΔG� comparisons with the wild-type peptide, giving insight into the
thermodynamic role of the Phe side chain groups in promoting self-assembly.

Sedimentation analysis using a range of centrifugal forces has also facilitated
insight into the nature of the prefibrillar oligomer species that precede cross-β fibril
self-assembly [36]. Prefibrillar oligomers are of interest from both a mechanistic and
functional perspective: these oligomers are believed to be the major toxins in many
amyloid disorders [37]. Oligomers tend to be soluble aggregates of varying molec-
ular weight. Oligomer species in solution can be separated based on size using a
range of centrifugal conditions. Low-speed centrifugation for short time periods can
be used to selectively sediment insoluble fibrils and larger aggregates. High-speed
centrifugation for longer periods of time can separate smaller aggregate species.
Optical density, fluorescence, or related analytical methods can be used to determine
sedimentation coefficients for aggregates of varying sizes that can then be used to
obtain accurate molecular weights for these aggregates. There are two main tech-
niques in analytical ultracentrifugation: sedimentation equilibrium and sedimenta-
tion velocity [38]. Sedimentation equilibrium experiments use short solution
columns and low centrifugal speeds to bring the system to equilibrium. This
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technique has been used to characterize the subunits that form fibrils; however, it is
not useful for characterizing fibrils themselves as they are too large to form equilib-
rium gradients and simply sediment to the vessel floor. Sedimentation velocity is
thus used to study the larger fibrils by using hydrodynamic theory to extrapolate the
size and shape of molecules moving through a strong centrifugal field [39]. The
insight these techniques provide on the size and range of aggregates that exist during
cross-β self-assembly is a critical element to the mechanistic puzzle for these
processes.

8.2.9 Electrospray Ionization-Ion Mobility-Mass
Spectrometry (ESI-IMS-MS)

Electrospray ionization-ion mobility-mass spectrometry (ESI-IMS-MS) has also
been used for characterizing the heterogeneous aggregates generated during cross-
β fibrillization to gain understanding of the nature of prefibrillar oligomer species
[40]. This technique separates ions based on their shape and/or charge and is
therefore capable of separating multiple conformations and/or aggregates of a
peptide that have the same m/z ratio. This is significant since many proteins undergo
initial misfolding prior to aggregation and the initial oligomeric aggregates are of
varying molecular weight and conformation. Prefibrillar oligomers also rapidly
interconvert, complicating identification. ESI-IMS-MS has been successfully used
to detect distinct conformers of cross-β-forming proteins as well as early aggregation
intermediates. In one illustrative example, ESI-IMS-MS analysis of the islet amyloid
polypeptide (IAPP) revealed the early formation of β-hairpin conformations, which
were hypothesized to be precursors to oligomer aggregation [41, 42]. These and
other studies exploiting this technique have provided critical glimpses of elusive
early events in cross-β assembly [40].

8.2.10 Quartz Crystal Microbalance (QCM) Analysis

Quartz crystal microbalance (QCM) methods have been used to characterize the
enthalpic and entropic contributions to the overall free energy barriers of fibril
elongation [43]. QCM techniques monitor the elongation of fibril seeds that have
been deposited on the sensor surface by detecting the change in frequency of the
quartz crystal resonator as the hydrodynamic mass of the aggregates increases. This
takes advantage of “seeded” elongation in which the addition of fibrils to solutions of
monomeric peptide results in immediate elongation of fibrils by monomer without
any nucleation phase. This rate of accelerated seeded addition of monomer to fibril
corresponds to diffusional motion over a single free energy barrier without any
intermediate species. Thus, the rate of change of the hydrodynamic mass of fibrils in
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QCM experiments is proportional to the rate of fibril elongation. QCM analysis of
ten amyloid systems at variable temperature was performed by Buell et al. to derive
enthalpic (ΔH 6¼) and entropic (ΔS 6¼) contributions to the free energy transition state
barriers for elongation of each of these systems [43]. It was found that the enthalpic
contributions to these barriers were unfavorable while the entropic contributions
were favorable and that these values correspond to peptide/protein characteristics of
size and initial folded structure. QCM analysis has been an insightful tool for
examining the specific energetic barriers that contribute to the kinetics of amyloid
elongation.

8.2.11 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is another biosensor technique that has been used
in the analysis of cross-β self-assembly [44]. In SPR analysis of amyloid self-
assembly, fibril seed structures have been immobilized to the metal sensor surface,
and changes to this surface as monomer is flowed over can be monitored to
interrogate fibril elongation as a function of monomer adsorption to the immobilized
fibril seed. This analysis facilitates characterization of the kinetics of seeded fibril
elongation. Monomeric amyloid peptide has also been immobilized to the sensor
surface for the analysis of nucleation kinetics of unseeded aggregation processes
[44]. In one example of the use of SPR to assess the kinetics and thermodynamics of
fibril extension and dissociation reactions, Aβ fibrils were immobilized on the sensor
[45]. The rate of extension by addition of monomer to the fibril ends was measured
by flowing monomeric Aβ over the immobilized fibrils. The rate of monomer
dissociation from the fibril ends was measured by flowing buffered water over the
immobilized fibrils. The rates of the association and dissociation reactions were both
found to be proportional to the concentration of Aβ and the initial density of fibers
immobilized on the surface of the sensor, consistent with a first-order kinetic model.
These experiments also enabled determinations of critical monomer concentrations
at equilibrium, which were used to characterize the monomer-fibril association
constant, K. SPR was thus demonstrated to be a useful tool for the interrogation of
both kinetic and thermodynamic parameters for important cross-β self-assembly
processes.

8.2.12 Isothermal Titration Calorimetry (ITC)
and Differential Scanning Calorimetry (DSC)

Isothermal titration calorimetry (ITC) has been used to interrogate the thermody-
namics of cross-β peptide and protein self-assembly [46]. ITC can be used to
characterize enthalpic and entropic contributions to molecular processes by precisely

188 C. W. Jones et al.



measuring the heat released to or absorbed from the environment during exothermic
and endothermic processes, respectively. These measurements can be used to
extrapolate enthalpic and entropic contributions to chemical processes, including
peptide self-assembly. Swanekamp et al. have used ITC to characterize the relative
enthalpies of the self-assembly of pleated β-sheet nanofibrils and coassembly of
enantiomeric peptides into rippled β-sheet nanofibrils [47]. L-Ac-(FKFE)2-NH2 has
been shown to self-assemble into pleated β-sheet nanoribbons, while equimolar
mixtures of L- and D-Ac-(FKFE)2-NH2 coassembled into rippled β-sheet fibrils
with an alternating arrangement of L/D peptides in the fibrils. ITC was used to
compare the enthalpies of these reactions by enforcing coassembly through alter-
ation of the charge of the peptides. Specifically, the L-Ac-(FEFE)2-NH2 peptide and
L and D-Ac-(FKFK)2-NH2 peptides were prepared; at neutral pH these peptides do
not effectively self-assemble due to charge repulsion, but they readily coassemble
with complementary charged partners. The ITC experiments were conducted by
titrating solutions of either L or D-Ac-(FKFK)2-NH2 peptides into a solution of the
L-Ac-(FEFE)2-NH2 peptide and measuring the heat of reaction. The enthalpy for
both the L/L and L/D mixtures was favorable, with the L/D mixture showing an
enthalpic advantage over the L/L mixture. ITC provided critical insight into the
thermodynamic parameters that govern the respective formation of rippled and
pleated β-sheet assembly.

Differential scanning calorimetry (DSC) is another tool that has been used to
study the thermodynamics of amyloid fibril formation [48]. In this technique, the
peptide sample is loaded into the sample cell, and an equal volume of solvent is
loaded into the reference cell. As both cells are heated at the same rate, the additional
release or absorbance of heat from the sample cell is quantified and compensated for
by a feedback heater, giving information about the heat capacity difference between
the two cells. DSC analysis of cross-β amyloid materials has given interesting and
variable results that depend on both the peptide/protein that comprises the amyloid
fibrils and the conditions. Some fibrils (N47A Spc-SH3 domain andWL fibrils of β2-
microglobulin (β2-m)) exhibit cooperative thermal transitions that are characteristic
of fibril melting. Other fibrils (β2-m, HEWL, and Aβ) show transformation of the
fibrils due to presumed transient inter-fibrillar association during heating. These
variable outcomes have made DSC a useful method for interrogation of the complex
thermodynamics at play in the formation and stability of self-assembled cross-β
fibrils.

8.2.13 In Silico Simulations

Computer modeling and simulation provide critical tools to complement experimen-
tal approaches for understanding the fundamental physicochemical parameters that
underlie cross-β self-assembly processes [49]. These efforts include the development
of computational algorithms to predict the propensity of peptides and proteins to
undergo cross-β assembly based on amino acid sequence [50–53]. These models are
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based on both phenomenological observations and fundamental physicochemical
properties, including hydrophobicity and β-sheet propensity. Simulation approaches
have also been harnessed to understand early conformational changes in cross-β
assembly as well as the key mechanistic events that occur during nucleation and
elongation. Challenges associated with the application of classical molecular dynam-
ics simulations models to peptide/protein self-assembly include managing the high
atom count of cross-β systems and achieving meaningful simulations that encompass
useful time scales [54]. The use of coarse-grained models, which retain only the
necessary information about shape and average interactions, has helped to bridge
this gap. For example, coarse-grained computer simulations have accurately repli-
cated the two-step mechanism that includes initial formation of prefibrillar oligomers
which convert into β-sheet-rich aggregates that can seed elongation [55, 56]. A
detailed treatment of the use of computational simulations to gain insight into cross-β
self-assembly processes is beyond the scope of this review. However, the experi-
mental complexities of amyloid self-assembly processes have made in silico
approaches of critical importance to understanding the fundamental principles that
govern cross-β formation.

8.3 Structural Characterization of Cross-β Nanomaterials

8.3.1 Introduction

Structure and function are indelibly connected in biological systems, making inter-
rogation of the structure of cross-β peptide nanomaterials a subject of intense
interest. Understanding of the cross-β fold has progressed from the initial recognition
that amyloid aggregates are ordered, as evidenced by their Congo red binding
properties, to the elucidation of atom-level packing models of cross-β systems
[57–59]. Techniques that are used to probe the architecture of self-assembled
cross-β fibrils and their prefibrillar predecessors range from bulk scale structure
analysis by microscopic imaging methods to spectroscopic methods that can provide
increasing levels of structural understanding. Spectroscopic methods have further
enabled the identification of structural information ranging from secondary structure
motifs found in aggregates to β-sheet packing alignment to all-atom models of the
aggregates. Structure determination of cross-β amyloid presents significant chal-
lenges. Cross-β fibrils tend to be non-crystalline, which complicates the use of high-
resolution X-ray diffraction methods. In addition, the high molecular weight of these
aggregates likewise complicates the use of solution-phase NMR methods to deter-
mine structure. Finally, metastable prefibrillar aggregates that give rise to cross-β
structures tend to exist in complex heterogeneous mixtures, which has made inter-
rogation of oligomer structures exceedingly challenging. Innovation in solid-state
NMR and electron microscopy have had a paradigm-shifting impact on structural
understanding of cross-β nanomaterials. This section will introduce experimental
methods that are commonly used to characterize the hierarchical structure of
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assembled cross-β aggregates, beginning with low-resolution techniques and pro-
ceeding to high-resolution methods.

8.3.2 Circular Dichroism

Circular dichroism (CD) spectroscopy (see Sect. 2.5) is a chiral UV method that
provides information about the secondary structure of peptides and proteins [60]. CD
spectroscopy can differentiate between secondary structures in chiral protein and
peptide systems based on the variable absorption patterns of left-handed and right-
handed circularly polarized light. The three-dimensional shape of an asymmetric
peptide or protein will differentially absorb left- or right-handed polarized light; the
difference of the two spectra provides a characteristic CD spectrum that can assist in
the identification of α-helical, β-sheet, and disordered structures (Fig. 8.4). CD
spectra of β-sheet motifs exhibit a minimum between 215 and 222 nm [19]. CD is
an excellent technique to rapidly determine the secondary structure of assembled
peptides and to monitor structural changes in different environmental conditions. CD
spectroscopy is a low-resolution technique; however, cross-β systems will exhibit
distinct β-sheet character in CD spectra. While it can confirm that self-assembled
fibrils are rich in β-sheet secondary structure, CD techniques alone cannot be used as

Fig. 8.4 Representative CD
spectra for α-helical,
β-sheet, collagen triple
helix, and disordered
peptide structures. Adapted
with permission from
Springer Nature, Greenfield
N (2006) Using circular
dichroism spectra to
estimate protein secondary
structure. Nat Protoc
1 (6):2876–2890. https://
doi.org/10.1038/nprot.2006.
202 (reference [60]),
Copyright 2007, Nature
Publishing Group
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absolute confirmation of a cross-β arrangement in self-assembled nanomaterials.
Additional techniques, including TEM or AFM microscopy, must be used in con-
junction with CD spectroscopy to provide confirmation of cross-β architecture. CD
spectroscopy also has significant drawbacks specifically for the analysis of cross-β
assemblies. Many amyloid materials precipitate upon assembly and are high in
molecular weight; both of these characteristics can lead to complicated light scatter-
ing effects in CD analyses. In spite of these limitations, CD still has an important
place among the spectroscopic tools used to assist in the structural characterization
of cross-β amyloid assemblies.

8.3.3 Vibrational Spectroscopy

8.3.3.1 Infrared (IR) Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a vibrational spectroscopy tech-
nique that is used to confirm the secondary structure of cross-β aggregates from
characteristic molecular vibrations in the amide backbone [61]. Molecular vibra-
tional modes in IR spectroscopy are excited by irradiation with infrared light. IR
vibrational transitions in the amide I region, from ~1600 to 1800 cm�1, are distinct
for peptides and proteins that adopt α-helical, β-sheet, and disordered structures. IR
spectroscopy can be conveniently applied to both solution-phase and solid-phase
samples, a significant advantage over CD spectroscopy for the routine analysis of
β-sheet assemblies. Cross-β fibrils typically display an amide I stretch between 1615
and 1630 cm�1, consistent with β-sheet secondary structure (Fig. 8.5a). In addition,
empirical observations suggest that the parallel or antiparallel orientation of peptide
strands in cross-β fibrils can be determined using IR spectroscopy [62]. Antiparallel
strands have been shown to display a weak transition between 1670 and 1680 cm�1.
This band transition is often not observed in parallel β-sheet structures. Standard IR
spectroscopy is similar to CD spectroscopy in that it is a low-resolution spectro-
scopic method that is primarily useful for corroborating that fibrillar assemblies are
rich in β-sheet secondary structure.

Isotope-edited FTIR spectroscopy (IE-IR) is a technique that provides additional
information about strand alignment within β-sheet assemblies [64, 65]. IE-IR
requires the incorporation of stable-isotope 1-13C carbonyl labels at selected amino
acids in cross-β self-assembling peptides. Incorporating an isotopically labeled
carbonyl results in a redshift in vibrational frequency due to the lower vibrational
frequency of the heavier 13C isotope. This will lead to band separation of the amide I
stretch due to the presence of the labeled carbonyl atom (see Fig. 8.5a for examples
of this line splitting). When two isotopically labeled carbonyls are organized directly
cross-strand from each other, these carbonyls undergo vibrational coupling, leading
to changes in the line splitting patterns relative to uncoupled carbonyl groups
(Fig. 8.5a). Strategic incorporation of 1-13C labels can thus be used to characterize
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strand registry within the cross-β packing structure, a significant enhancement in
resolution of structural information over standard FTIR spectroscopy.

In a recent example, IE-IR spectroscopy was applied to the characterization of
cross-β systems derived from enantiomers of the Aβ(16–22) peptide and mixtures
thereof to compare self-assembly of single enantiomer solutions into pleated β-sheet
fibrils and coassembly of equimolar mixtures of L- and D-peptides into
two-component rippled β-sheet fibrils [63]. L-Aβ(16–22) was prepared with 1-13C
labels incorporated at Leu17 and Phe21, which are expected to be directly aligned in
pleated β-sheet assemblies of this peptide (Fig. 8.5b). The IR spectra of the unlabeled
L- and D-Aβ(16–22) peptides exhibited typical antiparallel β-sheet spectra with an
amide I stretch at ~1620 cm�1 and a weak stretch at ~1690 cm�1 (Fig. 8.5a). The
IE-IR spectra of the Leu17/Phe20 1-13C labeled L-Aβ(16–22) peptide displayed a
separated amide I band with absorbances at 1598 cm�1 and 1641 cm�1, consistent

Fig. 8.5 (a) Fourier transform infrared spectra overlays of self-assembled L- and D-Aβ(16–22),
coassembled L/D-Aβ(16–22), 1-13C labeled L-Aβ(16–22) (labels at Leu 17 and Phe 20), and
coassembled 1-13C labeled L-Aβ(16–22) with unlabeled D-Aβ(16–22). These spectra illustrate
typical β-sheet amide I signatures for cross-β fibrils (green, orange, and purple lines). In addition,
coupling effects due to selective incorporation of 1-13C carbonyl labels are shown (black and blue
lines). (b) A structural model for β-sheet strand alignment in putative pleated β-sheets of self-
assembled L-Aβ(16–22) with 1-13C labeled positions highlighted in red. The close proximity of the
1-13C labels across strand leads to coupling as evidenced by the line splitting of the major amide I
stretch at ~1620 cm�1. (c) A proposed structural model of β-sheet alignment in coassembled L/D-Aβ
(16–22) rippled β-sheets. Reproduced with permission from Urban JM, Ho J, Piester G, Fu R,
Nilsson BL (2019) Rippled β-Sheet Formation by an Amyloid-β Fragment Indicates Expanded
Scope of Sequence Space for Enantiomeric β-Sheet Peptide Coassembly. Molecules 24:1983.
https://doi.org/10.3390/molecules24101983 (reference [63]) Copyright 2019 the authors, some
rights reserved; exclusive licensee MDPI. Distributed under a Creative Commons Attribution
License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/
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with a cross-strand coupling interaction between the labeled carbonyl groups. This
labeled peptide was then mixed with an equimolar amount of unlabeled D-Aβ
(16–22). Mixtures of enantiomeric β-sheet peptides have been predicted to
coassemble into so-called “rippled” β-sheet assemblies with alternating arrange-
ments of the L- and D-peptides [66]. In this case, the mixture of the unlabeled
D-Aβ(16–22) peptide with the Leu17/Phe20 1-13C labeled L-Aβ(16–22) peptide
should provide a strand orientation in which the alternating L/D pattern interferes
with the cross-strand coupling of the labeled carbonyl groups (Fig. 8.5c). Indeed, the
splitting pattern was altered in this mixture of peptides, with the IR spectrum
showing unique absorbances at 1638 cm�1 and 1608 cm�1, consistent with
coassembly into L/D patterned rippled β-sheet assembly.

Two-dimensional infrared (2D-IR) spectroscopy is a further refinement of IR
analysis that has been used to characterize cross-β assembly [67]. A beneficial aspect
of 2D IR spectroscopy is the nonlinearity of the signal strength. Signals in 1D IR
spectroscopy are scaled linearly in relation to the concentration and molar absorp-
tivity of the analyte molecule, whereas 2D IR signals are scaled linearly in relation to
concentration and quadratically in relation to molar absorptivity. This difference
provides sharper spectra and greater sensitivity to secondary structure, and inaccu-
rate baselines from weak absorbers are eliminated. Additional information provided
by 2D-IR spectroscopy in the analysis of protein secondary structure includes
anharmonic shifts, 2D line shapes, lifetimes, and vibrational dynamics. In a recent
application, Zanni and coworkers have leveraged 2D-IR techniques to structurally
identify cataract-causing cross-β aggregates [68]. The identification of cross-β in the
eye lens using FTIR has been challenging. However, by analyzing 2D-IR spectral
features, including diagonal frequency, anharmonic shift, and shifted cross-peak
frequencies, Zanni and coworkers were able to differentiate between native
β-sheets in juvenile lenses that do not contain cataracts and amyloid cross-β struc-
tures in 65-year-old lenses that do contain cataracts. Thus, 2D-IR has the potential to
be leveraged in situ for the identification of amyloid in tissues. As with FTIR, 2D-IR
provides a higher level of structural detail in cross-β assemblies, enabling the
elucidation of strand alignment of peptides within the cross-β fibrils.

8.3.3.2 Raman Spectroscopy

Raman spectroscopy is an additional form of vibrational spectroscopy used to
interrogate the structure of self-assembled cross-β materials [69]. These techniques
include normal Raman (NR), deep UV Raman (DUVRR), surface enhanced Raman,
and tip-enhanced Raman spectroscopy (TERS), which rely on the Raman effect to
obtain structural information. The Raman effect is based on a vibrational frequency
difference between the incident and scattered light when a molecule is irradiated
with electromagnetic radiation. The spectrum created by Raman spectroscopy is
influenced by vibrational modes from the peptide backbone, and aromatic and
non-aromatic amino acid side chains, which provides structural information. These
techniques can be used to determine the core structure of fibrils, the local
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environment around aromatic amino acids, the surface organization of amyloid
fibrils, and nanoscale structural organization of fibrils. The amide I band from
1600 to 1700 cm�1, the amide II band at ~1550 cm�1, and the amide III band
from 1200 to 1340 cm�1 provide information on secondary structure, hydrogen
bonding interactions, and aromatic and sulfur side chain environment in the various
forms of Raman spectroscopy.

Recently, TERS was used to analyze the differences in structure of assemblies of
wild-type Aβ42, the L34T Aβ42 variant that has been shown to form less toxic
fibrils, and the G37C Aβ42 variant that gives rise to highly toxic oligomers
[70]. TERS exploits atomic force microscopy methodology to obtain structural
information of cross-β materials at the single fibril level. In this study, TERS was
used to determine that wild-type Aβ42 and the L34T variant assembled into parallel
β-sheets while the assemblies formed by the G37C Aβ42 variant were organized into
antiparallel β-sheets. This is an interesting demonstration of Raman capability that
shows the enhanced range of analysis of Raman compared to closely related IR
techniques. Similar to IR methods, Raman spectroscopy can rapidly provide higher-
level structural analysis of cross-β materials but falls short of providing atomic-level
structural detail.

8.4 Solid-State NMR (SSNMR)

NMR spectroscopy is an emerging tool to provide detailed structural constraints of
self-assembled cross-β systems that can enable the development of molecular
models of higher resolution and accuracy [71]. There are several NMR techniques
that have been used to help characterize cross-β peptide assemblies. Solution-state
NMR experiments have provided structural insight relevant to early events in self-
assembly, including structural transitions and early interactions in the self-assembly
process [72]. However, solution-state NMR is of limited use in the structural analysis
of high molecular weight peptide and protein cross-β aggregates. The high molecular
weight and frequent insolubility of cross-β assemblies result in significant line-
broadening effects due to anisotropy, which makes standard solution-state NMR
unsuitable for the acquisition of correlative data for the construction of higher-
resolution cross-β structural models.

Solid-state NMR (SSNMR) spectroscopy has emerged as a critical higher-
resolution tool for the resolution characterization of self-assembled cross-β
nanomaterials [72, 73]. Magic angle spinning SSNMR techniques are well-suited
for the structural interrogation of non-crystalline solids. SSNMR methods exploit
pulse sequences that enable the accurate measurement of site-specific intermolecular
distances within cross-β assemblies, often between amino acids that are selectively
labeled with stable isotopes (including 13C and 15N). These experimental distance
measurements have been effectively used as constraints to build accurate high-
resolution structural models of cross-β fibrils [74]. SSNMR spectroscopy studies
have been critical in the establishment of the fundamental principles of amyloid
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structure. Figure 8.6 depicts several cross-β fibril structures that have been solved
using SSNMR. Early pioneering work by Tycko and others [75, 76] was critical in
the development of SSNMR for cross-β structure analysis. In the last two decades,
SSNMR has become more broadly applied in this field.

Fig. 8.6 Structural models of cross-β amyloid fibrils developed using correlative solid-state NMR
methods. (a) HET-s(218–289) prion fibrils, (b) Aβ1–40 fibrils in Alzheimer’s disease brain tissue,
(c) Aβ1–40 D23N “Iowa” mutant fibrils, (d) Aβ1–40 E22D “Osaka” mutant fibrils; E. Humana-
synuclein fibrils. Reprinted from Loquet A, El Mammeri N, Stanek J, Berbon M, Bardiaux B.,
Pintacuda G., Habenstein B. (2018) 3D structure determination of amyloid fibrils using solid-state
NMR spectroscopy. Methods 138–139:26–38. https://doi.org/10.1016/j.ymeth.2018.03.014 (refer-
ence [74]), Copyright 2018, with permission from Elsevier
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8.5 Diffraction Techniques

X-ray diffraction (XRD) and related fiber diffraction techniques have been used in
the structural analysis of cross-β aggregates for over 50 years [77]. X-ray fiber
diffraction of cross-β fibrils reveals meridional reflections at 4.7 Å indicative of
the β-strand structural repeat parallel to the fibril axis and equatorial reflections at
~10 Å indicative of β-sheet spacing perpendicular to the fibril axis. This character-
istic scattering pattern is a fundamental diagnostic confirmation for cross-β assem-
blies. Wide-angle X-ray scattering (WAXS) is now complemented by small-angle
X-ray scattering (SAXS) and small-angle neutron scattering (SANS), which have
been used to reveal higher-order structural features of self-assembled cross-β fibrils
[78]. For example, Lynn and coworkers exploited small-angle scattering in the
characterization of unique cross-β assemblies formed by the Aβ(16–22) peptide
under acidic conditions in mixed water/acetonitrile solvents [79]. Under these
assembly conditions, Aβ(16–22) was found to assemble into cross-β nanotubes
with tube diameters of ~82 nm reported by electron microscopy measurements. In
contrast, SANS and SAXS measurements revealed a more accurate diameter of
52 nm. The higher accuracy of the small-angle scattering experiments is due to the
ability to perform these experiments in situ without the need to process the samples.
The wider apparent diameter of the tubes in microscopic images is due to collapse of
the tubes after deposition and drying on surfaces. The scattering data in these
experiments also revealed that the inner and outer walls of the hollow nanotubes
had a thickness of 4 nm. Thus, wide and small angle diffraction experiments have
proven useful in the determination of higher-order structural elements of cross-β
assemblies.

X-ray crystallography has also been applied as a high-resolution technique to
visualize the atomic-level packing architecture of crystallized cross-β assemblies
[80]. High-resolution crystallography requires crystalline samples, presenting a
significant barrier for the use of this methodology in the examination of assembled
cross-β fibrils, which tend to be non-crystalline. Nonetheless, some cross-β systems
have been shown to form microcrystals that are closely related to their fibrillar
polymorphs [59]. In an early example, Eisenberg and coworkers successfully crys-
tallized a fragment of Sup35, GNNQQNY, and were able to use focused X-rays from
a synchrotron source to elucidate the packing structure of this amyloid system
[81]. In another recent example, Eisenberg and Bowers utilized X-ray
microdiffraction crystallography to visualize the molecular packing structures of
two amyloid pentapeptides derived from [Leu5]-enkephalin and determined the
factors that caused differences in the mode of cross-β assembly for these short
peptides [82].

Nowick and coworkers have designed a strategy to template amyloid-forming
peptides as macrocyclic β-hairpins, facilitating self-assembly into discrete crystals
that have been instructive in understanding the structure of cross-β systems [83]. In
an example of this strategy, Nowick and coworkers engineered a derived macrocy-
clic β-hairpin peptide derived from the Aβ 16–36 fragment to facilitate
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crystallization (Fig. 8.7a and b) [84]. Crystallization was aided by connection of the
N- and C-termini of Aβ(16–36) with a δ-linked ornithine turn unit and incorporation
of a cross-strand disulfide bond that replaced Ala21 and Ile31, which stabilized the
β-hairpin. In addition, an N-methyl group on Gly33 was introduced to prevent
uncontrolled aggregation, further facilitating crystallization. High-resolution X-ray
diffraction crystallography revealed the atomic structure of these aggregates, giving
insight into possible structures relevant to amyloid prefibrillar oligomers. These
methods have been applied to a number of other systems with great success
[83]. Thus, insightful engineering of self-assembling peptides along with advances
in X-ray diffraction methodology has provided important structural understanding of
both cross-β fibrils and their prefibrillar aggregates.

8.6 Electron Microscopy

Electron microscopy (EM) and atomic force microscopy (AFM) have long been
employed in the structural analysis of cross-β amyloid aggregates [85, 32]. Negative
stain transmission electron microscopy (TEM) and cryo-EM are fundamental tech-
niques used to observe the physical morphology and geometric parameters of
peptide assemblies, including length, width, pitch, etc. Although negative stain
TEM provides nanometer-scale images of cross-β materials, it cannot provide
information on atomic-scale structure. TEM requires staining with heavy metal
salts such as uranyl acetate for increased resolution, and samples need to be
deposited onto a surface for imaging. These events can alter the structure of the
peptide assembly, sometimes providing an inaccurate representation of the aggre-
gate. AFM often visualizes cross-βmaterials in a dried state deposited onto a surface,
making this technique vulnerable to the same limitations as negative stain TEM.
AFM is also possible in solution conditions, which has enabled real-time visualiza-
tion of nanofiber formation (Sect. 2.7). When imaging low-contrast amyloid fibrils,
scanning transmission electron microscopy (STEM) is a powerful method to visu-
alize amyloid structure [86]. STEM is able to directly measure the mass-per-length
ratio of individual fibers providing substantial information that can assist in creating
a molecular model.

Cryo-EM overcomes many of the disadvantages of other microscopy methods for
the analysis of cross-β fibrils [87]. TEM, STEM, and AFM require sample fixation
onto flat surfaces and staining, both of which can alter the native structure of an
assembly. However, cryo-EM thermally fixates the sample in a thin layer of its
original solvent, eliminating problems with sample alteration common to other
microscopy methods. In addition, recent advances in cryo-EM data acquisition and
processing provide data of sufficient resolution to enable reconstruction of high-
resolution packing architectures of cross-β aggregates [88]. Cryo-EM model recon-
struction is done from single fibril aggregate analysis at long length scales compared
to SSNMRmethods, which rely on highly local distance constraints to build models.
Cryo-EM has become a transformative tool for structural interrogation of
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Fig. 8.7 (a) Chemical structure of a putative hairpin structure formed by the Aβ16–36 fragment. (b)
Chemical structure of peptide 1, a hairpin of the Aβ16–36 fragment stabilized by peptide
macrocyclization by amide bond formation between the δ-amine of Lys 16 and the C-terminus of
Val 36. (c) X-ray crystallographic structure of a representative β-hairpin monomer formed by
peptide 1 (PDB 6WXM). (d) An overlay of the 11 peptide 1 β-hairpins in the asymmetric unit of
the crystallographic structure that illustrates the conformational regularity of each hairpin in the
crystal and shows the variability in the loop region. Reprinted with permission from Kreutzer AG,
Samdin TD, Guaglianone G, Spencer RK, Nowick JS (2020) X-ray Crystallography Reveals
Parallel and Antiparallel β-Sheet Dimers of a β-Hairpin Derived from Aβ16–36 that Assemble to
Form Different Tetramers. ACS Chem Neurosci 11 (15):2340–2347. https://doi.org/10.1021/
acschemneuro.0cc00290 (reference [84]), Copyright 2020 American Chemical Society
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self-assembled cross-βmaterials, dramatically accelerating the process of generating
atomic resolution models of these assemblies.

In a recent example, cryo-EM was used to determine the molecular structure of
polymorphic Aβ fibrils obtained from Alzheimer’s brain [89]. Cryo-EM images of
these patient-derived fibrils clearly show the polymorphic characteristics of Aβ
fibrils (Fig. 8.8a). Electron diffraction data obtained directly from these images
revealed symmetry elements and enabled the construction of a high-resolution
three-dimensional structure consistent with this data to a resolution of 4.5 Å between
the reconstructed map and the model. The constructed map shows two distinct stacks
of β-sheets (Fig. 8.8b-e). The model provided atomic-level resolution and refined
structural information enabling most of the structural characteristics of brain-derived
Aβ fibrils and their polymorphs to be determined. Cryo-EM has the potential to
surpass traditional microscopic and spectroscopic techniques with ongoing advances
in methodology and as cryo-EM availability increases.

Fig. 8.8 Illustration of the use of cryo-EM techniques to develop models of fibril morphology of
Aβ fibrils isolated from Alzheimer’s brain tissue. (a) A cryo-EM image that depicts two distinct
fibril types found in Alzheimer’s brain tissue (scale bar is 50 nm). Fibrils of each morphology are
labeled with I and II. The asterisk shows a fibril in which a morphology I-like fibril is emerging from
a fibril segment that is of morphology II. (b-d) These panels show 3D views of the reconstructed 3D
map of fibrils of morphology I at 4.4 Å resolution. Fibrils are composed of two β-sheet stacks,
which are shown in gray and blue in these structures. (b) A side view of the reconstructed 3D map.
c A cross-sectional view of one molecular layer of the fibril superimposed with the molecular
model, illustrating the folded structure of each constituent peptide within the β-sheet assemblies. (d)
A side view depiction of a six-layer peptide stack superimposed with the molecular model. This
stack is viewed from the perspective indicated by the red arrowhead in panel C. (e) A side view of
six molecular layers of the boxed region from panel C, viewed from the perspective indicated by the
black arrowhead in panel C. Reprinted with permission from Springer Nature, Kollmer M, Close W,
Funk L, Rasmussen J, Bsoul A, Schierhorn A, Schmidt M, Sigurdson CJ, Jucker M, Fändrich M
(2019) Cryo-EM structure and polymorphism of Aβ amyloid fibrils purified from Alzheimer’s brain
tissue. Nat Commun 10 (1):4760. https://doi.org/10.1038/s41467-019-12683-8 (reference [89]),
Copyright 2019, The Authors
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8.7 Emergent Physicochemical Properties of Cross-β
Nanomaterials

Cross-β nanomaterials are of great interest due to their emergent physicochemical
properties. In biological cross-β amyloid, the physicochemical properties of primary
interest are the modes of action that lead to cellular dysfunction. Understanding these
modes of action is manifested in efforts to correlate the cytotoxicity of cross-β fibrils
and the associated prefibrillar aggregates with the structure of the aggregates. These
efforts are as diverse as the diseases that are associated with cross-β amyloid and are
specific to the disease states. As such, a detailed discussion of the various methods
applied to interrogating the dysfunctional effects of cross-β aggregates is beyond the
scope of this chapter. We will instead briefly discuss cross-β structures as bio-
materials and provide an introduction to efforts to understand these materials both
in terms of their inherent materials properties and their emergent biochemical
functions.

Functional cross-β amyloid also possesses interesting physicochemical properties
[5, 6]. For example, curli fibrils are components of the complex extracellular
matrices produced by Enterobacteriaceae, including Escherichia coli [90]. Curli
fibrils are assembled under carefully regulated conditions and mediate adhesion to
surfaces, cell aggregation, biofilm formation, and host cell adhesion and invasion.
Each of these functional emergent biochemical properties has been the subject of
intense study. Again, a detailed discussion of the large body of work that has resulted
in elucidation of the emergent physicochemical properties of functional amyloid is
beyond the scope of this work. However, this class of amyloid can be used to
illustrate the interrogation of cross-β structures using material techniques. As an
example, the tensile strength of the interactions between curli fibrils and host
fibronectin networks has been probed using AFM cantilever manipulation [91]. Cor-
relation of the fundamental physicochemical properties of cross-β structures with
emergent function is now a common mode of interrogation for these types of
materials, with the applied methods depending on the function of the material that
is being assessed.

Cross-β fibrils that form hydrogel networks are an illustrative example of a
system for which the physicochemical properties are of primary significance.
Cross-β systems that are engineered to sequester hydrophobic side chain group to
the fibril interior while exposing hydrophilic side chain functionality to solvent self-
assemble rapidly and at high concentrations entangle to form an emergent hydrogel
network [92]. Many of these hydrogel-forming peptides have been designed based
on understanding of the structure and mechanism of cross-β self-assembly [93]. The
viscoelasticity, or “stiffness” of a hydrogel, is critical to its function. Oscillatory
rheology is a critical method used in the interrogation of the emergent viscoelastic
properties of these types of hydrogels [94]. These hydrogels have found use in
diverse applications that include tissue engineering, regenerative medicine, and drug
delivery. Each of these applications has an attendant set of requisite emergent
properties that are characterized during the design process. The vast scope of
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techniques used to assess these properties depends on the property that is being
interrogated. We will forego a detailed discussion of these varying techniques.

Finally, cross-β assemblies have been broadly used as scaffolds for the multiva-
lent display of functional chemical groups [95]. These biomaterials have been used
for tissue engineering, drug delivery, self-adjuvanting vaccine, antimicrobial, cata-
lytic, and optical applications. The emergent properties that are interrogated for these
materials depend on the specific application. For example, a material for tissue
engineering may require the multivalent display of a cell-signaling motif on a
cross-β scaffold. The relevant biochemical properties that would be assessed
would include cellular adhesion and perhaps detection of specific ligand-receptor
interactions between the cross-β display and the cells of interest. Detailed discussion
of the many properties that are interrogated in these types of cross-β materials is
beyond the scope of this chapter. The broad range of applications that cross-β
materials have been designed to address illustrates that characterization of these
materials must go far beyond typical structural and mechanistic analysis of cross-β
assemblies. Cross-β assemblies are an emerging class of next-generation biomaterial
for applications across virtually all fields of materials science. As such, it is expected
that an ever-increasing range of techniques will be used to assess these materials.

8.8 Conclusion

Peptide and protein cross-β nanomaterials are the object of increasing fascination
and study. The relevance of these supramolecular assemblies to both amyloid
disease etiology and evolved biological materials motivates much of this interest.
In the last several decades, there has also been an explosion in the development of
engineering biomaterials based on peptide and protein cross-β assemblies. Designed
cross-β systems have found wide-ranging use as biocompatible materials for regen-
erative medicine, drug delivery, wound healing, and as self-adjuvanting scaffolds for
epitope presentation in vaccines. This broad relevance of cross-β architecture to both
medical and materials science has increased the urgency to understand the relation-
ships between peptide and protein sequence and self-assembly properties and to
understand the correlations between aggregate structure, mechanism of assembly,
and emergent functional properties. There have been transformative advances in
understanding the mechanisms of cross-β assembly, in the available methods for the
structural characterization of cross-β materials, and in the exploitation of these
materials for diverse applications. These advances have dramatically quickened
discoveries of the structural and functional properties of cross-β aggregates. The
next decade will undoubtedly bring additional innovation, which will lead to trans-
formative acceleration in the study of cross-β structure and the design of next-
generation cross-β materials.
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