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Abstract: Nanoscale optical labeling is an advanced bioimaging tool. It is mostly based on fluorescence
(FL) phenomena and enables the visualization of single biocells, bacteria, viruses, and biological
tissues, providing monitoring of functional biosystems in vitro and in vivo, and the imaging-guided
transportation of drug molecules. There is a variety of FL biolabels such as organic molecular dyes,
genetically encoded fluorescent proteins (green fluorescent protein and homologs), semiconductor
quantum dots, carbon dots, plasmonic metal gold-based nanostructures and more. In this review,
a new generation of FL biolabels based on the recently found biophotonic effects of visible FL are
described. This intrinsic FL phenomenon is observed in any peptide/protein materials folded into
β-sheet secondary structures, irrespective of their composition, complexity, and origin. The FL
effect has been observed both in natural amyloid fibrils, associated with neurodegenerative diseases
(Alzheimer’s, Parkinson’s, and more), and diverse synthetic peptide/protein structures subjected to
thermally induced biological refolding helix-like→β-sheet. This approach allowed us to develop a
new generation of FL peptide/protein bionanodots radiating multicolor, tunable, visible FL, covering
the entire visible spectrum in the range of 400–700 nm. Newly developed biocompatible nanoscale
biomarkers are considered as a promising tool for emerging precise biomedicine and advanced
medical nanotechnologies (high-resolution bioimaging, light diagnostics, therapy, optogenetics,
and health monitoring).

Keywords: bioimaging; fluorescence labels; fluorescent dyes for imaging of amyloid fibrils;
peptide-based materials; PEGylated peptides; peptide nanostructures; peptide aggregates; thermally
induced refolding helix-like→β-sheet and intrinsic visible fluorescence in amyloid and amyloidogenic
β-sheet nanostructures; fluorescence in polymer/peptide thin films and fibers; reabsorption mechanism
of fluorescence long-range propagation; visible fluorescent bionanodots

1. Introduction

Molecular fluorescence (FL) is a process wherein an electronic relaxation is associated with a
strong photon emission. Since its first observation, dating back to the 16th century, this optical
process was the subject of intensive investigations, which continue to attract attention nowadays.
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From a quantum mechanical standpoint, FL is a radiative recombination process wherein an excited
electron undergoes a dipolar-allowed transition to a ground state. This research has gained additional
momentum, inspired by a wide range of emerging applications in the field of biology and biomedicine.
Quantitative fluorescent microscopy made it possible to get a deep understanding and analyze a
variety of basic fine biological processes, including direct imaging of living biocells and transportation
of drug molecules in human tissues using FL biomarkers. A broad range of FL organic molecular dyes
covering the entire visible spectrum has been discovered along with the recent development of another
group of FL nanoscale labels such as semiconductor inorganic quantum dots, carbon dots, lanthanide
ions and more. Intensive use of fluorophores of different origins in biomedical studies shifts accents
to additional requirements, putting biocompatibility and biodegradability at a cornerstone. Those
specifications made entire molecular families, e.g., rhodamine, and quantum dots to be inapplicable
for a range of in vivo studies. The discovery of the first biocompatible fluorophore, extracted from a
jellyfish, i.e., green fluorescent protein (GFP), was awarded a Noble Prize in 2008 and started a new
era in bioimaging. Quite a few GFP derivatives were explored and allowed scientists to perform
high-quality imaging with these biocompatible labels.

Recently, the family of label-free natural fluorescent bionanomaterials has obtained an additional
representative, emerged after an unexpected observation of strong broadband FL emission both in
natural amyloid fibrils related to neurodegenerative diseases (Alzheimer’s, Parkinson’s and more) [1],
and bioinspired synthetic ultrashort di- and tri-peptides fiber structures [2]. Despite a deep difference in
their composition and origin, both amyloid and amyloidogenic fibrillary structures are self-assembled
into the same β-sheet architecture and exhibit similar excitation and FL photon emission spectra,
making this new FL effect fold-sensitive.

In a living human brain, metastable soluble α-helical amyloid proteins are gradually folded
into thermodynamically stable, solid-state fibrillary β-sheet structures. We found that native
amyloidogenic synthetic peptide/protein can be also transformed into β-sheet structure when subjected
to thermally induced refolding helix-like→β-sheet. This new method allowed us to develop universal
nanotechnology for the transformation of any non-FL peptide/protein to β-sheet FL structure.

In this review, traditional FL biolabels and methods of FL bioimaging of amyloid fibrils are
described. The main focus is directed toward basic studies of highly specific and new types of FL
phenomena found in amyloid and amyloidogenic peptide/protein nanostructures and newly developed
hybrid polymer/peptide thin films and fibers. We demonstrate a new mechanism of long-range FL
propagation in poly(ethylene glycol) (PEG)-F6 amyloidogenic fibers.

We developed a new approach to visible FL nanodot fabrication. These nanodots are self-assembled
from synthetic peptide/protein molecules. They are considered elementary building blocks of
supramolecular bionanostructures. Originally, these peptide/protein synthetic molecules of biological
origin and their bioinspired structures did not exhibit visible FL. We revealed that visible FL, covering
the entire visible region 400–700 nm, can be acquired by any peptide/protein nanodots as a result of
the reconstruction of their native peptide/protein conformation from the primary α-helical state to
β-sheets by the use of thermally induced refolding.

We show that these novel FL visible nanodots of biological origin can be widely used in
nanobiotechnology for medical imaging, diagnostics and therapy, development of a new generation
of drugs and safety technology for cosmetics and food products, as well as dramatically impacting
additional nanotechnological fields (image sensors, solar cells, light-emitting devices such as biolasers,
and more). These studies pave the way for the development of a new research field of peptide photonics
and advanced nanotechnology of peptide-integrated optics.

2. Materials and Methods

Bioinspired nanostructures are self-assembled from chemically synthesized biomolecules into
diverse morphologies such as nanodots, nanotubes, nanotapes, thin films, fibers, and more. In this
chapter, we consider various methods for their fabrication, deposition technology, and high-resolution
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experimental tools which allowed us to study their morphology at the nanoscale, their biochemical
composition, biomolecular arrangement (peptide/protein secondary structure), their basic biological
transformation from helix-like to β-sheet state, as well as their photophysical properties (optical
absorbance, fluorescence, and more).

2.1. Peptide Materials and Fabrication of Peptide Structures

A few different peptide biomolecule monomers (Bachem, Switzerland) were applied for the
fabrication of diverse peptide nanostructures: linear aromatic diphenylalanine (FF), linear aliphatic
dileucine (LL), tri-phenylalanine (FFF) and insulin protein. In the native phase, these peptide molecules
were self-assembled into various morphological shapes by the use of colloidal technology: linear FF
and linear LL were self-assembled into hollow peptide nanotubes (PNT); linear FFF was self-assembled
into nanospheres (PNS) or to plain wafers (tapes), depending on the solvent [2] Linear FF, FFF, LL,
and insulin protein were also self-assembled into nanodots [3]. Peptide fiber structures were fabricated
by two methods: under the thermal heating of peptide nanotubes in an oven and in a vacuum chamber
by vapor deposition technology (the details can be found below).

2.2. Preparation of Peptide Nanostructures

L-diphenylalanine (FF) peptide nanotubes were self-assembled by dissolving the FF peptide
powder in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Sigma Aldrich) to initial concentrations of
100 mg/mL, which were then mixed in a vortex mixer (VELP Scientifica) and further diluted to final
concentrations of 2 mg/mL in deionized water. After vortexing, the solution drops from the peptide
solution were deposited on a glass substrate and left to dry under a chemical hood. This fabrication
process yields long, horizontally aligned FF peptide nanotubes with a hexagonal cross-section.

L-dileucine (LL) peptide nanotubes were self-assembled by first dissolving the LL peptide
powder in HFIP to initial concentrations of 100 mg/mL, which were then mixed in a vortex mixer and
further diluted to a final concentration of 2 mg/mL in deionized water. After vortexing, the solution
drops from the peptide solution were deposited on a glass substrate and left to dry in a chemical
hood. This fabrication process yields long, horizontally aligned LL peptide nanotubes with an
orthorhombic cross-section.

L-triphenylalanine (FFF) peptide micro-nanospheres were prepared by dissolving the FFF peptide
powder in HFIP to an initial concentration of 100 mg/mL, then mixed in a vortex mixer and then further
diluted to a final concentration of 4 mg/mL in chloroform. After vortexing, the solution drops from the
peptide solution were deposited on a glass substrate and left to dry in a chemical hood. This fabrication
process yields micro–nanometer FFF spheres.

FFF peptide tapes with a large area were prepared by dissolving the FFF peptide powder in HFIP
to an initial concentration of 100 mg/mL, which was then mixed in a vortex mixer and further diluted to
final concentrations of 2 mg/mL in deionized water. The FFF peptide biomolecules were self-assembled
in aqueous solution and deposited on glass substrates with the use of a “pull-out” method combined
with a strong modification of the surface substrate wettability. These methods enabled the fabrication
of the FFF wafers with lengths of 5–100 µm, widths of 5–30 µm, and thicknesses of 0.2–1.5 µm.

FF and FFF peptide nanodots (native phase) were prepared by the following procedure:
the lyophilized powder of FFF and FF (Bachem, Switzerland) was dissolved in HFIP to an initial
concentration of 100 mg/mL, mixed in a vortex mixer (VELP Scientifica) and then further diluted
to a final concentration of 5 mg/mL either in acetone (Merck Millipore) or in 1 mg/mL in ethylene
glycol (EG) (Sigma-Aldrich). Both organic solvents are related to a polar group which inhibits the
self-assembly process at the stage of the nanodots. The dots are well dispersed and do not assemble
into any large supramolecular structures such as tubes, fibers, plates, and more.

Visible fluorescence FF and FFF peptide nanodots were prepared by heating the native solutions
in the ethylene glycol from room temperature up to 180 ◦C (at this final temperature, the heating was
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fixed for three hs) and then cooled down back to room temperature. EG was chosen as a solvent
because of its high boiling temperature point of 195 ◦C [3].

2.3. Preparation of Peptide Fibrillary Nanostructures

The fabrication of thermally induced fibrillary nanostructures was performed by two methods:
1. The native FF, LL tubular, FFF spherical and FFF tape samples were heat treated in the oven

using a step by step procedure from room temperature to 180 ◦C (at every temperature step the peptides
structures were heated for 1 h) and then cooled back to room temperature to study their properties.
The thermal treatment led to a deep modification of the native morphology, giving similar elongated
close- and open-end fibrillary structures of 10–100 nm in diameter and 100 nm-30µm in length [2].

2. The method of vacuum vapor deposition of peptide biomolecule monomers resulted in the
deposition of vertically aligned nanofibers. In a typical procedure, 1 mg of FF peptide lyophilized
powder was placed in a small copper boat to serve as the source material. The substrate (carbon, glass,
gold, and silicon dioxide) was placed above the source at a vertical distance of 2 cm. The chamber was
then set to 220 ◦C with a heating rate of 10 ◦C min−1 at a constant pressure of 10−5 mbar [4].

2.4. Experimental Methods

2.4.1. Secondary Electron Microscopy (SEM)

All the above samples were inspected on silicon substrates, coated with gold–palladium,
and scanned by TESCAN VEGA3 (Brno-Kohoutovice, Czech Republic), scanning electron microscope
in a high vacuum.

2.4.2. Spectrophotometry (Optical Absorbance)

The optical absorption (OA) measurements were performed with a Cary 5000 UV–vis–NIR
spectrophotometer (Varian, a part of Agilent Technologies, USA), over the range of 200–800 nm.
For the OA measurements, all peptide-based nanostructures were prepared by the following procedure.
The peptide samples containing either native or thermally induced peptide nanostructures were gently
scrubbed into clean quartz cuvettes, which were then filled with deionized water. OA measurements
were performed with these water suspensions.

2.4.3. Optical Spectrofluorometry

Measurements of fluorescence (FL) and fluorescence excitation (FLE) were performed using a
Horiba Jobin Yvon FL3-11 spectrofluorometer (HORIBA Jobin Yvon S.A.S., 91165 Longjumeau cedex,
France). The peptide nanostructures were placed on a 1× 1 cm quartz surface, and the FL measurements
were conducted with a homemade holder.

2.4.4. Fluorescence Microscopy

Fluorescence images of FF, LL, and FFF nanostructures were obtained with an Olympus BX51WI
(Microscopy Supplies and Consultants Ltd., Carnock, Fife, Scotland, KY12 9JH) fixed-stage upright
fluorescence microscope. Samples were placed on clean coverslip glass, dried, and imaged with X10
Olympus objective. For blue images, a DAPI filter was used, and for green images–a GFP filter.

2.4.5. Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) spectra were obtained by a Chirascan CD Spectrometer (Applied
Photophysics, United Kingdom). The wavelengths, from 190 to 250 nm, were scanned every four
seconds. The fabrication procedure for both native and thermally induced phases was identical to the
fabrication process for the OA measurements. The final water suspensions of all peptide nanostructures
were studied.
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2.4.6. Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)

The fabrication process of the samples for ToF-Secondary Ion (SI)MS measurements was identical
to that mentioned in the SEM section. All the samples in the native and thermally induced phases
were placed on a clean silicon substrate and measured with a PHI Model 2100 TRIFT II instrument,
(CAE, Austin, TX 78701, USA).

2.4.7. FTIR Measurements

FTIR data were collected with the use of a Bruker Tensor 27 (MA, USA). First, a 3 × 3 cm
silicon-substrate reference sample was tested. Then, droplets of the peptide suspensions were placed
on the silicon substrates and dried at room temperature. Then, FTIR measurements of the native
peptide nanostructures and heat-treated peptide fibrillary samples were performed.

3. Fluorescence Phenomena and Imaging Biomarkers

Bioimaging is a principal method in biomedicine from local diagnosis and drug delivery to therapy
and surgery [5,6]. It is commonly based on fluorescent (FL) agents of high brightness and combines
their exceptional optical properties with biocompatibility, biodegradability, and precise targeting both
in vivo and in vitro. The FL mechanism of any fluorophore represents a quantum process, including
the stimulated absorption of incident light photons of one wavelength, which is followed by the
emission of FL photons with shifted wavelength. Diverse FL light-responsive materials of different
origins such as fluorescent proteins [7,8] organic molecular dyes [9], inorganic semiconductor quantum
dots [10], and carbon nanodots [11] were developed (Figure 1, Table 1). Each of them has its own
inherent mechanism of optical absorption and FL photon emission, which defines its key figures
of merit for bioimaging: FL spectral region (wavelength of FL maximum and its full width at half
maximum (FWHM), FL quantum yield, Stokes shift, and biocompatibility.
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Figure 1. Optical absorption and FL spectra of organic dyes, quantum dots, and carbon dots.
(a) Absorption (lines) and FL emission (symbols) spectra of representatives of organic dyes Cy3 (blue)
and Cy5 (red) characterized by a resonant spectrum of both absorbance and FL; (b) Absorption (lines)
and FL (symbols) of CdSe quantum dots, absorbance spectra, and FL red shift is observed for QDs with
the larger size in the range of (3.5–6.0) nm; (c) schematic UV–visible and FL spectra of carbon dots.
(Taken from [12,13]).

Fluorescent proteins: Currently, FL proteins are shown to be the most frequently used FL
probes [14]. Green FL protein (GFP), the first and most famous FL protein, was discovered and
extracted from jellyfish, Aequorea victoria, in the 1960s [15]. GFP are the only molecules, to date,
that are known to have visible FL of biological origin among an unlimited number of non-FL peptide
and protein biomolecules [7,8]. Since the 1990s, GFP has been genetically engineered to produce a vast
number of mutants. Unlike other molecular-based probes, FL proteins can be genetically coded and
label cellular structures [8]. GFP and homologs with different compositions cover the entire visible and
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infrared spectrum. They are classified [8] as ultraviolet, blue, cyan, green, yellow, orange, red, far red,
and near infrared proteins. These proteins exhibit discrete optical absorbance bands, relatively narrow
FL spectra of (50–100) nm bandwidth, and large Stokes shifts of ~100 nm. Their quantum yield reaches
98% (Table 1), which makes these originally biocompatible FL tags the most effective bioprobes.

Organic molecular dyes: FL compounds based on synthetic large molecules are powerful tools to
visualize biological processes in living cells and organisms. Ever since the discovery of organic FL dyes
in the late 19th century, efforts have been made to study the behavior of specific biomolecules in living
systems by using these dyes as biolabels [16]. Many organic bright and photostable compounds such
as fluorescein, rhodamine, coumarin, and many other dyes were developed. The FL spectra of these
diverse visible molecular dyes supply labels for almost the entire visible and near-IR spectrum (Table 1,
Figure 1a) [17]. Some of them were later employed for optical bioimaging as local FL labels and probes
owing to their FL high quantum yield. The majority of common fluorophores such as fluorescein,
rhodamine, and cyanine are resonant FL dyes that are characterized by narrow optical absorption
of (25–35) nm and FL emission bands with small Stokes shifts of ~25–30 nm (Figure 1a), high molar
absorption coefficients, and moderate-to-high fluorescence quantum yields ~(60–97)% [17]. Another
group of organic dyes (Table 1, Figure 1a) displaying high FL intensity and long FL lifetimes includes
cyanine, squaraine, phthalocyanines, porphyrin, and boron–dipyrromethene (BODIPY) dyes with red
to near-infrared (NIR) FL [18,19]. They are especially in demand for in vivo imaging in animals and
humans, owing to the transparency of tissues in this NIR wavelength region, providing cancer targeting
and imaging. Recently, a breakthrough was achieved with produced chemically modified organic
small-molecule cyanine dyes [20]. The wavelengths of light-absorbed and FL-emitted photons by these
new dyes are shifted roughly 200 nm towards longer wavelengths, that is, towards an infrared region
greater than 1000 nm. Imaging in this spectral range offers important benefits for in vivo applications
compared with that in the far red regions [21].

Quantum dots (QDs): Semiconductor QDs are the nanoparticles that bridge the gap between
individual atoms and bulk semiconductor materials [10]. The electronic structure of semiconductors at
the nanoscale is size dependent (Figures 1b and 2). This effect is known as quantum confinement (QC)
and it is determined by the tough limitation of the free motion of electrons in a restricted number of
dimensions. Schematic representation of the quantum confinement (QC) effect is shown in the Figure 2.
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Figure 2. Schematic representation of the quantum confinement (QC) effect: the bandgap of a
semiconductor material increases with decreasing size, and discrete energy levels arise at the band
edges. Lower panel shows a photograph of five FL colors CdSe quantum dots (QDs) with different
sizes under excitation with a UV lamp, exhibiting the tunability of FL spectra. (Taken from [22]).

The dimensions of the confined structural regions are defined by a critical quantum size, the exciton
Bohr radius. Conceptually, it represents the average distance between the photoexcited electron–hole
pair, which is called an exciton. Under the condition in which the physical size of QDs approaches
that of the exciton (for example, for CdSe exciton, the radius is about 6 nm) the energy gap of the
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semiconductor material increases with decreasing size and discrete energy levels arise at the band
edges. This means that the optical energy gap of nanoparticles and, consequently, the FL spectra of
the QDs can be altered by adjusting their size [23], leading to a wide range of FL tunability (Table 1,
Figures 1b and 2).

Table 1. Comparison of photonic properties of FL proteins, organic dyes, inorganic quantum dots, and
carbon dots [12,16–23].

Photonic
Properties

GFP and
Homologs,
Natural FL

Proteins

Organic Dyes
Quantum Dots

Size-Dependent
Data

Carbon Dots

Optical absorption,
nm

Peak(365–600) nm
depends of

composition

Discrete optical
absorbance bands:
-Fluorescein, max

~500 nm,
FWHM~35 nm
-Cyanine, Cy3
max ~550 nm,

FWHM~35 nm

Broadband
absorbance

(size-dependent),
steady increase
toward UVfrom
absorption onset,
-CdS 350–470 nm
-CdSe 450–640 nm
-InP 550–650 nm

Broadband
absorbance, in the
UV region with a
tail extending to
the visible range

Fluorescence
spectra, nm

Peak(424–620) nm
depends of

composition

Resonant narrow
spectra:

-Fluorescein,
max ~550 nm,

-Cyanine, Cy3
FWHM~34 nm

FL optical region
(size-dependent),
narrow spectra:

-CdS 370–500 nm
-CdSe 470–660 nm
-InP 620–720 nm

Excitation
dependent FL, FL
set of separated

peaks in the visible
region

Fluorescence
spectra, FWHM,

nm
(50–100) nm

-Fluorescein,
FWHM~34 nm
-Cyanine, Cy3
FWHM~34 nm

-CdS ~30 nm
-CdSe ~30 nm

-InP ~50–90 nm
~100–150 nm

Quantum yield,%

QY is varied in a
wide range and
depends on the

composition
(20–98)%

-Fluorescein,
can reach 97%
-Cyanine, Cy3

40%

-CdS <60%
-CdSe 65–0.85%

-InP 10–60%

Strongly depends
on technology of
preparation and

doping: varies in a
very large range

(4–90)%

Stokes shift, nm Widely varied, can
reach ~100 nm Normally <50 nm <50 nm for visible

wavelength -

The FL of QDs demonstrates a narrow-band resonant-like FL of 30–50 nm width (Figure 1b,
Table 1). In comparison to organic dyes, QDs have completely different properties of a step-like
continuous broadband optical absorption starting at the absorption onset and defined by the size of the
dots. It gradually increases toward the shorter wavelengths (Figures 1b and 2). The broad absorption
allows for the free selection of the excitation wavelength and thus the straightforward separation of
excitation and emission [12]. QDs are photostable and have an excellent molar extinction coefficient
that is more than 10 times larger than that of organic dyes and demonstrates a very bright FL light.
A severe limitation of QDs in biomedical applications is related to their cytotoxic effects because of
their chemical compositions, which are based on cadmium, lead, mercury, arsenic elements. However,
QDs can be labeled with various ligands, peptides, and antibodies, and thus they were successfully
used in biological imaging, cancer diagnosis, drug monitoring, and delivery applications [24,25].

Carbon nanodots: Carbon dots are a relatively new class of carbon nanomaterials that have been
intensively studied in the last fifteen years. Carbon sources used for their fabrication range from
graphite, proteins, and food products. Citric acid is the most commonly used precursor. Carbon
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dots, in contrast to semiconductor QDs, lack a classical bandgap structure. They can be constructed
to achieve bandgap-like fluorescence via surface passivation-created defects. CDs typically show
optical absorption in the UV region, with a tail extending to the visible range (Figure 1c). Their optical
properties [13,26] drew particular interest as they display the unusual trait of excitation-dependent
emission, providing FL spectra with a broad color range and emission peak wavelengths ranging
from 415 (violet) to 615 nm (orange-red) and higher, as well as high FL quantum yields reaching
80–90%, long photoluminescence decay lifetimes, and photostability in doped carbon dots (Table 1,
Figure 1c) [13,26–28]. The FL mechanism of carbon dots is still under discussion, mainly regarding
the surface state-controlled defects. These defects can modulate the color of FL as well as create
a heterogeneous electronic environment resulting in pronounced excitation wavelength-dependent
emission. Since they were discovered, carbon dots have been viewed as a less toxic alternative to
traditional quantum dots and as very promising for applications in bioimaging and biosensing [27,28].

A few major types of FL bioimaging labels can be roughly divided into two groups: molecular
labels (bioorganic natural GFP and homologs, synthetic organic molecular dyes) and nanodot labels
(carbon and inorganic quantum dots). The molecule-based FL agents demonstrate similar physical
origins of FL generation, based on classic selective electron transitions. The electronic structure of
these molecular tags provides composition-sensitive optical properties. They are characterized by a
highly specific peak-like optical absorbance band and narrow FL spectrum for each type of biological
or synthetic molecule.

The physics of FL in crystalline inorganic quantum nanodots obeys the quantum size effect,
where the FL spectrum is size-dependent. The FL optical band can be widely varied by changing the
semiconductor dot dimension (Table 1, Figure 2). Carbon dots irradiate FL photon emission, owing
to surface state, defects, or doping. The FL spectrum, defined by surface and defect states, strongly
depends on composition and preparation technology and can be varied in a very wide range.

In this paper, we present the basic physics and technology of completely different types of
FL phenomena and new-generation FL visible bionanodots found in amyloid and amyloidogenic
peptide/protein biological and bioinspired nanostructures. This new biophotonic effect (FL
excitation and emission spectra) is similar for all peptides/proteins self-assembled into β-sheet
secondary structures.

4. Fluorescent Dye Imaging of Amyloid Fibrils

Amyloid plaque formation is a key event related to several neurodegenerative misfolding disorders.
Amyloid assembly is a multistep process initiated by conformational changes in monomeric species.
The cascade hypothesis involves different intermediate architectures, including oligomers, protofibrils,
filaments, and fibrils, generated upon the progressive self-assembling [29]. The amyloid mechanism
aggregation comprises three steps: the lag phase, in which the monomers, low molecular weight
oligomers, are the preeminent species, the polymerization, where the monomers mostly self-assemble
generating aggregates with higher molecular weight, and the final saturation, where fibers—finally
formed—evolve into a mature, self-assembled system.

Biologically, it has been widely supposed that soluble intermediate aggregates are the most toxic
species, rather than mature fibrils [30]. From this perspective, the ability to monitor the kinetics
of self-association result in a crucial clue to understanding the fibrillogenesis mechanism. Indeed,
this knowledge represents essential data for learning about possible aggregation pathways as well as
for the design and proposal of potential inhibitors. In line with these considerations, researchers’ efforts
have been devoted to developing analytical methodologies that are able to gain insights into toxic
species formation. These approaches give a qualitative, quantitative and mechanistic understanding
about the molecular events involved in fibrillogenesis.

In recent years, various techniques including staining [31], turbidity measurements [32],
X-ray diffraction [33], light scattering [34], gel electrophoresis [35], sedimentation velocities [36]
or size exclusion chromatography [37] have been widely proposed to this end. However, some of



Crystals 2020, 10, 668 9 of 43

these methodologies are strongly limited by experimental conditions, such as the metastable nature of
the oligomers, their low concentration, and their heterogeneous nature. Besides, the self-assembly
kinetics are extremely dependent on the environment, including medium type, monomer concentration,
temperature, pH, metal ion presence, or ionic strength [38]. Optical techniques related to the use of
fluorescent dyes can overcome some of these drawbacks, working at much lower concentrations with
more sensitivity, in less time, and allowing the spatial distribution of the emitting species. In this context,
the study of amyloid phenomena is strictly related to fluorescence label applications. In the study of
amyloid kinetics, two different approaches are applied: in the first one, the association/dissociation
of aggregates is monitored via an extrinsic dye, whereas, in the second one, monomeric peptides
are chemically derivatized with fluorescent dye before their aggregation. In the latter approach,
the aggregation is intrinsically studied.

4.1. Fl Extrinsic Dyes and Imaging Technology of Amyloid Fibers

Extrinsic fluorescent probes have the ability to bind the amyloid aggregates in a non-covalent way,
changing their spectral fluorescence signature as a consequence of the interaction with amyloid species.
The typical kinetics of the aggregation assay response, with a sigmoidal profile of the fluorescence
intensity vs. time, are governed by the formation of larger and more mature aggregates. FL emission
intensity is conceptually considered proportional to the percentage of dye molecules bound to fibrils
and the number of self-assembled systems, which allow for the easy evaluation of the process kinetics
and the aggregate concentration.

Traditionally, the most important and most widely used fluorescent organic dyes are Thioflavin T
(ThT), Congo Red (CR), and 1-Anilino-8-naphthalene sulfonic acid (ANS). ThT (Figure 3, ThT) was first
used with a synthetic mimicking the Aβ peptide by Levine in 1993 [39]. ThT is a fluorescent cationic
benzothiazole dye that binds itself to the structure channels on the surface of aggregates in a stabilized
fashion. This phenomenon greatly enhances and shifts the fluorescence emission from 445 to 482 nm as
a consequence of the loss of rotational freedom in the dye structure. ThT has been efficiently applied to
study the kinetic behavior of Aβ polypeptides [40] or for the recognition of β-sheet organization in
peptide-based materials [41] and hydrogels [42].

Nevertheless, some limitations affect ThT application. It is well known that the binding behavior
of ThT dye is not only selective for amyloid aggregates. Indeed, ThT can also detect keratin, elastin
fiber, and nucleic acids [43]. Furthermore, different conformational and oligomeric states are not
properly detected and ThT self-aggregates in micelles starting from 4µM concentrations [44]. Due to
the positively charged quaternary heterocyclic nitrogen of the benzothiazolium, ThT is not suitable to
cross the blood–brain barrier (BBB) and the charged nature of the molecule limits its use in neutral,
basic conditions [45].

Due to these drawbacks, several alternative dyes have been studied as potential fluorescent amyloid
probes. For example, NIAD-4 [5′-(4-hydroxyphenyl)-[2,2′-bithiophen]-5-yl] methylene]-propane
dinitrile (Figure 3, NIAD-4), designed by Swager and co-workers, was efficiently employed for the
recognition of Aβ(1-40) aggregates [46]. This fluorophore was also used for monitoring in vitro the
amyloid formation processes of de novo coiled-coil peptides [47]. The studied peptides can adopt
different conformations in acid and basic environments. Specifically, Peptide 1 forms amyloid-like
fibrils at pH 4, whereas thin micrometer long α-helical fibers were found in physiological conditions
(pH = 7.4). On the other hand, Peptide 2 shows the reverse supramolecular behavior, forming amyloid
aggregates at pH 7.4 and α -helical fibers in acidic conditions. The fluorescence signal of the dye
(λex = 475 nm; λem = 600 nm) was detected only for the amyloid forms of the studied peptides, whereas
no significant emission was registered for the helical fibers. This evidence suggests an increase in the
specificity of NIAD-4 concerning ThT in acidic conditions. Beyond NIAD-4 dye, three other probes
(L1, L2, and L3 reported in Figure A3) with a molecular structure similar to ThT were proposed by
Dyrager and co-workers [48] for the detection and visualization of Aβ1-42 plaques in transgenic mice
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brain slices. Nevertheless, despite the capability of these dyes to emit significant photoluminescence
quantum yields, they did not exhibit the expected “turn-on” features.

An alternative method for the detection of amyloid structures is the Congo Red (CR)
assay. CR (Figure 3, Congo Red), the sodium salt of 3,3′-([1,1′-biphenyl]-4,4′-diyl)bis(4-
aminonaphthalene-1-sulfonic acid) is a heterocyclic and aromatic water-soluble diazo-dye used
especially as a pH indicator and as a biological staining agent of amyloids. The CR staining procedure
is a qualitative method applied for the macroscopic identification of amyloid deposits both in vitro
and in tissue. As reported for ThT, CR became torsionally restricted when bound to amyloid deposits,
adopting a specific orientation with the long molecular axis of the dye running parallel to the fibril
one. The in vitro binding of CR to amyloids induces a characteristic increase in the CR absorption
spectrum associated with a bathochromic effect from 480 to ~512 nm and the appearance of an
additional shoulder centered at 540 nm [49]. The specific orientation of CR dye in the presence of
natural or synthetic β-sheet rich materials also provides a birefringent anisotropic light transmission
effect (“apple-green birefringence”) under polarized light [50,51]. Analogously to the ThT derivative,
many other CR-based aniline dyes were designed and proposed as fluorescent dyes for amyloid testing.
This class includes Congo Corinth (Figure 3, Congo Chorint), Vital Red, and Acid Fuchsin. The detection
in solution of several amyloid aggregates (including α-synuclein and tau) was achieved using the
CR derivative K114 (Figure 3, K114 (trans, trans)-1-bromo-2,5-bis(4-hydroxy)styrylbenzene) [52].
The fluorescence response for the in vivo detection was improved designing CR analogues,
including 1,4-bis(49-hydroxystyryl)-2-methoxybenzene (X-04) [53] and (trans,trans)-1bromo-2,5-
bis(3-hydroxycarbonyl-4-hydroxy)styrylbenzene (BSB) [54].

Partially folded intermediate aggregative states, having solvent-exposed hydrophobic clusters,
can be detected using aggregation-induced emission probes, such as ANS (Figure 3, ANS) dye [55].
ANS has low fluorescence quantum yield in aqueous environments, whereas its emission is dramatically
increased in non-polar ones, like self-assembling peptide spines [56]. An increase in emission is
referred to as a consequence of dye binding to hydrophobic tasks. According to these considerations,
ANS was evaluated as a useful fluorophore for kinetic studies, the determination of critical aggregation
concentration and the equilibrium study of amyloids [57–59] It was also used to assess the influence
of various external factors (i.e., concentration, pH, presence of molecular inhibitors) on the assembly.
ANS and its analog bis-ANS (Figure 3, ANS) were found to be capable of efficiently detecting the
kinetics of Aβ amyloid aggregation, while not affecting the morphologies, as demonstrated by TEM.
However, both these fluorophores are not able to report the formation of oligomers [60]. Beyond ANS,
the sodium salt of 1,2-bis [4-(3-sulfonatopropoxyl)phenyl]-1,2-diphenylethene (Figure 3, BSPOTPE),
a tetraphenylethlyene (TPE)-based dye, was found able to detect insulin fibrillization in a real-time
assay [61].
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4.2. Direct Monomer FL Amyloid Labeling

The efficiency of the extrinsic fluorescent methodology for amyloid study is strictly related to
the lack of interaction/modification of the dyes. Nevertheless, an increasing number of papers on the
behavior of dye in monomer aggregation events report on the detection of the effects of inhibition, which
justify intensive investigations of these fluorophores for the observation of mature aggregates [62–65].
Moreover, most of the used dyes are not able to respond to oligomeric aggregates, showing FL signals
only in the presence of mature fibrils. Thus, the development of probes for the detection of oligomers
represents a topic of high importance. The direct labeling of aggregative monomers represents a
feasible strategy in this research area. Indeed, the monomer tag has allowed the monitoring of amyloid
formation at the nanoscale using microscopy technologies. In this case, chemical modification of
the original peptide is required. Due to the low contribution of the N-terminus during the peptide
aggregation, this position is often identified as a suitable site for the labeling of the peptide. Monomers
can be labeled using fluorescent organic dyes, complementary emitting units, modified amino acid
residues, or FRET (fluorescence resonance energy transfer) probes. Several examples reported up to
now are described below.

Using a stochastic optical reconstruction microscopy STORM (super-resolution microscopy
technique) methodology, different types of amyloid architectures (oligomers and mature aggregates)
were identified both in vitro and in vivo by Kaminski Schierle et al. [66]. In detail, the authors
labeled Aβ(1-40) with HiLyte Fluor 488 and studied the cellular uptake of the monomers. These
results supported the hypothesis of a toxic role of intracellular Aβ aggregates. The super-resolution
microscopy technology, coupled with atomic force microscopy (AFM), was also applied to study the
peptide surfactant self-aggregation process. In this study, Alexa Fluor 647 and Cy3B fluorophores were
coupled on the side chain of the Lysine residue via NHS (N-Hydroxysuccinimide) ester conjugation
chemistry [67]. In this case, a laser at λ = 647 and λ = 561 nm activated the dyes, whereas the 405 nm
surgent was applied in order to compensate the dye photobleaching by switching them between off

and on states. The acquired two-color imaging of the samples helped in the interpretation of the
mutual interactions of fibers. In addition, multicolor STORM imaging can be used to examine the
monomer exchange dynamics.

The fluorescent tag also allowed the calculation of monomer–dimer equilibrium constants for
Aβ1-42 (12.8 µM) and Aβ1−40 (54.0 µM) via modification of the N-terminus of the sequences
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with a tetramethylrhodamine (TMR)-modified lysine residue [68]. The self-quenching of the
fluorophores allowed the monitoring of three distinct steps in the aggregation phenomenon, called the
oligomerization, lag, and growth phase, respectively.

An alternative methodology to detect the oligomerization of the Aβ polypeptide was proposed
by Hashimoto et al. [69] In this methodology, the C- and N-terminus of the Gaussia luciferase were
separately bounded to the Aβ sequence. In the monomeric form, both these systems showed no
luminescence features, but when both tags start to aggregate, the peptide-driven aggregation induces
luminescence emission. Using this approach, stable oligomer populations (including trimer, octamers,
and larger oligomers) were detected efficiently. The robustness of this method was previously
demonstrated by Danzer et al. [70] and by Outeiro et al. [71], which were able to achieve direct cell
imaging for α-synuclein oligomers.

The early state of Aβ(1-40) fibrillation was also explored using time-resolved and single-molecule
FL experiments by Ott’s research group [72]. In their studies, the authors conjugated several
fluorophores like Atto 488, Atto 655, Hi-Lyte 488 and HiLyte 647 on the polypeptide sequence.
Different distributions of oligomers in terms of dimensions were detected as a function of the
specific dye properties. More specifically, dyes possessing a net attractive interaction with the
peptide generated oligomers with a high molecular weight, which do not participate further in the
formation of mature fibrils. On the contrary, low molecular weight oligomers, consumed during the
aggregation phenomenon, tend to be formed by modified peptides containing fluorophores with less
hydrophobic interactions.

FRET-based methods were also efficiently applied to follow the formation of fibrillary structures.
A recombinant α-synuclein (α-synuclein-C4) with a C-terminal tetracysteine additional sequence
was designed and produced by Roberti et al. [73]. The C4 molecular portion allowed for monomer
decoration with fluorogenic biarsenical compounds, FlAsH and ReAsH, two fluorescein-based dyes.
In living cells, FlAsH/ReAsH FRET experiments confirmed the aggregation and allowed the study of
fibrillogenesis related to the presence of other proteins in living cells, the response to cellular stress and
the effect of drugs.

Aβ oligomers were also detected using a FRET-based probe consisting of an Aβ-based peptide
decorated with cyan (CFP) and yellow fluorescent protein (YFP) at its opposite ends. According to this
molecular design, FRET can occur intramolecularly between the donor (CFP) and the acceptor (YFP)
when the probe interacts with the oligomers. Moreover, the FRET event was used to estimate the Kd

(8.2 nM) for oligomers [74].
Different Aβ self-assembled forms were identified via FRET using a probe consisting of three

dyes (ThT, sulforhodamine B (SRB), and sulfo-Cy5 (sCy5)) and a double copy of the FFVLK sequence,
acting as a recognition motive of the Aβ polypeptide [75]. Interacting with different aggregate forms,
the probe exhibits different FL responses at 680 nm as a consequence of FRET efficiencies between
the three dyes. In the study, a decrease was observed in the intensity emission peak at 680 nm in
the presence of high molecular weight oligomers, whereas larger aggregates, like protofibrils and
mature fibrils, cause an increase in the intensity of this peak. These results suggest that, according to
this strategy, it is possible to detect the formation of intermediates. Finally, the detection of amyloid
aggregates was also evaluated by the incorporation of specific fluorescent active residues such as
cyanophenylalanine (FCN). This dye was incorporated in the sequence of human islet amyloid peptide
(IAPP) instead of tyrosine and phenylalanine by Marek and co-workers [76]. The aggregation process
was followed on the evidence that FCN exhibits significant FL when exposed to water environments.
This approach was also applied in the shorter peptide Aβ(1-23), punctually mutated with FCN in the
positions F4, Y10, F19, and F20.

5. Intrinsic Fluorescence in Amyloid Fibrils

A great variety of human dysfunctional mental diseases such as Alzheimer’s disease, Parkinson’s
disease, type II diabetes, and more are associated with the self-assembly of amyloid proteins into
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solid-state fibrillary nanostructures [77]. The mechanism of this fundamental amyloid transformation
is considered as a deep refolding from the native soluble α-helical state into β-sheet-rich elongated
crystalline nanowires, amyloid fibrils [78–80]. It was shown that the native α-helical state of some
amyloid protein is not thermodynamically stable, and the proteins can lower its overall free energy
through this structural transformation. Therefore, this amyloid fibrillary morphology is the most stable
one that protein molecules can adopt under age-related physiological conditions [81]. Despite the
native composition, size, and disease-related function, all aggregated amyloid structures share, at the
nanoscale, a common structural fibrillary morphology. These amyloid fibers consist of highly ordered
β-strands that run normally along axes of these elongated ultrathin fibrils and share with all amyloid
structures the common protein secondary architecture of cross-β sheet arrangement.

Another remarkable common property recently discovered in amyloid structures is the visible
FL phenomenon. It was revealed in synthetic peptide structures derived from elastin and crystalline
proteins with β-sheet secondary arrangements [82–84]. All of them displayed visible FL effects, which
were ascribed to electron delocalization caused by hydrogen bonds in the β-sheet structure, providing
low energy electronic transitions. Later, this new and unusual visible FL was disclosed in two different
large classes of amyloid [1,85–88] and amyloidogenic [2,3,89–93] peptide/protein structures as well as
in a new generation of hybrid polymer/peptide thin films and fiber materials [94,95]. All of them were
folded into a β-sheet secondary structure.

A visible FL effect (Figure 4) was found in two amyloid proteins, Aβ1-42 and Aβ33-42, which
represent both forms of typical β-sheet fibrils, where the former is aromatic and the latter lacks
any aromatic amino acids [87]. Both fibrillary structures display the same emission spectra with a
FL maximum near 440–470 nm under UV excitation at 365–380 nm (Figure 4). This novel class of
fold-sensitive FL optical effects appears, owing to the dramatic modification of the peptide/protein
electronic structure under the natural refolding helix-like β-sheet state.
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Figure 4. Protein fibrils display fluorescence properties. (a) Excitation and emission spectra of the
intrinsic FL in aromatic Aβ1−42 fibrils and corresponding FL image of unlabeled aggregates obtained
using a confocal microscope. (b) Excitation and FL emission spectra of the intrinsic FL in non-aromatic
Aβ33−42 fibrils and corresponding FL image. (Taken from [87]).

Experimental results obtained in a wide research from five different amyloid systems [1] Aβ40 (a),
Aβ42 (b), Aβ33–42 (c), K18 tau (d) and I59T lysozyme (e) also showed that this universal FL is observed
in all the β-sheet amyloid structures. Fluorescence microscopy images of these different amyloid fibrils
emitting FL light in the deep blue wavelength range of ~488 nm are presented in Figure 5.

This intrinsic FL is independent of the presence of aromatic side-chain residues within the
polypeptide structure (Figure 5). Rather, it appears to result from electronic levels that become
available when the polypeptide chain folds into a cross β-sheet scaffold. Moreover, these findings
were used to quantify in vitro protein aggregation by FL imaging in a label-free manner. This novel
property opens up an avenue for the direct exploration of amyloidogenesis in the human brain using
a noninvasive and contrast agent-free imaging method. Indeed, this FL effect was used to track the
aggregation of amyloid proteins noninvasively and quantitatively without any need for extrinsic
labels [88]. Excitation-dependent multicolor FL in the range of 450–550 nm was found in amyloid
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fibers and spherulites fabricated from β-LG from bovine milk and bovine insulin [96]. Recently, the use
of laser-induced fibril FL properties as a characterization method for biological protein secondary
structures, in addition to convention circular dichroism, was proposed [97]. Moreover, this FL effect
allows the direct observation of the seeding, nucleation, and growth of amyloid fibrils at the earliest
stages of this amyloidosis (Figure 6) [85].
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Figure 6. Intrinsic FL displays kinetics of α-synuclein amyloid fibrils growth using a super
high-resolution fluorescence microscopy tool. The FL measurements were performed with a diode laser
emitting near 405 nm and signals were detected around 450 nm. Short fibrillar seeds of α-synuclein,
schematically shown in blue, serve as the template from which fibril elongation proceeds through
the addition of monomers, shown in red (a). The top panel to the right demonstrates atomic force
microscopy (AFM) images of short fibril seeds at the start of the reaction, at t = 0. Below is an image
of the same sample at t = 5 h. Clearly, the elongation of the seeds into long amyloid fibrils has taken
place. The structural model (b) of amyloid fibril shows that it consists of many ultrathin intertwined
protofibrils. Zoomed-in region (c) indicated in (b) that exhibits the atomic arrangement between
adjacent N- and C-termini from these intertwined protofibrils. The applied FL microscopy technique
allowed to observe the growth process of amyloid fibrils by recording in time intrinsic FL from the
amyloid fibril (d). The blue points correspond to the elongation of α-synuclein seeds in the presence
of α-synuclein monomer. The black points correspond to the addition of β-synuclein monomers to
the α-synuclein seed fibrils and confirm that the two species cannot “cross-seed” aggregation. (Taken
from [85]).

Additional information on the FL phenomenon was assessed by a comparative study between
amyloid fibrils grown from thirteen different proteins of both diseased- and non-diseased origin [98].
The FL spectra unexpectedly revealed two optical regions: a) FL in the visible range with the maximum
at 430–450 nm (blue luminescence) under excitation 350–370 nm and b) near-infrared (NIR) FL emission
670–820 nm under excitation 620–780 nm (Figure 7). The blue FL enabled to examine and visualize
amyloid aggregates and fibers in vitro without any staining technology. The results obtained for the
visible region are completely consistent with all previously published data on FL in amyloid proteins of
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different compositions [83–87] and confirm the universality of this FL effect. The notable enhancement
of FL intensity in fiber formation and the growing of amyloid fibers gave valuable information about
amyloidosis kinetics.
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Figure 7. UV–visible–NIR FL of Het-s prion domain and Aβ1–42 amyloid fibers. (a,c) FL of dispersions
of Het-s prion domain (a) and Aβ1–42;(c) amyloid fibers in buffer. Excitation wavelengths: 340 nm (pink),
360 nm (blue), 380 nm (cyan), and 440 nm (green), and from 600 to 670 nm (red color scale). A multiplying
factor (either ×25 or ×30) has been applied to the NIR spectra to show both types of luminescence in
the same graph. Inset in a: TEM image of Het-s prion domain. Scale bar, 100 nm. (b) Fluorescence
microscopy images with emission in the UV/Visible (λexc = 390 ± 10 nm, λem = 460 ± 50 nm) (top
left), green (λexc = 475 ± 10 nm, λem = 530 ± 50 nm) (top right) and NIR (λexc = 620 ± 60 nm, λem =

700 ± 75 nm, false red color) (bottom left). (Taken from [98]).

This study disclosed some new and promising generic features of this biophotonic FL
phenomenon [98]. The first one is a wavelength-dependent mechanism in which the spectral position
of the FL peak is displaced upon variations in the exciting wavelengths. The second feature is a
new observation of the FL signal in the infrared (NIR) region. The NIR FL photons we found are
within the “biological window” within the wavelength >800 nm, which transforms this FL effect
from a curious scientific phenomenon to an effective tool of investigation of amyloid diseases in vivo.
In [98], the authors demonstrated that amyloid fibrils of Alzheimer’s disease in a living mouse
model exhibit a strong NIR signal that can be detected by 3D imaging, and which also provides
non-invasive and real-time 2D NIR imaging on live animals and offers prospects for diagnostics of
neurodegenerative diseases.

To explain the nature of such intrinsic FL in β-sheet rich amyloid structures, molecular dynamics
simulations combined with FL spectroscopy were performed [87]. It was demonstrated that these
intrinsically FL protein fibrils are permissive to proton transfer across hydrogen bonds which can
lower electron excitation energies and thereby decrease the likelihood of energy dissipation associated
with conventional hydrogen bonds. This leads to situations in which the proton can be found on either
the N- or the C-terminus and thus to the creation of a double-well ground state potential that is likely
to have a consequences for both the absorption and emission characteristics of the system [87].

6. Fluorescence Effects in Bioinspired Nanostructures

In the previous chapter, we considered a new biophotonic phenomenon of visible intrinsic FL
found in diverse human disease-related amyloid nanostructures of different origins, compositions,
and complexities. All these biological structures share a similar morphology of fibrillary networks
folded into the same secondary β-sheet architecture from native soluble α-helical conformations.

In this chapter, we show that synthetic biomolecules, self-assembled into solid-state nanostructures,
mimic their biological counterparts. They are also folded into two different biomolecular configurations,
either helix-like or β-sheet states and exhibit, in these two states, different morphologies and
completely different fold-sensitive physical properties. We have shown that in helix-like structures,
piezoelectric [99], nonlinear optical [100] and electrooptical [101] effects are observed. All β-sheet
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structures are self-organized into an amyloid-like fibrillary morphology and demonstrate visible
FL [2,89–92].

6.1. Native and Thermally Induced Peptide Nanostructures: Morphologies and Secondary Structures

This chapter is focused on a deep modification of ultrashort peptide nanostructures self-assembled
from aromatic di-(FF), tri-phenylalanine (FFF) and aliphatic di-leucine (LL) chemically synthesized
monomer biomolecules. We studied, in these structures, the dynamics of variations in physical
properties under helix-like→β-sheet transformation, which can be used a model for amyloid
transformation in a human organism.

To overcome the energy barrier between these two basic states [77,102] the fundamental
interconversion of biological origin was performed at elevated temperatures. It has been found
that α-helical→β-sheet transformation is irreversible and can be studied by gradual, step-by-step
temperature variations in the range of 25–160 ◦C that allowed us to observe the critical stages of this
biological refolding, appearance and modification of physical properties.

At room temperature, the di- and tripeptide linear aromatic diphenylalanine (FF), aliphatic
dileucine (LL) and triphenylalanine (FFF) biomolecules were self-assembled into various morphological
shapes by colloidal techniques. In aqueous solution, linear FF and LL biomolecules acquired
hollow peptide nanotube morphologies (FF-PNT, LL-PNT), whereas FFF biomolecules adopted a
micro–nanosphere morphology in a chloroform solvent (Figure 8a–c) [2] and a tape morphology in
aqueous solution [90].
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(d-f).(a-c) SEM images of (a) native, α-helical diphenylalanine (FF)-peptide nanotubes; (b) aliphatic 
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Figure 8. Morphology (a–f) and secondary structure (g–i) of peptide micro–nanostructures of different
origin in native, helix-like state (a–c) and thermally induced β-sheet state (d–f). (a–c) SEM images of
(a) native, α-helical diphenylalanine (FF)-peptide nanotubes; (b) aliphatic dileucine (LL)-nanotubes
and (c) triphenylalanine (FFF)-microspheres, the inset images at (a,b) show regular cross-sections of
the FF and LL nanotubes; (d–f) SEM images of thermally induced β-sheet FF and LL ultrathin peptide
nanofibers and FFF peptide spheres, the inset (f) shows peptide fibers grown from a single FFF sphere.
(g–i) Peptide secondary structure evolution of FF, LL and FFF nanostructures under thermally mediated
transformation, examined by circular dichroism method. (Taken from [2]).
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Both dipeptide FF and LL nanotubes have identical open-end tubular shapes. The length of the
PNTs can reach hundreds of micrometers (>300 µm) and the diameter is about ~2 µm (Figure 8a–c).
They consist of basic monomer amino acids, phenylalanine and leucine, and are stabilized by their
hydrophobic side groups [103]. The inset images (Figure 8a,b) show cross-sections of single native
PNTs, hexagonal for FF PNT, and orthorhombic for LL-PNT, enabling their assignment to different
crystallographic classes [104]. They are related to asymmetric structures where native FF-PNTs have
hexagonal symmetry P61 and LL-PNTs have orthorhombic P212121 symmetry [91]. The intrinsic
asymmetry of the native phase of dipeptides and tripeptides is the basis for the exploration of
fundamental physical phenomena described by tensors of the third rank, such as piezoelectric [99],
nonlinear optical [100] and linear electrooptical [101] effects. In a non-polar chloroform solvent
tripeptide FFF monomer is assembled into sphere-like structures with an average diameter of 2–6 µm
(Figure 8c). A similar spherical structure was self-assembled from the same FFF biomolecules
of Boc-FFF [105]. The FFF monomer can also adopt a tape-like morphology in a polar aqueous
solution [106]. These FFF planar structures can reach large X–Y dimensions of several dozens of
micrometers [90].

When subjected to thermal treatment, all studied diverse peptide structures pass a similar dramatic
modification (Figure 8d–f). Regardless of their chemical composition and native shapes, all of them are
transformed to a fibrillary morphology [2,92,107]. These ultrathin fibers can reach dozens of ~(1–20)
micrometer in length and are 20-200 nm thick. Here, we show that their morphology, peptide secondary
structure, and basic properties are similar to biological amyloid structures.

A key factor defining basic biological [108,109] and physical properties [2,91,92,107] in
peptide/protein structures is their secondary structure, helix-like composition orβ-sheet. To examine the
secondary structure of the peptide ensembles in their native and thermally induced states, we applied
circular dichroism tool (CD) [110] and Fourier-transform infrared-spectroscopy (FTIR) methods [111].
CD and FTIR are standard methods for monitoring the conformation kinetics of bioinspired and
biological materials [112] and especially for revealing secondary-structural changes such as the detection
of β-sheet structures that accompany the formation of amyloid fibrils [102,109,113]. The CD spectra
(Figure 8g–i) were measured for all self-assembled FF, LL, FFF peptide nanostructures vs. temperature.
For the native phase, the CD spectrum of FF-PNT (Figure 8a) exhibits a positive band with two broad
peaks of ellipticity (Figure 8g). The first maximum of ellipticity is ∆ε = ~5 mdeg at ~198 nm. The second
maximum of ellipticity is at ~218 nm (∆ε = ~7.5 mdeg). As the temperature of the preliminary heat
treatment is increased, the ellipticity gradually decreases, and at T~140 ◦C, it crosses a zero line and
becomes negative. Finally, at 180 ◦C, a broad negative peak (∆ε = −2.2 mdeg) at 210 nm is observed.
Such a change in the circular dichroism reflects a major variation in the structural rearrangement of
FF peptide ensembles and the creation of a new secondary structure. In the native phase of LL-PNTs
(Figure 8b), the CD spectrum shows a single positive Gaussian-shaped band (Figure 8h) with maximum
ellipticity of ∆ε ~ 11 mdeg at 230 nm, which corresponds to amide n-π* transition [114]. This electronic
transition typically lies between 210–230 nm, and is the lowest energy transition in the amide group.
As the temperature is raised, the measured ellipticity of the peak decreases at ~140 ◦C, it changes its
sign and is transformed at 180 ◦C into a strong, irreversible negative peak (∆ε = −23 mdeg) at 223 nm.
The inversion of the CD spectrum of LL-PNT at an elevated temperature is similar to the behavior
of FF-PNT.

The CD peaks of tri-peptide nanospheres, FFF-PNS, at room temperature in the native phase,
exhibit two positive bands with maximum ellipticity at ~199 nm and ~217 nm and minimum ellipticity
at ~209 nm (Figure 8i). These values are very close to those found in the native FF-PNT (Figure 8g,i).
Positive CD bands, observed in the native phase of FF, LL and FFF nanostructures, were also found in
proteins, such as Gene5 and avidin [114], and many phenylalanine-based nanostructures [115,116].
After heating to elevated temperatures, the CD spectrum of the formed FFF fibers becomes negative.
This is completely consistent with the temperature behavior of FF and LL nanostructures when they
undergo thermally induced conversion at T = 140–180 ◦C.
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Peptide/protein folding and unfolding processes are the subject of detailed studies where
the basic information on their secondary structure is found from circular dichroism (CD) optical
spectroscopy data. This method is applied for monitoring biological transformations and studies of
self-assembled amyloid-diseased and non-diseased peptide/protein structures [117,118]. To characterize
peptide/protein secondary structures, the CD tool uses the “fingerprinting” in the UV region of
190–250 nm. Specific CD spectral minima are observed for α helical structures in the absorption spectra
around 208 and 222 nm, and for β-sheets in a single peak at 216–220 nm. A comparison of the CD
obtained experimental data (Figure 8g–i) with CD spectral fingerprints [110,112–114,117] enabled us
to ascribe the native, self-assembled FF, LL nanotubes and FFF nanospheres to the helix-like state
(Figure 8a–c) and thermally induced fibrillary structures to the β-sheet one (Figure 8d–f).

We show in the next chapter that bioinspired amyloidogenic β-sheet fibrillary peptide structures
acquire absolutely new physical property of visible FL. Found FL in these man-made structures exhibits
similar excitation and photon emission optical spectra to those found in amyloid structures.

6.2. Fluorescence Phenomena in Native and Thermally Induced Peptide Nanostructures

6.2.1. Fluorescence Effect in Native Helix-Like Bioinspired Peptide Nanostructures

The original electronic structure of elementary biomolecules (amino acids, peptides, proteins) does
not exhibit any intrinsic visible photon emission except the unique FL protein of the jellyfish, Aequorea
victoria, the green FL protein (GFP). It displays strong optical absorbance in a narrow blue region
followed by green FL with a quantum yield close to 0.8–0.9 [119]. In the UV region, FL was found in
a few limited aromatic amino acids such as tryptophan, demonstrating FL at 350 nm, as well as the
amino acids tyrosine and phenylalanine with characteristic FL at 303 nm and 282 nm, respectively [120].
Some of these biomolecules are used for direct monitoring of basic biological processes both in vivo
and in vitro in cells and tissues in biomedical research [19].

In this chapter, we review the FL phenomena at the level of self-assembled peptide structures of
aromatic and aliphatic origin related to two different conformations, helix-like (Figure 9) and β-sheet
(Figure 10). Optical absorption (OA) and FL excitation spectra (FLE) are the direct methods for studying
the electron energy spectrum of matter and its FL properties
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nanodots, (b) FF nanotubes, (c) LL nanotubes, (d) Boc-FF-spheres, (e) FFF tapes. (f) Optical absorption 
of FF tubes and FF dots; (g) Optical absorption of FFF spheres, FF tubes, LL tubes; (h) Fluorescence 
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Figure 9. Optical absorbance and fluorescence phenomena in native α-helical ultrashort peptide
structures. (a) Atomic force microscopy image and (b–e) SEM images of (a) FF nanodots, (b) FF
nanotubes, (c) LL nanotubes, (d) Boc-FF-spheres, (e) FFF tapes. (f) Optical absorption of FF tubes and
FF dots; (g) Optical absorption of FFF spheres, FF tubes, LL tubes; (h) Fluorescence spectra of FF tubes,
FFF spheres, Cyclic-FF fibers, LL tubes; (i–l) Fluorescence (FLE) excitation spectra, (for FL 285 nm);
FLE and FL spectra of peptide Boc-FF spheres of 4 mg mL−1 (red solid lines) and 1 mg mL−1 (black
dashed lines) concentrations at (i) two excitation wavelengths of 270 and 255 nm; (k) for Boc-FF spheres
and (l) Boc-FF monomer respectively); (i)The FLE spectrum and the FL Stokes shift (15 nm). (Taken
from [2,91,121]).
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Figure 9f,g,i,k depict the normalized OA and FL spectra of FF, FFF, Boc-FF, Cyc-FF nanostructures
and the Boc-FF-monomer. Peptide nanostructures of ultrashort aromatic di-phenylalanine (FF),
tri-phenylalanine (FFF), and aliphatic di-leucine (LL) are optically different and recognized both in OA
and FL spectra according to their core phenylalanine and leucine amino acids. It can be seen that the
tested five aromatic amino acid-based nanostructures (FF dots, FF tubes, FFF spheres, Cyc-FF-fibers,
Boc-FF spheres and Boc-FF monomer) share similar OA spectra in the UV region, where a strong
OA peak appears around ~260 nm. Analysis of these spectra shows that this peak is followed by
two satellite sub-peaks, located at 265 nm (4.68 eV) and 253 nm (4.90 eV), reflecting its fine structure.
The energy intervals between two neighboring peaks are equal to 0.1–0.11 eV, which is ascribed to
benzoic rings of phenylalanine, F-amino acid [120]. Our data also show that aliphatic leucine-based
LL di-peptide native nanotubes do not demonstrate OA and/or FL effects in this UV spectral interval.
Studies of OA in leucine amino acid-based films show that OA’s far UV region is observed at 120–190 nm
only [122].

FL spectra in the UV region of F-aromatic resides exhibit very small Stokes shifts ~15 nm and
narrow resonant-like FL peaks around 290 nm with λ ~ 20–30 nm for all aromatic FF, FFF, Boc-FF,
Cyclic-FF-peptide structures (monomers, nanodots, tubes, fibers, spheres, tapes) regardless of their
composition, morphology or structural architecture. These FL parameters are similar to organic dyes.
The most important feature of these optical properties is insensitivity of FL spectra in the UV region to
peptide secondary conformation (α-helices or β-sheets), demonstrating, in the UV region, the same
OA and FL optical signatures in the range of 250–290 nm for all phenylalanine-based structures
(Figures 9 and 10). No visible FL is observed in helix-like native peptide structures.

Thus, our experimental data (Figure 9) show that aromatic peptide nanostructures demonstrate
the optical properties of OA and FL in the UV region around 260–290 nm. They are not influenced
by the variation in morphology or peptide secondary structure (helix-like or β-sheet) and can be
presented as the invariant fold-insensitive optical signature of phenylalanine residues composing
aromatic peptide nanostructures.

6.2.2. Visible Fl in Bioinspired Amyloidogenic B-Sheet Structures

In this part of the chapter, we consider the completely different biophotonic phenomenon of visible
FL. This photonic effect is observed in amyloid [85–88,98] and amyloidogenic [2,3,89–92,122] structures
irrespective on their amino acid/peptide/protein composition. The physical origin of the revealed
visible FL is a specific biomolecular arrangement of fundamental biological β-sheet folding. Such a
supramolecular configuration creates a new electronic structure and electronic transitions, allowing
the generation of visible FL photons both for highly complicated disease-related amyloid proteins and
ultrashort chemically synthesized di- and tri-peptides self-assembled into β-sheet fibrillary structures.

Moreover, in ultrathin human brain β-sheet nanowires, the product of a long crystallization
process from soluble α-helical amyloid proteins can be found [102,109]. In the bioinspired materials,
we observed similar fibrillary structures grown under the thermally induced transformation of the
native helix-like state to the β-sheet one. These β-sheet amyloidogenic fibers deeply change original
non-fluorescent optical properties and lead to the appearance in the β-sheet state of a new fold-sensitive
effect of visible FL phenomenon in the region ~400–700 nm [2,3,89–93].

Figure 10 accumulates basic experimental data on the helix-like→β-sheet transition and FL
phenomena in bioinspired materials. It demonstrates the fine development of this thermally mediated
interconversion of biological origin. We found, for bioinspired nanostructures, that this fundamental
process is an irreversible process that allowed us to study it at all stages and all properties in detail.
The first step in these studies is a direct observation of morphological changes in a single FF nanotube and
its dynamic transformation into ultrathin nanofiber by the use of different high-resolution microscopy
tools (Figure 10a,b). The gradual closing of the central hole under electron beam heating of the FF-PNT
and its conversion to the fiber structure is followed by a clear variation in the cross-section when the
pronounced hexagon is transformed into a shapeless structure preceding its final crystallization to the



Crystals 2020, 10, 668 20 of 43

fibrillary shape (Figure 10a,b). This “smashing” provides direct evidence of the intermediate stage of
this structural refolding between native, diverse state/morphology (tube, spheres, tape, and more) and
final fiber morphology. The fibrillary amyloid-like structures are adopted under heat treatment by
many different peptide structures: LL tubes, FFF spheres, FFF tapes (Figures 8 and 10b,g). The same
fiber morphology formation is also observed in vapor-deposited FF structures [4] demonstrating the
fibrillization process directly from FF peptide monomers (Figure 10k,l).

1 
 

 
Figure 10. Visible fluorescence, optical absorption and morphology transformation in thermally refolded
helix-like→.β-sheet amyloidogenic peptide nanostructures of different origin. (a,b,f,g) Morphological
transformation (SEM images) from helix-like FF nanotubes and FFF spheres to β-sheet fibrillary
structures; (k,l) vapor-deposited FF fiber structures (SEM images). Modification of optical absorption
spectra under helix-like→β-sheet transformation in: (c) FF nanotubes→FF fibers; (h) FFF spheres→FFF
fibers; Visible FL in thermally induced β-sheet fibrillary structures of: (d) The dynamics of the FL
effect; (e) FF fibers; (i) FFF spheres/fibers; (j) FFF tapes; (m) vapor-deposited fiber structures. (n) FF
vapor-deposited patterned array. (Taken from [2,4,89–91]).

This unique solid-state reconstruction of biological origin is followed by the transformation of the
peptide secondary structure from native, α-helical to β-sheet, which is another common property of all
types of the studied peptide structures (Figure 8). It should be reminded that such a transformation
starting from the native protein state and ending by fibrilization is also observed in all biological
disease-related amyloid peptides/proteins [102,109] and bioinspired materials [2,90] and considered as
a basic property of biological and bioinspired peptides/proteins that have undergoneα-helical→β-sheet
refolding [102]. The morphological rebuilding of ultrashort peptide structures we found is consistent
with that proposed by Dobson’s group [102,109], “amyloid approach”, which widened the class of
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amyloid disease-related proteins to an unlimited number of natural and bioinspired peptides and
proteins that have undergone to universal α-helical to β-sheet transformation.

Full reconstruction of peptide/protein self-assembled structural organization leads to a profound
variation in morphology, structural symmetry, bimolecular arrangement (secondary structure),
and more. The experimental data (Figure 10), displaying the described transformations for peptide
structures of different compositions and morphologies also show that the found macroscopic and
microscopic structural changes are also accompanied by a deep modification of the electronic systems
of these supramolecular structures. All studied aromatic peptide structures exhibit two different
types of OA and FL. The first one is observed for aromatic structures in the UV region of 260–310 nm
(Figure 9c,d,h,m). The narrow UV spectra of OA and FL are related to aromatic rings. They are
insensitive to morphology, symmetry, and are invariant in both helix-like (Figure 9) and β-sheet
(Figure 10) states, making them fold-insensitive optical properties.

However, the second type of OA and FL is completely different. The described biological
transition from native helix-like to β-sheet structure creates a new broadband OA and FL, covering
the entire visible region, with no isolated spectral lines occupying, for all biological and bioinspired
materials, a strictly definited spectral interval of ~400–700 nm (Figure 10c–e,h–j,m,n). These generated
fold-sensitive optical properties are observed in the β-sheet structures only from any amyloid
or amyloidogenic peptide/protein structures. The general concept of supramolecular structures
considers the peptide/protein structure as two subsystems of biomolecular organization where one
comprises peptide/protein biomolecules and another one comprises the noncovalent hydrogen bonds
binding these biomolecules into stable and steady structures. The discussed fundamental refolding
helix-like →β-sheet phenomenon does not change the basic biomolecules’ composition and their
electronic structure, but it does reconstruct their hydrogen bonds. In fibrillary β-sheet structures,
the non-covalent hydrogen bonds interconnect the β-strands into a β-sheet configuration. Molecular
dynamic simulations showed that these rebuildt H-bonds allow proton transfer between the N- or the
C-terminus of peptides/proteins in a cross β-sheet fibrillary structure, creating a double-well ground
state potential which results in optical absorption in the near UV range and FL in the visible range [87].

A great advantage of the applied thermally induced method is a unique chance to observe
both fine details of the of α-helix→β-sheet transformation (morphology and secondary structure)
(Figures 8 and 10a,b) and the dynamics of the FL effect during this process (Figure 10d) [91].
The demonstrated set of FL optical spectra for refolded FF nanotubes (Figure 10a,b,d) was recorded for
a few temperature points in the interval 100–170 ◦C. Two different optical regions of FL are observed.
The first type is FL UV spectra, which are related to aromatic rings. They were described in the
previous chapter and detected in both helix-like and β-sheet states, showing temperature-independent
behavior. Another part of the FL spectra is revealed in the visible region. The visible FL intensity rises
with the temperature which could be related to the increase in β-sheet concentration under refolding.
This assumption is consistent with the found ultrathin amyloid-like fibers grown in FF nanotubes
during heating [2,92].

FL exhibits a very broad and continuous spectrum in a vast range of 400–700 nm, with its
maximum value in a blue region at ~450 nm (Figure 10d). Our experiments demonstrate that the
FL spectrum is excitation dependent [2,3,90–93]. Color FL images, throughout the whole visible
spectrum (Figure 10e,i,j,n), as well as tunable FL in various peptide structures such as FF, FFF, LL fibers,
spheres, tapes, nanodots, and more obtained for different FL excitation wavelengths, display promising
photonic applications in biophotonic technology, bioimaging and bioptical chips [2,3,89,91–93]. In the
next chapter, we describe visible FL bionanodots of different origin developed for various biomedical
technologies [3,93].

6.3. Fluorescence in Pegylated Films and Fibers

The de novo design of short peptides and their polymeric derivatives has been recently identified
as an operative approach for the development of innovative optoelectronics tools. Polymer-peptide
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based materials allow for the combination of synergistical functionality (biocompatibility, low
cost, easy chemical modification) and the capability of peptides to recognize the cheapness
and responsiveness of polymers. Among the synthetic polymers, poly(ethylene glycol) (PEG)
is considered a good standard, and several PEG-based materials have been approved by
the Food and Drug Administration (FDA) for different biomedical applications. Having a
non-immunogenic and biocompatible profile, PEG bioconjugation (also referred to as PEGylation)
finds applications in drug delivery [123], micelles, and liposome formulation [124], tissue
engineering [125] and in pharmacokinetic profiles optimization [126]. Several hetero-peptides such
as poly(γ-benzyl-l-aspartate) [127], [(AG)3EG]10 [128], DGRFFF [129], and (LELL) [130] have been
PEGylated efficiently and fully characterized in their self-assembled states. An additional advantage
of PEGylation is the possibility to modulate the water solubility and the structural organization of the
final material.

Recently, several poly aromatic peptides such as diphenylalanine (F2), tetra-phenylalanine (F4),
and hexaphenylalanine (F6) were derivatized with PEG moieties and the optoelectronic properties of
these self-assembled materials were studied. Self-assembled aggregates of these aromatic peptides
share a common structural organization: they assemble into fibrillary nanostructures with a high
content in β-sheet structures. Moreover, it was observed that the PEG length plays an important role
both in the morphology and optical properties of the resulting self-assembled nanomaterial. This result
is strictly related to the hydrophobic/hydrophilic ratio in the polymer/peptide.

The simplest PEGylated peptides described up to now are PEG2-FF and PEG6-FF (Figure 11A) [130].
In these peptides, the F2 homodimer is derivatized at its N-terminus by two (PEG2) or six (PEG6)
ethoxylic moieties. Due to the PEG moiety, both the peptides present a higher water solubility and
a higher critical aggregation concentration (CAC = 3.62 and 19.5 mg/mL for PEG2-FF and PEG6-FF,
respectively) compared to the FF dipeptide alone (CAC = 0.33 mg/mL). Above their CAC values,
PEG2-FF generates ultrastructures as a result of conglomerates of shorter untwisted fibers, while
PEG6-FF self-assembles into longer twisted fibers. Secondary structural characterization performed by
CD, FTIR, and spectroscopic assays highlighted the formation of amyloid-like structures rich inβ-sheets.
According to the electron delocalization via hydrogen bonds hypothesis, these structural features
confer to the peptide solutions FL properties in the blue region of the visible spectrum (λem = 420 and
460 nm for PEG2-FF and PEG6-FF). Both the peptides also exhibited a Red Edge Excitation Shift (REES)
phenomenon, suggesting a high degree of flexibility at the molecular level in the PEGylated aggregates.

Other optically active polymer/peptide materials were prepared by using different PEGylated
F4 and F6 building blocks. An example of the F4 derivative was reported by Castelletto et al. in
2009 [131]. The synthesis and the self-assembling behavior of PEG5000-F4 was reported. As expected,
the self-aggregation of monomers occurs via hydrophobic aromatic interactions above a CAC value
of 0.095 wt %. The resulting fibrillary structures exhibited an FL emission peak, proportional to the
concentration, around 560 nm upon excitation of the PEG5000-F4 aqueous solution at 440 nm.

Successively, Diaferia et al. described a series of PEGylated hexaphenylalanine conjugates
(Figure 11B) in which the N-terminus of the aromatic framework was derivatized with PEG chains
of different lengths (PEG8, PEG12, PEG18 and PEG24) [94,95]. The first of the series, PEG8-F6,
was synthesized by sequentially coupling four units of amino-carboxy-PEG2 blocks, whereas the
other three derivatives (PEG12, PEG18, and PEG24) were obtained by coupling two, three or four
units of amino-carboxy-PEG6 blocks. This synthetic approach produces polymer/peptide adducts
with a certain number of extra amide bonds in the PEG moiety. These amide bonds could provide
additional intermolecular hydrogen bonds in the supramolecular architecture. All the peptides
were found able to self-aggregate into aqueous solution as a consequence of a hydrophobic collapse
phenomenon induced by dilution in water of a stock peptide solution (100 mg/mL) prepared in
1,1,1,1,3,3,3-hexafluoropropanol (HFIP). All the hexaphenylalanine analogues self-assemble at lower
CAC values (10.1, 60.9, 20.4, and 13.9 µg/mL for the PEG18, PEG12, PEG18, and PEG24, respectively)
with respect to the PEGylated-F2 and -F4 building blocks. This result can be explained as a direct
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consequence of the extension of the aromatic portion and the formation of additional intramolecular
hydrogen bonds between the amide bonds in the PEG chain. According to the other shorter PEGylated
peptides reported above, F6-derivatives also self-organize into fibrillary nanostructures of different
lengths with a structural organization dominated by β-sheets with an antiparallel orientation of
β-strands. However, Wide-Angle X-Ray Scattering (WAXS), both in transmission and reflection
(GIWAXS) mode, highlighted a certain decrease in the fiber order along the series PEG8 > PEG12 >

PEG18 > PEG24.
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Figure 11. (A) Schematic presentation of poly(ethylene glycol) (PEG)2-FF and PEG6-FF, SEM image
(scale bar of 5 µm), and fluorescence spectra for Peg6-FF aggregates in water solution at 70 mg/mL.
(B) Schematic presentation of PEG12-F6, PEG18-F6 and PEG24-F6, SEM microphoto of PEG24-F6
aggregates (scale bar of 50 µm), and fluorescence emission spectra of PEGylated-F6 derivatives in water
at 10 mg/mL. (Taken from [130]).

The FL study performed on PEG8-F6 aggregates (at 10 mg/mL) highlighted a blue
photoluminescence emission (between 420–460 nm, exciting the sample both at 370 and 410 nm). This
behavior was maintained for the sample in the solid state. PEG8-F6-based nanostructures were able
to transfer their intrinsic fluorescence via Föster resonance electron transfer (FRET) to an acceptor
dye (4-chloro-7-nitrobenzofurazan) spatially close to them [132]. In this way, the original emission
peak can be red shifted from the blue region (λem = 460 nm) to the green and red regions of the visible
spectrum (broad emission peak centered at 530 nm). This evidence could enable new and promising
applications for peptide biomaterials encapsulating dye in the bioimaging field for the detection of the
aggregation process of endogenous proteins, which, in their physiopathological form, adopt a cross-β
structural motif.

Analogously to PEG8-F6 aggregates, PEG12-F6, PEG18-F6, and PEG24-F6 also exhibited
optoelectronic properties in water in the blue visible region. Beyond the emission peak around
460 nm, the fluorescence spectrum of PEG24-F6 is also characterized by a peak at 530 nm, detectable
upon excitation of the sample at λexc = 460 nm (Figure 11B). On the contrary, this emission peak
appears to be absent or very weak for PEG12-F6 and PEG18-F6 analogs (Figure 11B). The same
behavior was also observed for the three samples in the solid state. The optoelectronic properties of
PEG24-F6 were explained by the formation of the different hydrogen-bonding networks in the final
aggregate. This hypothesis was supported by the disappearance of the emission peak at 530 nm in the
self-assembled nanostructures of PEGMW1300-F6, a monomer with the same PEG moiety of PEG24-F6,
but lacking amide groups.
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Two-column images show passive optical waveguiding for three laser beams with wavelengths
(from the top to the bottom) of 635, 520, and 450 nm in the PEG12-F6 peptide film. Optical waveguides
and diffractive gratings for light beam coupling and decoupling were fabricated by Focus Ion Beam [133].

The intriguing optoelectronic properties of PEGylated-F6 peptides indicate their promising wide
applications in precision nanomedicine and integrated biooptics. In this context, recently, Apter et al.
tried to clarify the photonic effects in new bioinspired PEGylated hexaphenylalanine amyloid-like
fibers and films [133]. Homogeneous peptide films with a very large area (40 mm2), a low surface
rugosity, and a thickness of 6–12 µm were simply prepared by drop-casting the peptide solutions
on a glass substrate (Figure 12). The resulting film was characterized by low optical absorbance
and a relatively high refractive index. Photonic circuits were simply fabricated on peptide films by
patterning the film by the surface focused ion beam (FIB) milling technique. Passive light propagation
for red (635 nm), green (520 nm), and blue (450 nm) monochromatic laser light beams was efficiently
detected with a good lateral light confinement in the rib waveguides. Peptide films showed a classic
optical confinement of the FL and a passive waveguiding propagation. On the other hand, PEG-F6
amyloidogenic fibers exhibited a unique continuous spectrum occupying the entire visible region.
Indeed, the full overlap of the FL spectrum and continuous optical absorbance generates a propagation
of fluorescence over a long distance (hundreds of micrometers). This evidence was explained by
introducing a novel model for the photon reabsorption for the anomalous long-range propagation of
FL in PEG-F6 fibers, which is considered in the next chapter [133,134].
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Figure 12. SEM images and optical waveguiding properties of PEG12-F6 peptide film deposited on a
glass substrate. Inset images (upper row) show top-view of the PEG12-F6 peptide film. A cleaved edge
of the sample allowed to connect a single-mode optical fiber to the edge and to launch the excitation
light beam (405 nm laser) into the film which exhibits the waveguiding propagation effect of the excited
broadband FL inside the PEG12-F6 peptide film. The dashed lines mark positions of the film edge and
optical fiber. (Taken from [133]).

6.4. Physical Mechanism of Fl in Amyloid and Amyloidogenic Fibrils

The FL of the PEG-F6 amyloidogenic fibers exhibits a unique continuous spectrum occupying
the entire visible region, owing to the additional strong green FL [95,133,134]. This FL spectrum
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completely covers the OA spectrum of these amyloid-like fibers. Despite the full overlap of FL
and OA spectra with a high OA coefficient, the FL light propagates in the PEG-F6 fibers for an
unexpectedly long range of hundreds of micrometers, exceeding the length determined by classical
light absorption by three to six times the corresponding wavelength throughout the visible region
(Figure 13) [133,134]. Such anomalous FL transmission indicates an exceptional physical mechanism
guiding the long-range FL propagation. It should be stressed that the excited FL of the amyloid-like
β-sheet fibers demonstrates very low optical confinement, showing strong FL scattering during its
propagation along the fiber (Figure 13). This suggests that the submillimeter FL long-range propagation
in these bioinspired amyloidogenic fibrillar structures is governed by the physical mechanism that is
based on photon reabsorption.Crystals 2020, 10, x FOR PEER REVIEW 27 of 43 
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Figure 13. Fluorescence and laser light propagation in PEG24-F6 fiber (a) Free-standing 350 µm-long
PEG24-F6 amyloid-like fiber. (b) Single-mode optical fiber connected to PEG24-F6 amyloid-like fiber.
(c) FL propagation in PEG24-F6 amyloid-like fiber excited by violet laser (405 nm). The images (d), (e),
and (f) show the red (600–650 nm), green (510–560 nm), and blue (430–480 nm) fractions of broadband
FL. The images (g), (h), and (i) demonstrate the propagation of non-fluorescent, narrow-band optical
radiation from three different laser sources, operating at wavelengths 635 nm (red), 520 nm (green), and
450 nm (blue), respectively. (j) Attenuation characteristics of red (600–650 nm), green (510–560 nm), and
blue (430–480 nm) fractions of the broadband FL radiation, propagating in PEG24-F6 amyloidogenic
fiber. (k) Attenuation characteristics of narrow-band, red (635 nm), green (520 nm), and blue (450 nm)
laser radiation, propagating in the same PEG24-F6 amyloidogenic fiber. The dots on the left and right
panels correspond to the experimental data, and the solid curves represent exponential fits. (Taken
from [133]).

A new approach to FL long-range propagation in amyloid-like fibers was developed in [133].
Bearing in mind the model of photon reabsorption used before in the description of light energy transfer
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in gases and molecular crystals for forming excitons [135], the equation for the excited electronic state
population n2 can be written as [136–138]:

∂n2(z, t)
∂t

=

∫
σa(ω)̃J(z, t; n, ω)v(ω)η(ω)dωdΩ −

n2(z, t)
T1

(1)

where T1 is the lifetime of the excited state; σa(ω) is the cross-section of the photon absorption at
frequency, ω; v(ω) is the photon group velocity; η(ω) is that part of the absorption processes of the
photon of frequency ω that leads to excited molecular generation; dΩ refers to the integration in the
solid angle (dΩ = sinθdθdφ); and the concentration of photons is J̃(z, t; n, ω), with n being the unit
vector that determines the direction of its velocity.

The equation for the photon concentration J̃(z, t; n, ω) is as follows from [135]

nz
∂ J̃(z, t; n, ω)

∂z
= N

F f (ω)

4πT1v(ω)
n2(z, t) −Nσa(ω)̃J(z, t; n, ω) (2)

where function F f (ω) determines the shape of the FL spectrum (
∫

F f (ω)dω = 1) and N is the density
of molecules. The second term on the right-hand side of this Equation describes the FL decay due to
classical absorption, and the first term is the amplification of FL due to the excited molecules created
by the light absorption (reabsorption).

For steady-state conditions, we have Equation (1)

n2(z) = T1

∫
σa(ω)̃J(z; n, ω)v(ω)η(ω)dωdΩ (3)

Substituting the last equation into Equation (2), we get

nz
∂ J̃(z; n, ω)

∂z
= −Nσa(ω)̃J(z; n, ω) +

F f (ω)

4πv(ω)
N

∫
σa(ω)̃J(z; n, ω)v(ω)η(ω)dωdΩ (4)

The last equation shows that J̃(z; n, ω) decays slower than ∼ exp[−Nσa(ω)z].
To proceed, one needs to perform an expansion in terms of the eigenmodes of a waveguide.

To make evaluations of a large diameter of the waveguide (∼16µm), we suppose an isotropic distribution
of J̃(z; n, ω) = J̃(z, ω) and a weak dependence of v(ω) and η(ω) on frequency ω. Then, integrating
both sides of Equation (4) with respect to ω within a definite FL band, we get

∂J(z)
∂z

= −(1− η)N
∫
σa(ω)̃J(z, ω)dω (5)

where η ≤ 1 and J(z) =
∫

J̃(z, ω)dω, and we consider that
∫

dΩ = 4π.
If the dependence of σa(ω) on frequency is weak within a definite FL band, one can write∫

σa(ω)̃J(z, ω)dω ≈ σa
∫

J̃(z, ω)dω = σa J(z), where σa is the average value of σa(ω) in the FL band.
Then, Equation (5) gives

∂J(z)
∂z

= −(1− η)Nσa J(z) (6)

The solution of the last equation is

J(z) ∼ exp[−(1− η)Nσaz] (7)

where η ≤ 1 is the fitting parameter. Our experimental results, presented in Figure 13j,k demonstrate
FL and laser light propagations in free-standing PEG24-F6 amyloid-like fibers. These results are
accumulated in Table 2 and facilitate the estimation of the parameter η.
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Table 2. Basic parameters of FL and monochromatic light propagation in PEG24-F6 fibers.

Spectral
Range

Attenuation Coefficient Characteristic Propagation Length

LFL/LL

Narrow-Band
Laser

Radiation
αL, (cm−1)

Broadband FL
Radiation
αFL, (cm−1)

Narrow-Band
Laser Radiation
LL = 1/αL, (µm)

Broadband FL
Radiation

LFL = 1/αFL, (µm)

Red 230 70 44 143 3.3

Green 310 50 32 200 6.2

Blue 140 40 71 250 3.5

From the comparison between Equation (7) and exponential decay fits (Figure 13j,k, Table 2) we
get η values of approximately 0.7, 084, and 0.7 for the red (600–650 nm), green (510–560 nm), and blue
(430–480 nm) fractions of FL, respectively. Equation (7) and the estimation are fully consistent with
our experimental results on FL attenuation in amyloidogenic PEG24-F6 fibers (Figure 13j,k), where
J(z) ∼ exp(−Nσaz) at η = 0 and Nσa = αL describes classical absorption.

These amyloidogenic structures exhibit exclusive broadband, fully overlapped FL and OA spectra,
which are created by the electronic structure of noncovalent hydrogen bonds also responsible for visible
FL in amyloid structures [85–87]. These found FL and OA effects are detected along the entire visible
spectrum in the 400–650 nm range [133]. This effect provides the observation of any FL visible color:
blue, green, yellow, red, and more. The reabsorption effect depends on the product of the equilibrium
absorption and luminescence spectra (see Equation (4)); in these wide spectral regions, any optically
absorbed photon can be reemitted, yielding an FL photon, and any emitted FL photon can be absorbed.
Thus, there is no Stokes shift in the considered reabsorption process. The excitation of the FL by a
laser source is followed by its propagation inside the PEG24-F6 fiber, owing to consecutive acts of
light absorption, followed by FL photon propagation and reabsorption Figure 14, provided by the
overlapped transitions in our system.

This process is based on the multi-well potential structure created by hydrogen bonds [87,88],
which is schematically described for only one band by the simplified system (Figure 14), showing
excitation, relaxation, FL irradiation, and FL photon reabsorption. This complex FL propagation process
occurs along all FL centers in the amyloid-like fibers, generating a wide FL visible continuous spectrum.

The proof-of-concept of a long-range FL probe was realized by testing conical PEG24-F6 fibers
of 1.5 mm in length [130]. FL was excited by the 405 nm laser beam normally incident to the fiber
axis, which exhibits quasi-white FL along the laser beam propagation (Figure 14). This disc-shaped FL
region is widened and transmitted laterally in up and down directions, demonstrating a gradual FL
decrease due to the FL attenuation. It propagates at a distance close to 800 µm, which is consistent
with the developed model of FL reabsorption. The FL signal outcouples the fiber and illuminates
the dark screen. The FL of the fiber gradually changes in its intensity and spectrum. Its quasi-white
color is modified, and at the fiber end, it exhibits a green-like tint (bottom row, Figure 14d). Such a
coloration is the evidence of the smallest attenuation coefficient of the green FL component. This was
directly demonstrated in our experiments, which include spectral studies of different FL fractions
in PEG24-F6 amyloid-like fibers [133] and the demonstration of green FL long-range propagation
in the fiber, supported by direct measurements of its attenuation coefficient (Figure 13). The most
distinguishing feature of the described FL phenomenon is a wide FL spectrum covering the entire
visible region. Figure 14 shows bright blue (430–480 nm), green (510–560 nm), and red (600–650 nm) FL
fractions generated by the fiber and reaching the screen. Such a rich continuous FL spectrum, shown in
the presented proof-of-concept, opens an avenue for the development of tunable light nanoprobes from
new biocompatible materials and their application in photomedicine (optical biopsy, optogenetics,
and other light diagnostics and therapy methods).
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Figure 14. Scheme of consecutive elementary acts of excitation, FL emission, and reabsorption, involved
in long-range light propagation in amyloid-like fibers. (a) Quasi-white FL, excited in PEG24-F6 fiber.
(b) Schematic presentation of exciting photon absorption, FL generation, and reabsorption along the
PEG24-F6 fiber. The A-B-C path presents one of many possible directions of light energy flow from
initially excited FL center A to the next FL centers B, C involved in FL light propagation along the fiber
at any FL frequency ωFL. (c) Simplified energy diagrams of excitation, FL, and reabsorption transitions
contributing to the FL propagation along the PEG-F6 fiber. The FL centers A, B, C correspond to those,
shown in the scheme (b). Bottom row, Proof-of-Concept: FL propagation in grown amyloid-like fiber
for ~800 µm; (d) FL (full spectrum) propagation excited by 405 nm laser; (e–g) FL blue, green, and red
spectral fractions illuminating the screen. (Taken from [133]).

7. Visible Fluorescence Bionanodots

Subjected to biological refolding the bioinspired peptide/protein structures adopt -sheet fold
and reveal multicolor intensive visible FL [2,3,89–93]. This intrinsic biophotonic effect found in
β-sheet 1D-fibrillary structures and 2D-hybrid polymer/peptide thin films of different composition,
morphology and dimensions exhibit unique similar FL in a wide visible range of 400–700 nm. In this
chapter, we present our recent development of new visible FL 0D-biodots and their applications [3,93].
These bio-organic nanoparticles, composed from a variety of synthetic short FF, LL, FFF peptides,
and insulin amyloid protein do not possess any visible FL in their native state. However, they adopt
FL properties under the thermally mediated refolding of their biological secondary structure from
their original metastable helix-like to a stable β-sheet structure. These inherently biocompatible visible
FL peptide/protein nanodots (PNDs) can be considered promising nanoscale bioimaging markers with
super-high resolution for emerging precise medicine.

7.1. Fabrication Technology of Visible Bionanodots

The fabrication process of visible nanodots consistsed of two steps. In the first step, PNDs were
self-assembled from monomer peptide molecules in organic solvents by a bottom-up method [121,139],
where the peptide/protein monomer nucleates to seeds with a critical size, which can be considered as
building blocks in terms of the supramolecular concept. The details of the FF, LL, FFF and insulin
nanodot fabrication can be found in the Materials and Methods section. The common feature of
this nanotechnology is based on the inhibition of the self-assembly process of native peptide/protein
biomolecules at the first initial stage of nucleation to nanodots by the use of polar solvents. In the second
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step, the PNDs were subjected to a thermal treatment at 160–180 ◦C in a high boiling temperature
solvent (ethylene glycol; boiling point: 195 ◦C) and then cooled down back to room temperature.
This procedure allowed us to convert the nonfluorescent PNDs to visible FL-PNDs with a refolded
secondary structure (Figure 15).
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first stage, due to molecular recognition, individual peptide/protein molecules are self-organized into 

Figure 15. Formation process of FL visible peptide/protein nanodots (PNDs). At the first stage,
due to molecular recognition, individual peptide/protein molecules are self-organized into nanodots
having a helix-like peptide secondary structure. At the next stage, these nanodots are subjected to the
thermal treatment up to 160 ◦C for 3 hs in order to refold the original biomolecular organization from
helix-like to β-sheet secondary structure. Such refolding leads to the onset of the unique tunable visible
fluorescent properties of PNDs. (Taken from [3]).

High-resolution microscopy techniques, namely environmental scanning electron microscopy
(ESEM), atomic force microscopy (AFM) and transmission electron microscopy (TEM) were exploited
for morphological analyses of the PNDs [3,93]. The images of the FFF-PNDs are demonstrated in
Figure 16, which shows individual FFF-PNDs with an average height and lateral dimensions of ~10 nm
(Figure 16a–d). Inspection of our other FF-, LL- and insulin PNDs showed lower dimensions with the
average diameters as follows: FF dots ~3 nm, LL dots ~ 3.2 nm, insulin dots ~5 nm [3,139].
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Figure 16. Morphological characterization of FFF nanodots. (a–c) environmental scanning electron
microscopy (ESEM), AFM, and TEM images of self-assembled FFF nanodots, respectively. (d) Height
distribution of FFF nanodots obtained from AFM measurement representing the average Z-dimension
of nanodots ~10 nm. According to TEM characterization, the average X-Y dimension is ~10 nm. (Taken
from [3]).

7.2. Optical Properties of Pnds Under the Refolding of Peptide Secondary Structure

The optical absorption, OA, FL spectroscopy, and FL lifetime were studied for native and thermally
treated FFF-PNDs, where a profound difference in the optical properties for native and thermal treated
nanodots was observed (Figure 17). The OA for native FFF-PNDs (Figure 17a) exhibits its absorption
edge in the region of λ ~ 250–270 nm which is similar to that observed in other different peptide
nanostructures, FF nanotubes, FFF nanospheres and FFF nanoplates [2,89,90,107]. This OA is associated
with the aromatic phenyl rings of the F-phenylalanine residues [120]. As expected, aliphatic L-leucine
amino acid and native LL peptide nanodots, nanotubes, and nanofibers do not exhibit any OA in this
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UV spectral interval [2,120]. Thus, both F-aromatic and L-aliphatic-based PND in their native states
are entirely transparent in a wide optical region covering visible and near IR regions.
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sheet secondary structure. (e) Monitoring of the refolding kinetics in FFF nanodots by FL 
measurements at three different temperatures of the heat treatment (433 K, 443 K and 463 K). The 
excitation and emission FL wavelengths were 404 nm and 530 nm, respectively. Fitting of the 
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Figure 17. Optical properties of native and thermally treated FFF nanodots. (a) Optical absorption (OA)
of native (black line) and thermally treated (red line) nanodots. (b) Normalized FL spectra of thermally
treated nanodots vs. excitation wavelength, λexc, varied in the range of 365–600 nm. (c) The FL photon
emission peak vs. λexc. Inset shows color images of thermally treated FFF nanodots at different
excitation wavelengths (from left to right: λexc = 360 nm, λexc = 450 nm, λexc = 510 nm, λexc = 530 nm,
λexc = 570 nm, λexc = 590 nm) demonstrating continuous variation in the FL spectrum. (d) Circular
dichroism (CD) spectra of FFF nanodots in native (black line) and thermally induced (red line) phases
illustrating the conformational transition from helix-like to β-sheet secondary structure. (e) Monitoring
of the refolding kinetics in FFF nanodots by FL measurements at three different temperatures of the heat
treatment (433 K, 443 K and 463 K). The excitation and emission FL wavelengths were 404 nm and 530 nm,
respectively. Fitting of the experimental data was performed by the Arrhenius equation (Equation (8)).
The inset shows the reaction rate (in the log scale) vs. the inverse temperature. It allows the linear
fitting that gives an activation energy of 16.98 kJ/mol and frequency factor A = 13500 mol−1mLs−1.
(Taken from [3]).

Thermal treatment of the studied self-assembled di-FF and tri-FFF-PNDs led to a significant
transformation of their optical properties (Figures 17 and 18). The OA spectrum of the heated FFF
nanodots (red graph) demonstrates a new broadband OA and FL properties covering the entire visible
region, 400–650 nm. The most distinguishing feature of this acquired visible FL effect is its excitation
dependence, making FL tunable in a very wide visible range from deep blue (440 nm) to red (650 nm)
(Figure 17b,c). It is also illustrated by a linear graph of FL peaks vs. excitation wavelengths (Figure 17c
and inset in c) of several color FL images of heated FFF nanodots excited by different excitation
wavelengths. It should be noted that we checked the Stokes signal (peak FL line) as a function of
the excitation wavelength. This graph clearly shows that FL in our systems is a linear process. The
measured quantum yield (QY) of FFF dots in the blue region (λexc ~ 380 nm, λem ~ 460 nm) showed
relatively a high-value QY of ~30% [3].
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Regardless of the original composition, similar FL properties were also observed both in aromatic
FF- and aliphatic LL-PNDs subjected to the heat treatment (Figure 18). It should be noted that the
dimensions of FF and LL nanodots are much smaller by a factor of ~three to four than those of FFF
dots, though they demonstrate similar FL spectra. The found similarities between FL properties from
di- and tri-PNDs of different compositions, origins, and dimensions at the nanoscale distinctly show
that visible FL is not related to the quantum confinement effect found in inorganic nanodots [10].
This remarkable FL induced by the thermal treatment indicates the structural biomolecular β-sheet
reorganization of the PNDs upon heat treatment and is fully consistent with previously demonstrated
FL results studied for FFF, FF ad LL microstructures (Figure 10).

The latter assumption is supported by our circular dichroism measurements of the peptide
secondary structure [112,117]. The CD spectrum of the native non-treated FFF-PND (Figure 17d,
black line) exhibits two positive molar ellipticity maxima at 203 nm and 219 nm. Such a CD spectrum
describes a left-handed helix-like state, where the observed peaks are related to π-π* and n-π* electronic
transitions, respectively [140,141].

Following thermally induced refolding of the FFF-PNDs, the CD spectrum changes dramatically,
and it becomes negative with ellipticity minimum at 214 nm (Figure 17d, red line). This negative
peak and its spectral position are consistent with classic CD data recorded with an antiparallel
β-sheet secondary structure [88,113]. The CD measurements (Figure 17) clearly show a structural
transition of the FFF-PNDs from helical conformation to a new β-sheet secondary structure. A similar
conformational transition from α-helix to β-sheet secondary structure is well known and observed in
protein/peptide misfolding and subsequent β-sheet-rich amyloid fibrillary structure formation [77,78].
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It should be noted that it is commonly thought that small linear peptides between three and six
amino acids in length cannot exhibit a helix-like conformation due to size restrictions, but the ability of
such ultra-small peptides to form α-helical structures upon crossing a threshold concentration was
recently shown [142,143].

Despite different compositions and origins, both di-peptides exhibit fold-sensitive FL and OA
spectra similar to all those FL data found in bioinspired and biological amyloid and amyloidogenic
fibrillary β-sheet structures.

7.3. Monitoring of the Secondary Structure and Its Kinetics Under Refolding Helix-Like→β-Sheets

The found thermally induced transformation α-helix→β-sheets can be associated with their own
set of kinetic rates. For experimental verification, the FFF nanodots in their initial helix-like phase were
heated quickly to elevated temperatures. The conformational rate from initial metastable helix-like to
fluorescent β-sheets was monitored by the relative FL intensity (excitation λexc = 404 nm, emission
λem = 530 nm) as a function of time at three different temperatures 433 K, 443 K, 463 K (Figure 17e).
Such a classical approach allowed us to extract the natural activation energy barrier, associated with
the transition to the β-sheet structure upon heat treatment. The analysis of our observed thermally
induced transition can be performed in the framework of the standard autocatalytic model [144], which
can be written as:

dPα
dt = −kPβPα,

dPβ
dt = kPβPα,

(8)

where Pα and Pβ denote the relative aggregate concentration in helix-like and β-sheet phases,
respectively, and k stands for the reaction rate. The solution of these equations is given by:

Pα(t) = 1

1+
Pβ0
Pα0

exp(−kt)
,

Pβ(t) = 1− Pα(t)
(9)

with Pα0 and Pβ0 corresponding to the initial relative aggregate concentration, where Pα0 + Pβ0 = 1.
Within this model, we assume that the concentration of the FFF nanodots is invariant while the
transitions concern their internal structure only.

Fitting experimental data with Equation (8), shown in Figure 17e, allowed us to retrieve the initial
aggregate concentrations of Pα0 = 0.91 and Pβ0 = 0.09 for all samples under the study. Plotting the
extracted logarithm of the reaction rates at different temperatures as a function of inverse temperature
(inset in Figure 17e) allowed fitting to the Arrhenius equation:

k = A exp
(
−

Ea

RT

)
, (10)

where the frequency factor A accounts for the frequency of collisions, Ea is the activation energy, and R
is the gas constant. The value of the frequency factor A has been obtained from the Arrhenius plot,
accounting for the fact that the initial concentration of monomers is 1 mg/mL and their molar mass is
459.55 g/mol [145]. Our fitting results gave estimations of the activation energy of Ea = 16.98 kJ/mol
and the frequency factor of A = 13500 mol−1mLs−1.

Activation energy is an important thermodynamic parameter, which characterizes the governing
thermally activated process. In our case, the governing process is the structural thermally induced
biomolecular transformation from helix-like to β-sheet states and the activation energy is the energy
barrier needed for this refolding of amyloid origin. The thermodynamic approach was applied to
studies of metastability of native proteins and the phenomenon of amyloid formation for a series of
amyloid proteins differed in the number of residues [81]. In the cited work, the considered governing
process is the refolding of soluble native α-helical amyloid proteins to solid-state insoluble β-sheet
amyloid fibrils. The developed technique [81] was based on measurements between the concentration
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of amyloid protein molecules in solution and those incorporated into insoluble fibrils, which is the
process of elongation (growth) of amyloid fibers. Our FL method considers the variation in the FL
intensity during the fibrillization process (Figure 17e). The FL intensity is proportional to the grown
β-sheet concentration transformed from α-helical biomolecules. Our calculated activation energy
Ea = 16.98 kJ/mol is of the same order of magnitude as the activation energy for the elongation process
of the amyloid fibrils, which also involves a transition to the β-sheet structure [81].

7.4. Visible FL in Amyloid Insulin Nanodots

The conducted experimental research allowed us to reveal that visible FL properties can be acquired
by bioinspired peptide/protein nanostructures as a result of the fundamental reconstruction of their
primary α-helical state to a β-sheet one. The studied OA and FL spectra of any β-sheet peptide/protein
structure are completely similar to those observed in amyloid diseased-related fibrils, regardless of their
chemical composition, morphology, and dimensions and can be related to fold-sensitive phenomena.
These results have encouraged us to explore similar optical phenomena in synthetic amyloid insulin
protein nanodots as those observed in bioinspired FFF, FF, and LL nanodots. Insulin protein, as a
common model of amyloidogenic proteins, was subjected to the same protocol of inhibition of the
amyloidogenesis process at the stage of nanodots (Materials and Method section) followed by thermal
treatment to induce visible FL by refolding to a β-sheet structure. Figure 19 exhibits OA and FL of
insulin nanodots, subjected to thermally induced refolding. In the heated insulin dots, the appearance
of optical absorbance and excitation-dependent visible FL emission was found. These spectra have
optical characteristics similar to the ones of the thermally refolded FFF, FF, LL nanodots. Those revealed
in this amyloid protein transformation of optical properties from non-FL to the visible FL-state were
observed under similar thermally induced refolding of the insulin dots from a native α-helical structure
to a β-sheet-rich structure (Figure 19c).
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measurements were done in liquid samples (solutions of PNDs in EG), here, to study individual 
nanoparticles, dry samples were prepared. For the preparation of dry samples with individual 
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and residue contamination. 

We imaged the individual FFF-PNDs with a single-molecule fluorescence microscope (ONI 
Nanoimager S) equipped with four continuous wave (CW) lasers operating at 375 nm, 473 nm, 532 
nm, and 640 nm. Figure 20 represents an absorption curve of the FFF-PND ensemble in EG solution 
with corresponding excitation wavelengths marked by arrows. Figure 20b shows epi-fluorescence 
images of individual PNDs dispersed on the coverslip and excited by four different lasers. It can be 
seen that the same nine single nanoparticles are fluorescent under 473 nm and 532 nm excitations. 
Particle numbers 1, 3, 5, and 9 also emit light under 375 nm excitation and there is no light emission 
for the 640-nm excitation, as expected from the optical absorption graph (Figure 20a). 

Figure 19. Optical properties of insulin nanodots (inset: AFM image of insulin nanodots) (a) Optical
absorption of insulin dots before (black curve) and induced by the thermal treatment (red curve). (b) FL
spectra of thermally induced insulin dots vs. the excitation wavelength. (c) Circular dichroism of
insulin dots before (black curve) and after thermally induced β-sheet conversion (red curve). (Taken
from [3]).

Studied FFF, FF, LL and insulin peptide/protein β-sheet nanodots of different origins and
compositions exhibit similar spectra of OA and FL as amyloidogenic [2,3,89,90,92,93,104] and
amyloid [1,85–88,98] β-sheet micro–nano-fibrillary structures. These results support the proposed
common FL mechanism [87] regarding the universal reconstruction of the original (helix-like state)
electronic structure of non-covalent hydrogen bonds when these bonds adopt, in the β-sheet state,
another configuration providing a visible FL effect.

7.5. Visible Single FL Peptide Nanodots

To characterize the optical properties of discrete PNDs self-assembled from aromatic FFF peptide
biomolecules, we applied single-molecule microscopy methods. Our extensive studies included single
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PND FL imaging, the spectral characterization of the emission, FL lifetime, and emission intermittency
measurements [93]. In contrast with previously presented research where all measurements were done
in liquid samples (solutions of PNDs in EG), here, to study individual nanoparticles, dry samples were
prepared. For the preparation of dry samples with individual nanodots, a solution of FFF-PNDs in
spectroscopic grade EG (initial concentration is 1 mg/mL) was diluted to 1:1000 in acetone. A drop
of this solution was put on a pre-cleaned quartz microscope slide and immediately covered by a
pre-cleaned coverslip to immobilize the PNDs and to prevent dust and residue contamination.

We imaged the individual FFF-PNDs with a single-molecule fluorescence microscope (ONI
Nanoimager S) equipped with four continuous wave (CW) lasers operating at 375 nm, 473 nm, 532 nm,
and 640 nm. Figure 20 represents an absorption curve of the FFF-PND ensemble in EG solution with
corresponding excitation wavelengths marked by arrows. Figure 20b shows epi-fluorescence images of
individual PNDs dispersed on the coverslip and excited by four different lasers. It can be seen that the
same nine single nanoparticles are fluorescent under 473 nm and 532 nm excitations. Particle numbers
1, 3, 5, and 9 also emit light under 375 nm excitation and there is no light emission for the 640-nm
excitation, as expected from the optical absorption graph (Figure 20a).Crystals 2020, 10, x FOR PEER REVIEW 35 of 43 
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Each visible nanodot is indicated by a number. The last image shows that no fluorescence is measured 
under 640 nm excitation, which is consistent with the absorbance curve. 
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drug delivery and tissue engineering applications [147,148]. The recently developed nanotechnology 
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they are important biogenic minerals, enabling living organisms to reach specific functions. In nature, 
vaterites typically form self-assembled polycrystal micro- and nanoparticles. These vaterite particles 
can tailor alpine plant light scattering channels and utilize the multipole interference effect to 
improve light collection efficiency by producing CaCO3 polycrystal nanoparticles on the margins of 
their leaves [150]. 

Fluorescent microscopy images of the FFF-labeled vaterite microparticles under different 
excitation wavelengths (Figure 21c–f) demonstrate their ability to serve as multi-color fluorescent 
agents. 

Figure 20. Optical absorption and FL images of single FFF nanodots. (a) Optical absorption curve of
FFF-PNDs in ethylene glycol (EG) solution with applied excitation wavelengths marked by arrows.
(b) Fluorescence images of the same single peptide dots excited at 375 nm, 473 nm, 532 nm, and 640 nm
(inserts show the same individual dot # 9 excited at different wavelengths). Each visible nanodot is
indicated by a number. The last image shows that no fluorescence is measured under 640 nm excitation,
which is consistent with the absorbance curve. (Taken from [93]).

In this work [93], we showed that the FL spectra of the single PNDs and their tunability coincide
with the spectra and tunability measured for PND ensembles in EG solution. This provides strong
evidence that the tunability of PND fluorescence is a property of the individual PNDs and is not a
result of an inhomogeneous mixture of different emitters. However, a closer look demonstrated that the
single-nanoparticle FL spectra are narrower than the ensemble spectra and that the emission maxima
of different PNDs varies over ∼ 30 nm. FL lifetime studies showed short time scale decay with a typical
value of several nanoseconds. Along with their relatively high quantum yield, this may indicate their
suitability as new biocompatible fluorescent probes as well as optical gain material. Long timescale
measurements revealed pronounced fluorescence blinking involving continuous bright states with
a duration in the range of seconds. This gives the first evidence of the quantum emitter nature of
FL PNDs. It marks PNDs as attractive for various blinking-based super-high-resolution techniques,
such as stochastic optical reconstruction microscopy (STORM) [146].

7.6. Bioimaging as a Prospective Application of the Visible FL Peptide Nanodots

Thermally treated β-sheet FL visible PNDs have several attractive properties, such as small
nanometer size, multicolor FL emission profiles, tunability, and potential biocompatibility, which make
them compelling candidates for FL bioimaging in the visible region. Moreover, the peptide/protein
nanodots exhibit excellent photostability, as shown in our photobleaching measurements [93].
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As proof-of-concept for bioimaging applications of the FL FFF nanodots, we embedded them into
porous vaterite semi-spherical particles of micron-scale size (Figure 21)Crystals 2020, 10, x FOR PEER REVIEW 36 of 43 

 

 
Figure 21. (Taken from [93]). Bioimaging properties of visible FL FFF nanodots embedded in vaterite 
micro-particles. (a) Photobleaching of FL FFF nanodots embedded into vaterite microcapsules, FL 
intensity λFL = 580 nm vs. time, λexc = 532 nm, continuous wave (CW) laser at power densities of 71 
mW/cm2 (red curve) and 35 mW/cm2 (green curve); (b) ESEM image of porous vaterite microspheres. 
(c) FL microscopy image of two vaterite particles with FFF nanodots embedded in their pores; (d–f) 
FL images of vaterite spheres in blue, green, and red spectral regions due to intrinsic FL of embedded 
FFF nanodots (λexc = 365 nm, λexc = 425 nm and λexc = 570 nm). 
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it a fold-sensitive, optical signature of β-sheet configurations. Non-covalent hydrogen bonds 
interconnecting the β-strands into β-sheet fibrillary structures are responsible for this highly specific 
FL phenomenon of biological origin. We also showed that recently developed fluorescent hybrid 
polymer/peptide films, PEG-F6, exhibit quasi-white FL where, in addition to the blue spectral 
maximum related to the original β-sheet structure, a sufficient contribution of green FL has been 
observed. This spectral maximum is associated with a high concentration of amide bonds in this new 
compound. 

We presented a novel type of biolabel, visible FL bionanodots. A completely different approach 
to the fabrication of these nanodots compared to other biomarker counterparts has been developed. 
The found method for the inhibition of the self-assembly process of biomolecules allowed us to obtain 
nanometer-scale peptide/protein biodots which can be considered elementary building blocks of 
supramolecular biostructures. In the second stage, these dots were transformed from native α-helical 
states to β-sheet ones by heating at an elevated temperature, which resulted in the appearance of 
broad band, visible and tunable FL. Single multicolor FL nanodots were visualized. These 
peptide/protein nanodots are originally biocompatible and can be widely used in nanobiotechnology 
for medical diagnostics and therapy, the development of a new generation of drugs and safet 
technology for cosmetics, food products, and more. 

In this work, we show that bioinspired nanostructures possess multifunctional optical properties 
such as nonlinear optical, electrooptical, birefringence, tunable visible fluorescence, and light 
waveguiding effects. These properties are fold-sensitive and can be functionally switched by the 

Figure 21. Bioimaging properties of visible FL FFF nanodots embedded in vaterite micro-particles.
(a) Photobleaching of FL FFF nanodots embedded into vaterite microcapsules, FL intensity λFL = 580 nm
vs. time, λexc = 532 nm, continuous wave (CW) laser at power densities of 71 mW/cm2 (red curve)
and 35 mW/cm2 (green curve); (b) ESEM image of porous vaterite microspheres. (c) FL microscopy
image of two vaterite particles with FFF nanodots embedded in their pores; (d–f) FL images of vaterite
spheres in blue, green, and red spectral regions due to intrinsic FL of embedded FFF nanodots (λexc =

365 nm, λexc = 425 nm and λexc = 570 nm). (Taken from [93]).

Vaterite is one of the polymorphs of calcium carbonate (CaCO3). High porosity,
extraordinary loading capacity, triggered release mechanisms along with natural biocompatibility and
biodegradability make the vaterite particles a very promising platform in biomedicine as a cargo for
drug delivery and tissue engineering applications [147,148]. The recently developed nanotechnology
using porous micro- and vaterite nanoparticles of various sizes and morphologies [149] is one of the
most promising platforms that can encompass all the aforementioned requirements. Furthermore,
they are important biogenic minerals, enabling living organisms to reach specific functions. In nature,
vaterites typically form self-assembled polycrystal micro- and nanoparticles. These vaterite particles
can tailor alpine plant light scattering channels and utilize the multipole interference effect to improve
light collection efficiency by producing CaCO3 polycrystal nanoparticles on the margins of their
leaves [150].

Fluorescent microscopy images of the FFF-labeled vaterite microparticles under different excitation
wavelengths (Figure 21c–f) demonstrate their ability to serve as multi-color fluorescent agents.

8. Conclusions

This review considers a new biophotonic effect of visible fluorescence (FL) observed in all
peptide/protein materials folded into β-sheet secondary structures. TheFL phenomenon has been
revealed in fibrillary structures of both natural amyloid fibrils, associated with neurodegenerative
diseases (Alzheimer’s, Parkinson’s, and more), and diverse synthetic peptide/protein structures
subjected to thermally induced biological refolding from the helix-like state to a β-sheet state.
We found that, irrespective of the peptide/protein chemical compositions, complexity, and origin,
this intrinsic FL effect exhibits a similar broadband tunable spectrum in the range of 400–700 nm,
making it a fold-sensitive, optical signature of β-sheet configurations. Non-covalent hydrogen
bonds interconnecting the β-strands into β-sheet fibrillary structures are responsible for this highly
specific FL phenomenon of biological origin. We also showed that recently developed fluorescent



Crystals 2020, 10, 668 36 of 43

hybrid polymer/peptide films, PEG-F6, exhibit quasi-white FL where, in addition to the blue spectral
maximum related to the original β-sheet structure, a sufficient contribution of green FL has been
observed. This spectral maximum is associated with a high concentration of amide bonds in this
new compound.

We presented a novel type of biolabel, visible FL bionanodots. A completely different approach
to the fabrication of these nanodots compared to other biomarker counterparts has been developed.
The found method for the inhibition of the self-assembly process of biomolecules allowed us to obtain
nanometer-scale peptide/protein biodots which can be considered elementary building blocks of
supramolecular biostructures. In the second stage, these dots were transformed from native α-helical
states to β-sheet ones by heating at an elevated temperature, which resulted in the appearance of broad
band, visible and tunable FL. Single multicolor FL nanodots were visualized. These peptide/protein
nanodots are originally biocompatible and can be widely used in nanobiotechnology for medical
diagnostics and therapy, the development of a new generation of drugs and safet technology for
cosmetics, food products, and more.

In this work, we show that bioinspired nanostructures possess multifunctional optical properties
such as nonlinear optical, electrooptical, birefringence, tunable visible fluorescence, and light
waveguiding effects. These properties are fold-sensitive and can be functionally switched by the
thermally induced refolding of their biological secondary structure from a helix-like state to a β-sheet
state. Such a unique set of optical properties indicates a new paradigm of peptide nanophotonics and
the advanced nanotechnology of peptide integrated optics based on recently developed peptide wafers
and large-area hybrid polymer/peptide thin films. Biocompatible implantable peptide-integrated
optical chips could be applied to light theranostics, optogenetics, and health monitoring.
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