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mostly based on fluorescent (FL) agents of
high brightness and combines exceptional
optical properties with biocompatibility,
biodegradability, and precise targeting
both in vivo and in vitro. This includes
inorganic semiconductor quantum dots,[2]
carbon nanodots,[3] organic molecular
dyes,[4] and genetically encoded universal
FL proteins.[5] Additional specific class
of extrinsic FL nanoprobes is amyloidbinding small molecule ligands (thioflavin
T, Congo red and more) employed for
tracking the kinetics of amyloid fibrils
growth.[6] Each of the imaging agents has
its inherent mechanism of photon emission, which defines its figures of merit for
bioimaging: FL spectral region, quantum
yield (QY), and photobleaching.[7,8] For
instance, quantum dots and organic dye
molecules exhibit FL in the visible range
and have very high QY exceeding 90%.
However, the organic molecular dyes are
limited for long-term bioimaging applications because of photobleaching issues.
The biocompatibility is another basic parameter of any biolabels, which is especially critical for some organic dyes and inorganic semiconductor quantum dots, containing heavy metals.
Recently found FL carbon nanodots are biocompatible but
have a low QY.[9] The green fluorescence protein (GFP) and its
homologues are the only molecules, known until today, having
biological origin FL and providing unique biocompatibility.
These proteins exhibit pronounced FL with QY reaching 90%
covering the entire visible spectrum, which makes them unique
FL tags[10] among unlimited number of nonfluorescent peptide
and protein biomolecules.[1,2,5,7]
Alternative composition-insensitive visible FL was recently
found in biological and bioinspired nanostructures characterized
by specific ordering of biomolecules into antiparallel β-sheets
structures. This includes a wide variety of diverse biomolecular
compositions, such as amyloidogenic proteins,[11,12] PEGylated
peptides,[13,14] nonaromatic biogenic, and synthetic peptides[15]
and recently natural silk fibrils.[16] The basic features of
these FL nanostructures are similar fibrillar morphology,
original β-sheets secondary structure, and identical visible FL
optical spectrum. These common structural and optical properties enable to relate all of them to a wide class of thermodynamically stable disease- and nondiseased-related amyloid
structures.[17–19] Such β-sheet structures and visible FL can also

Nanoscale bioimaging is a highly important scientific and technological tool,
where fluorescent (FL) proteins, organic molecular dyes, inorganic quantum
dots, and lately carbon dots are widely used as light emitting biolabels. In
this work, a new class of visible FL bioorganic nanodots, self-assembled
from short peptides of different composition and origin, is introduced. It is
shown that the electronic energy spectrum of native nonfluorescent peptide
nanodots (PNDs) is deeply modified upon thermally mediated refolding of
their biological secondary structure from native metastable to stable β-sheet
rich structure. This refolding leads to the appearance of a broadband optical
absorption across visible region and tunable, excitation-dependent visible
FL of the nanodots with a high quantum yield of ≈30%. It is shown that this
intriguing biophotonic effect appears in several peptides/proteins and does
not require the presence of aromatic residues. It is assumed that the origin of
the phenomenon is related to proton transfer along network of reconstructed
intermolecular hydrogen bonds, stabilizing the thermally induced supramolecular β-sheet structure. The biocompatible FL PNDs can be potentially
applied as high-resolution bioimaging labels toward advanced biotechnology
and biomedical theranostics.

1. Introduction
Bioimaging is a principal method in biomedicine from local
diagnosis and drug delivery to therapy and surgery.[1] It is
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be created in ultrashort di- and tri-peptide nanostructures[20]
which are originally nonfluorescent in the visible range.[21] It
was shown[20] that both aromatic and nonaromatic peptide
nanostructures are subjected to thermally mediated refolding
of their secondary structure accompanied by full reconstruction of their native morphology (nanotubes, nanospheres) to
β-sheets ultrathin fibrils. This reconstructive transition of the
first order[20] was accompanied by visible FL properties,[20,22]
similar to those observed in amyloid and nonamyloid originally
β-sheets structures[11–16] demonstrating the same optical spectrum of FL regardless of their nature and composition.
In this work, we apply the latter new paradigm for generating
new class of bioinspired peptide/protein nanodots possessing
intense and tunable fluorescence in the visible region. We
use originally nonfluorescent peptides/proteins that are transformed into visible FL nanoparticles using thermally induced
refolding of their initial biomolecular secondary structure from
native metastable state to β−sheet phase. The main advantages
of the developed FL peptide nanodots (PNDs) with respect to
existing bioimaging agents include highly monodisperse size
distribution with the average value ranging from 1 to 10 nm,
biocompatibility, and visible widely tunable fluorescence within
the wavelength domain 420–650 nm.

2. Results and Discussion
The fabrication process of visible nanodots consists of two
steps. At the first step, PNDs were self-assembled from
monomer peptide molecules in organic solvents by a bottom-up
method developed in our works,[23,24] 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. Later, these PNDs can undergo further self-assembly
to nano- or microstructures of diverse morphologies driven by
weak noncovalent interactions. In our study, we inhibited these
self-assembly process of native di- and tri-peptide biomolecules
at the first initial stage of nucleation to nanodots by the use of
polar solvents. At the second step, the PNDs were subjected
to a thermal treatment at 160 °C in high boiling temperature
solvent of ethylene glycol (EG) to transform the nonfluorescent
PNDs to visible FL PNDs with a refolded secondary structure.
We studied four different monomer biomolecules of dissimilar
origin as representatives of different peptide groups: aromatic

di- and tri-phenylalanine (FF and FFF), aliphatic di-leucine
(LL), and the insulin protein.
High-resolution microscopy techniques, namely atomic force
microscopy (AFM), environmental scanning electron micro
scopy (ESEM), and transmission electron microscopy (TEM)
were exploited for morphological analyses of the PNDs. The
images of the FFF-PNDs are demonstrated in Figure 1 (morphological data for the other PNDs can be found in Figures S1
and S2 in the Supporting Information), which shows individual
FFF-PND with an average height and lateral dimensions of
≈10 nm (Figure 1a–c). Inspection of our other PND (FF and LL
PND) showed lower dimensions ≈3 nm (Figure S2, Supporting
Information).
The optical properties of optical absorption (OA), FL spectroscopy, and FL lifetime were studied for native and thermally treated FFF-PNDs, where a profound difference between
before and after the thermal treatment was observed (Figure 2).
The OA for native FFF-PNDs (Figure 2a) has its absorption
edge in the region of λ ≈ 250–270 nm which is similar to those
observed in peptide nanostructures, such as FF-nanotubes,
FFF-nanospheres, and FFF-nanoplates.[20–22] This OA is associated with the aromatic benzoic ring of the phenylalanine residues.[25] It should be noted that aliphatic leucine amino acid
and native LL-peptide nanodots, nanotubes, and nanofibers do
not demonstrate any OA in this UV spectral interval.[20,25] Thus,
both F-aromatic and L-aliphatic based PNDs in their native
states are entirely transparent in a wide optical region covering
visible and near IR regions (Figure 2a).
Native FFF-PND exhibit FL in the UV region (Figure S3, Supporting Information) at λ ≈ 290 nm, as similar for all phenylalanine-based nanostructures,[20] which originate from its benzoic
rings.[25] In contrast, the aliphatic leucine–based LL-nanostructures do not generate any FL effect in the UV range. Thermal
treatment of the studied self-assembled PNDs led to a transition in their optical properties. The OA spectrum (Figure 2a) of
the heated FFF-nanodots (red graph) demonstrates a new broad
OA band covering the entire visible region, which leads to new
FL properties (Figure 2b). The most distinguished feature of
this acquired FL effect is its excitation dependence, making FL
tunable in a very wide visible range from deep blue (420 nm) to
red (650 nm) (Figure 2b,c). It is also illustrated by linear graph
of FL peaks versus excitation wavelengths (Figure 2c) and inset
at Figure 2c of several color FL images of heated FFF-nanodots
excited by different wavelengths. In addition, to understand

Figure 1. Morphological characterization of FFF-nanodots. a,b) AFM and TEM images of self-assembled FFF-nanodots, respectively. c) Height distribution of FFF-nanodots obtained from AFM measurement representing the average Z-dimension of ≈10 nm. According to TEM characterization, the
average X–Y dimension is ≈10 nm.
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Figure 2. Optical properties of native and thermally treated FFF-nanodots. a) OA of native (black line) and thermally treated (red line) nanodots.
b) Normalized FL spectra of thermally treated nanodots versus the excitation wavelength, λexc, varied in the range 365–600 nm. c) The FL photon emission peak versus 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 of the FL spectrum. d) CD spectra
of FFF-nanodots in native (black line) and thermally induced (red line) phases illustrating a transition from helical 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, 443, and
463 K). The excitation and emission FL wavelengths were 404 and 530 nm, respectively. Fitting of the experimental data was performed in accordance
with Arrhenius equation (Equation (1)). The inset shows the reaction rate (in the log scale) versus the inverse temperature. It allows the linear fitting
that gives an activation energy of 16.98 kJ mol−1 and frequency factor A = 13 500 mol−1 mLs−1.

whether the process of intrinsic FL is linear or not, we measured
the Stokes signal (peak FL line) as a function of the excitation
laser input power. This dependence (Figure S6, Supporting
Information) clearly shows that the observed FL in our nanodots is a linear process. Measured QY of FFF-dots in the blue
region (λexc ≈ 380 nm, λem ≈ 460 nm) showed relatively high
value QY of ≈30%. Regardless of original composition, similar
FL properties were also observed both for aromatic FF- and aliphatic LL-PNDs subjected to heat treatment (Figure S4, Supporting Information). It should be reminded that dimensions
of FF- and LL-nanodots (Figure S2, Supporting Information)
are smaller by a factor of ≈3–4 than those of FFF-dots (Figure 1)
though they demonstrate similar FL spectra. Found similarity
of FL properties from PNDs of different composition, origin,
and dimensions implies that structural biomolecular reorganization of the PNDs upon heat treatment is probably the reason
for the FL properties.
The latter assumption is supported by our circular dichroism
(CD) measurement of the peptide secondary structure.[26] Before
heat treatment, the CD spectrum of the native FFF-PNDs
(Figure 2c, blue line) exhibits two positive molar ellipticity
maxima at 203 and 219 nm. Such CD spectrum is consistent
with a left-handed α-helix, where our observed peaks correspond to π–π* and n–π* electronic transitions, respectively.[27,28]
Though it is commonly thought that small linear peptides of
3–6 amino acids cannot exhibit α-helical conformation due to
size restrictions, an ability of such ultrasmall peptides to form
α-helical structures upon crossing a threshold concentration was
recently shown.[29,30] Following thermal treatment of the FFFPNDs, the CD spectrum changes dramatically, and it becomes

Adv. Optical Mater. 2019, 7, 1801400

negative with ellipticity minimum at 214 nm (Figure 2c, red
line). This negative peak is consistent with an antiparallel
β-sheet secondary structure.[11,31–33] In addition to CD, another
method of Fourier transform infrared (FTIR) spectroscopy is
widely used in biology to study biomolecular conformation. It
was recently shown by both CD and FTIR[22] that the same thermally induced refolding from initial α-helical conformation to
β-sheet arrangement happens in FFF-tapes. It is important to
stress that, according to the biological supramolecular concept,
any peptide structures are composed from the same building
blocks which we define as nanodots. That is why FTIR results
obtained for FFF-tapes can be applied to FFF-nanodots as well.
Hence, our CD measurements clearly show a structural transition of the FFF-PNDs from helical conformation to a new
β-sheet secondary structure. 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 fibril-like structure formation.[34–37] Protein fibrils
consisted of β-sheets under fibrillization process become thermodynamically stable with respect to their native state.[34,38]
As in any other (biological) structural transition, such
thermo-activated processes are associated with their own set of
kinetic rates. FFF-nanodots in their initial helical phase were
heated fast to chosen elevated temperatures. The conformational rate from initial metastable α-helix to FL β-sheets was
monitored by the relative FL intensity (excitation λexc = 404 nm,
emission λexc = 530 nm) as a function of time at three different
temperatures 433, 443, 463 K (Figure 2e). Such a classical
approach allows to extract the natural activation energy barrier, associated with the transition to the β-sheet structure upon
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heat treatment. The analysis of our observed thermally induced
transition can be performed in the framework of the standard
autocatalytic model[39], which can be written as:
dPα
= − kPβ Pα
dt
dPβ
= kPβ Pα ,
dt

(1a)

where Pα and Pβ denote the relative aggregate concentration in
α-helix and β-sheet phases, respectively, and k stands for the
reaction rate. The solution of these equations is given by:
1
Pβ 0
1+
exp (−kt )
Pα 0
Pβ (t ) = 1 − Pα (t )

Pα (t ) =

(1b)

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 (1), shown in
Figure 2, 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 function of inverse temperature (inset
of Figure 2e) allowed the fitting to the Arrhenius equation:
E
k = A exp  − a 
 RT 

(2)

where the frequency factor A accounts for the frequency of
collisions, Ea is the activation energy, and R the gas constant.
The value of A has been obtained from the Arrhenious plot,
accounting for the fact that the initial concentration of monomers
is 1 mg mL−1 and their molar mass is 459.55 g mol−1.[40] Our fitting results in the activation energy of Ea = 16.98 kJ mol−1 and the
frequency factor for the transitions of A = 13 500 mol−1 mLs−1.
Interestingly, our calculated activation energy is around 2–3 fold
lower than the calculated activation energy for amyloid fibril
elongation process, which also involves a transition to β-sheet
structures.[39]
The similarity in the kinetics profile between our findings to the natural process undergone by amyloid fibrils has

encouraged us to explore whether we can see similar optical
phenomenon as we see for the FFF-, FF-, and LL-nanodots,
but with amyloid-forming protein. We have chosen insulin as
a common protein model for amyloidogenic protein, i.e., protein that can form amyloid structures. We used the same protocol as for the formation of the FFF-, FF-, and LL-nanodots,
meaning that we inhibited the amyloidogenesis process after
the formation of the first nuclei. As can be seen in Figure 3,
the OA (Figure 3a) and FL (Figure 3b) of insulin have similar
characteristics to the ones of the FFF nanodots, i.e., the appearance of visible absorbance and excitation-dependent emission
spectrum upon thermal heating. Furthermore, we also observe
rather similar structural transition of insulin from a predominant α-helical structure to a β-sheet–rich structure after heating
(Figure 3c). Our measurements with the insulin protein highly
support our assumption regarding the unique origin of electronic structure and FL in the nanodots.
Strong composition-insensitive FL effect found in the visible
region for the heat treated β-sheet peptide/protein nanodots
of different origin (Figures 2b,c, 3b) is the direct evidence of a
deep reconstruction of the dots’ electronic energy levels structure. Using FL excitation (FLE) spectra at different FL wavelengths, λem, allowed us to represent our data in the form of
Jablonski diagram (Figure 4), which demonstrates the energy
states of the FFF-PNDs and the transitions between them. In
order to demonstrate behavior of several FLE configurations
(for blue, green, and red), a set of thee Jablonski diagrams,
including three levels each, were reconstructed. The experimental absorption spectra (level broadening) of the upper states
appear in in the figure next to the upper level sign. Phenomenologically speaking, an excited electron undergoes nonradiative
transition to the lower level, which is connected via dipolar transition (experimentally acquired ns-scale lifetimes support this
hypothesis) back to the ground state. Both excitation and
emission spectra have close to Gaussian shapes, suggesting
considerable inhomogeneous broadening in the macroscopic
assembly of emitters.
Fluorescence lifetime studies (Figure 5a–c) of the FFF-nanodots taken at different excitation wavelengths (λexc = 404, 450, and
550 nm) reveal that the FL decay is multiexponential which
was fitted with a superposition of three exponential functions.
The dominant contribution is given by the function with the
shortest lifetime which decreases as the excitation wavelength
growths (Figure 5), leading to narrowing of the emission line
(Figure 4).

Figure 3. Optical properties of insulin. a) OA of insulin before (black curve) and following thermal treatment (red curve). b) Fluorescence spectrum of
thermally induced insulin as a function of the excitation wavelength. c) CD of insulin before (black curve) and following thermal treatment (red curve).
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Figure 4. Jablonski diagram illustrating the energy states of the peptide dots and the transitions between them. Straight and squiggly arrows indicate
nonradiative and radiative transitions, respectively. Top insets denote PL excitation spectra at the emission wavelengths of 460, 500, and 600 nm.
Bottom inserts show FL spectra at the excitation wavelength of 365, 420, and 560 nm. Shading indicates the density of states.

Several explanations were considered for the mechanism
of visible FL in nanostructures that are composed of selfassembled short peptides and proteins. A leading hypothesis
is that the hydrogen bonds in β-sheet rich structures, that play
a critical role in stabilizing the secondary structure, are also
very important in the FL processes.[11–13,19,32,33] Those bonds
were considered to induce either additional electron delocalization or change the electronic structure significantly to allow
such an excited state effect. This hypothesis involves a proton
transfer between C and N terminals of the intermolecular
hydrogen bonds, i.e., between two molecules that are connected through a hydrogen bond (β-strands in the structure of
cross β-sheets). This proton transfer can happen in the S1 first
excited state, but also in S2, S3, or even higher excited states,
hence leading to the possibility of getting FL over a range
of possible colors that will generally depend on the detailed
spectrum of the molecules in both ground state and excited
state geometry. The latter concept is illustrated in Figure 5d
with a possible Frank–Condon diagram that involves proton
transfer in higher excited states and can lead to multicolor
excitation-dependent FL. The possibility of excited state proton
transfer involvement in FL can be observed in a wide range
of systems,[20,41] including GFP. Quantum molecular modeling
(DFT and TDDFT simulations) showed that proton transfer

can induce gap reduction in several self-assembled peptide
structures.[42]
In addition, it is also important to distinguish between our
observed visible FL effect to the one of exciton confinement
induced by an alternation of nanoparticles dimensions, i.e.,
as in quantum dots. Excitons in quantum dots are defined
by Coulomb interactions between electrons and holes. In
organic and bioorganic materials, where electrostatic interaction is very strong, Frenkel exciton is the predominant one. In
this case, electron–hole pair is localized at the same molecule
at the distance of 10–20 Å from each other and its binding
energy is very large, ≈1 eV. Due to its spatial limitation, it is
not feasible to confine spatially such small excitons. This conclusion is supported by our experimental results where much
larger FFF-dots having ≈10 nm dimensions than 2–3 nm size
of FF- and LL-ones exhibit similar FL spectra.
Our thermally treated visible PNDs have several attractive
properties, such as multicolor emission profile, small nano
meter size, and potential biocompatibility[43] which make
them compelling candidates for fluorescence bioimaging.
Moreover, our peptide/protein nanodots exhibit excellent
photostability, as can be seen in our photobleaching measurements (Figure 6a). As a proof-of-principle for the use of
the FFF-nanodots for bioimaging, we embedded them into

Figure 5. a–c) FL lifetimes at λexc = 404 nm, λexc = 450 nm, and λexc = 550 nm, respectively. d) Frank–Condon diagram showing the possible effect
of proton transfer on electronic properties. After excitation, a spatial relocation of proton along hydrogen bond leads to a lower bandgap and hence
fluorescence at longer wavelengths.
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Figure 6. Demonstration of photostability and compatibility with vaterite microcapsules for targeted delivery for FFF-bionanodots. a) Relative FL intensity
at 580 nm versus time illustrating good photostability. λexc of 532 nm, taken with a continuous wave (CW) laser at power densities of 71 mW cm−2
(red curve) and 35 mW cm−2 (green curve). b) ESEM image of porous vaterite microspheres. c) Fluorescence microscopy image of two vaterite particles
with FFF-nanodots embedded their pores representing cross section of nanodots diffused nonuniformly. d–f) Imaging of vaterite spheres in blue, green,
and red spectral regions due to intrinsic fluorescence of embedded nanodots (λexc = 365 nm, λexc = 425 nm, and λexc = 570 nm).

porous vaterite semispherical particles of micron-scale size,
which are widely used in medical applications as a cargo for
drug delivery[44,45] (Figure 6b,c). FL microscopy images of the
FFF-labeled vaterite microparticles under different excitation
wavelength (Figure 6d–f) demonstrate their ability to serve as
multicolor FL agents.

nanotechnological fields such as image sensors, light emitting
devices, display technology and more.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.

3. Conclusion
In conclusion, we present here a new type of bionanodots selfassembled from peptides/proteins of different origin and complexity such as ultrashort peptides and amyloid insulin protein.
Despite the deep difference, all of them demonstrate similar
and tunable excitation-dependent fluorescence for the entire
visible range. We show that this transition from a nonfluorescent to bright visible nano-objects is accompanied with a structural transition from an α-helical structure to a β-sheet-rich
one. We further use an amyloidogenic protein to show that this
structural transition can be compared to structural transformation occurring during the amyloidogenesis process, and vice
versa, that amyloidogenic protein can exhibit similar optical
properties as our thermally induced FL bionanodots assembled
from simple ultrashort di- and tri-peptides. The main advantages of our proposed visible nanodots with respect to existing
bioimaging agents include their highly homogenous ultrasmall
size of several nanometers, original biocompatibility, and intensive tunable visible fluorescence. This new generation of visible nanodots can be used in nanobiotechnology, for medical
diagnostics, and therapy and can dramatically impact additional
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