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Nucleobase crystals demonstrate unique intrinsic fluorescence
properties in the visible spectral range. This is in contrast to their
monomeric counterparts. Moreover, some nucleobases were found to
exhibit red edge excitation shift. This behavior is uncommon in the
field of organic supramolecular materials and could have implications
in fields such as therapeutics of metabolic disorders and materials

science.

Self-assembly of minimalistic biological and bioinspired mole-
cules has gained tremendous interest in recent years. Ranging
from short peptides’™ to single amino acids*® and other
metabolites,® many ordered functional supramolecular struc-
tures with unique physical and chemical properties have been
explored. In particular, the optical properties displayed by many
of these building blocks when self-assembled into well-
organized architectures in the solid-state have drawn major
attention. Phenomena such as fluorescence, reflectance or
nonlinear optics are often dictated by the supramolecular
organization of the molecules.” Photoluminescence,® two-
photon-luminescence® and waveguiding'® of peptide nano-
structures are but a few examples demonstrating the extensive
research in this field.

DNA and RNA bases comprise a group of low-molecular-
weight molecules with promising potential for nano-
technological applications. This is supported by density func-
tional theory (DFT) calculations which revealed the interesting
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optical properties of these assemblies.'*** For example, layered
adenine and thymine were shown to have high photoemission
efficiency in organic light-emitting diodes (OLEDs).** Tubular
structures composed of the caffeine non-canonical nucleobase
exhibit optical wave-guiding tendency.'* Guanine crystals are
widely used in the biological world in natural optically-active
systems."'® The remarkably high refractive index of these
crystals allows various organisms to use them as diffuse scat-
terers, reflectors and photonic crystals."” Notable examples
include the highly reflective tapetum lucidum of sharks,*®
crocodiles' and many other phyla, the silvery scales of koi fish*
and the tuneable colour-changing mechanism employed by
sapphirinidae copepods and panther chameleon.*

Peptide nucleic acids (PNAs) are synthetic peptoid polymers
composed of an amide backbone decorated with nucleobases as
an alternative of the amino acid residues in natural peptides.
Previous studies in our group have demonstrated that short
PNA sequences can assemble into highly-ordered tuneable
photonic crystals*® or crystalline structures showing intrinsic
fluorescence and wide excitation wavelength-dependent
emission.”®** Another study demonstrated that amyloid-like
structures formed by metabolite aggregates composed of the
adenine nucleobase accumulated in metabolic disorders exhibit
intrinsic fluorescence in the visible range which can be used to
detect and monitor the corresponding disease.”® The intrinsic
fluorescence of self-assembled systems has recently gained
significant attention, from protein oligomers® showing blue
fluorescence, protein amyloids exhibiting structure-specific
fluorescence in the visible range in the absence of aromatic
amino acids,?®* intrinsic red fluorescence in cellulose nano-
fibers** and oligosaccharide-based supramolecular structures
showing unique intrinsic optical properties,** to short peptides
and even single amino acids with -crystallization-induced
emission.*** Several theories were proposed to explain the
possible origin of this phenomenon. Prominent examples
include the formation of structure-specific supramolecular flu-
orophores that permit proton transfer across hydrogen
bonds,**** electron-hole recombination due to charge transfer
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between charged amino acids,*® or a mechanism mediated by
amino acid oxidation.*® The unique optical properties demon-
strated by these materials were shown to have multiple appli-
cations ranging from metabolic disorders therapeutics and
monitoring,”***%” to cell imaging®*** and optoelectronics.**
Although nucleobases have emerged as promising candidates
for optical applications and the intrinsic fluorescence of self-
assembled natural peptides, amino acids, and amyloid-like
metabolite assemblies were reported, as described above, no
comprehensive study of this molecular family aiming to
examine and compare the luminescence characteristics of each
base has been performed. Here, we present an inclusive screen
of the fluorescence properties of different nucleobase crystals
including the primary DNA and RNA bases as well as modified
building blocks. The nucleobase crystals studied here exhibit
intrinsic fluorescence in the visible range and excitation
wavelength-dependent intrinsic luminescence properties as
observed by different characterization methods including fluo-
rescence spectroscopy, confocal microscopy and fluorescence
lifetime imaging microscopy (FLIM). We believe that these
findings can be useful for various purposes ranging from
materials science to biomedical applications and promote the
development of new, cost-effective and biocompatible materials
for optical devices.

In view of previous findings regarding the luminescent
properties of self-assembling PNAs, metabolites and peptide
aggregates, we employed a reductionist approach to examine
the fluorescence properties of the small components that
comprise some of these materials. To explore these avenues, we
screened the natural nucleobases as well as non-canonical
nucleobases for their optical properties. The nucleobases
studied are shown in Scheme S1 (ESIt) and are classified
according to their molecular structure as either purines or
pyrimidines (Schemes S1a and S2a respectively, ESIT). Next, we
examined the morphology and fluorescent properties of each
nucleobase in the self-assembled organization. Using confocal
microscopy with excitation at 405 nm, we observed that all
nucleobase crystals exhibited autofluorescence signals in the
visible range without the use of any extrinsic labels. This was
also evident when plotting the fluorescence spectra of each
nucleobase (Fig. 1). It is important to note, that for all nucleo-
bases, the same acquisition parameters were used. To under-
stand whether the fluorescence is aggregation-induced, we
monitored the fluorescence intensity during the crystallization
process (using the same conditions outlined above) over time in
solution. These experiments were performed under the same
set of conditions as previously reported for protein, peptide and
metabolite assemblies*** (Ax = 405 nm, Ae,m = 450 nm)
(Fig. 2a-m). Indeed, the fluorescence intensity gradually
increased as the monomers self-assembled and the structures
were formed. In this context, it is important to note that
intrinsic fluorescence of nucleobase monomers in solution was
previously reported in the UV range of the spectrum® and
intrinsic fluorescence of nucleobase crystals has never been
reported. To quantitatively analyse this phenomenon, fluores-
cence emission spectra of the crystals were measured. Since
PNA assemblies comprised of peptide-nucleobase conjugates
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were reported to exhibit excitation wavelength-dependent
emission,” we set out to investigate whether nucleobase crys-
tals also present similar properties. Fluorescence emission
spectra of the crystals were measured at different excitation
wavelengths using solid-state fluorescence spectroscopy. In
these experiments, crystals of each nucleobase were deposited
on a quartz slide and placed in a desiccator to facilitate water
evaporation. The fluorescence spectra of adenine showed
emission peaks between 445 nm and 585 nm with the excitation
wavelength ranging from 350 nm to 520 nm (Fig. 3a). Moreover,
the emission peaks for adenine red-shifted with a longer exci-
tation wavelength. Each nucleobase was found to present
a different pattern of excitation-emission dependency, with
several nucleobases showing a clear change in fluorescence
emission spectra in response to a shift in the excitation wave-
length towards the red edge of the absorption band (Fig. S3,
ESIT). Fig. S4 (ESIt) shows the epifluorescence images of all
nucleobases using different emission/excitation filters. This
phenomenon is termed red edge excitation shift (REES)>*?%°
and was suggested to originate from inhomogeneous broad-
ening of the spectra. Inhomogeneous broadening of the spectra
(absorbance and emission) occurs when there are many inter-
actions between the fluorophore and surrounding molecules
such as in a condensed media or a rigid environment. In these
cases, many different environments are possible, with a wide-
ranging variation of interaction energies between them. This
type of broadening is dependent on solvent polarity and the
change of the fluorophore dipole moment on excitation. In
a condensed and rigid systems, the relaxation dynamics and
reorientation of the environment diploe around the excited
state may be slower than the rate of emission and therefore
when shining monochromatic light on the sample, a subset of
molecules from the inhomogeneous distribution are excited
and the emission spectrum is that relevant to the specific subset
of photoselected molecules, which are found in a specific
relaxed geometry state. Here, we assume that the crystal packing
(both hydrogen bonds and pi stacking) creates a polarizable but
rigid and condensed matrix which allows the slow relaxation of
the dipole environment molecules.*>* It is clear from observing
the different fluorescence spectra of the different nucleobases
that the nucleobase crystal 2,6-diaminopurine did not show
a shift in emission when exciting with longer wavelengths. 2,6-
Diaminopurine, or 2-aminoadenine has an additional amine
group when compared to adenine that exhibits a clear shift in
emission when exciting with longer wavelengths. This addi-
tional amine changes its ability to form hydrogen bonds and
therefore the overall crystal packing. It was previously demon-
strated that for a system to show the ‘red-edge’ effect’ a rigid
environment or condensed lattice packing should be
present.**"** Introducing an additional amine, which is a bulky
unit to the purine structure may modulate the system rigidity
and therefore prevents the slow relaxation of the solvent that is
required for a red shift in emission to take place. Moreover,
when exciting guanine, caffeine, and theophylline with shorter
wavelengths, we can see that three different peaks are present in
the emission spectra. These peaks disappear upon excitation
with longer wavelengths and only one peak remains and shifts.
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Fig. 1 Confocal imaging. (Left) Confocal images of nucleobases, brightfield and fluorescence following excitation at 405 nm. (Right) Fluores-
cence spectra (a) adenine. (b) Cytosine. (c) Thymine. (d) Uracil. (e) Guanine. (f) 2,6-Diaminopurine. (g) Xanthine. (h) Hypoxanthine. (i) Caffeine. (j)
Theophylline. (k) Theobromine. (1) 5-Fluorouracil. (m) 5-Methylcytosine. (Scale bars: 200 um). Chemical structures and chemical groups are given
and denoted by different colours-amine (blue), methyl (green), carbonyl (red).

We believe that the reason for this change could be the presence
of a few polymorphs and their relative abundance in the
sample. As mentioned, REES is essentially a site-selective effect,
which allows probing the redistribution of fluorophores
between different environments. The fact that there are a few
polymorphs in the samples may introduce heterogeneity in the
sample. Here, it is important to note that heterogeneity can also
arise from crystal defects, surface effects such as oxidation and
polycrystallinity. In the case of the predominance of a few
individual ‘fluorophores’ we see the different peaks. As the
wavelength of excitation shift from that corresponding to band
maximum further to the red edge, only a small fraction of
‘fluorophores’ is excited (photo-selected). In this case there are
no dominating populations of ‘fluorophores’ and the gradual
REES is observed.

346 | Nanoscale Adv, 2023, 5, 344-348

Fluorescence lifetime is an intrinsic property of a ‘fluo-
rophore’ and provides complementary information to fluores-
cence spectroscopy measurements.*” In order to measure the
lifetime of nucleobases, Fluorescence Lifetime Imaging
Microscopy (FLIM) was used to excite each nucleobase crystal
with a 780 nm laser using a two-photon confocal microscope.
The fluorescence lifetime image and corresponding frequency
histogram for adenine are presented in Fig. 3b (left and right
respectively), exhibiting unimodal distribution. We further
examined the fluorescence lifetime signatures for all nucleo-
base crystals (Fig. S5, ESIt). Bimodal distributions for a few
crystals are evident, such as in the case of theobromine, Fig. S5]
(ESIY). Such bimodality can arise from polymorphism, crystal-
linity, defects in the crystal system, etc. The fluorescence life-
time of all nucleobases studied hereon was in the range of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fluorescence intensity of the different nucleobases as a function of time. Aex = 405 nm, Aey = 450 nm. (a) Adenine. (b) Cytosine. (c)
Thymine. (d) Uracil. (e) Guanine. (f) 2,6-Diaminopurine. (g) Xanthine. (h) Hypoxanthine. (i) Caffeine. (j) Theophylline. (k) Theobromine. (I) 5-

Fluorouracil. (m) 5-Methylcytosine.
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(a) Solid-state emission spectra of adenine at different excitation wavelengths. (b) Left: fluorescence lifetime image of adenine crystals

measured at room temperature. False colours represent the average lifetime at each pixel. Right: frequency histogram showing the occurrence
of the average lifetime calculated from multi-component fit. Two-photon excitation was at 780 nm, and detection at 450-500 nm.

nanoseconds which is typical of fluorescence processes.** This
analysis supports the signal stemming from intrinsic
fluorescence.

The results presented here clearly demonstrate the intrinsic
fluorescence of nucleobase crystals in the visible range. In the
monomeric state however, no fluorescence is detected in this
region of the electromagnetic spectrum. As the assembly
process progresses, the fluorescence intensity increases,
reflecting the formation of supramolecular chromophores.
Although the underlying mechanism is still not fully realized
and further advanced experiments such as DFT calculations
need to be conducted, this inclusive screen of the optical
properties of nucleobases provides the starting point for more
extensive research. Furthermore, the REES effect exhibited by
these crystals is a unique phenomenon that is uncommon in
the field of organic supramolecular materials and could have
implications in fields such as nanotechnology and materials
science.
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