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Shape and size controlled nanostructures are critical for nanotechnology and have versatile applications in
understanding interfacial phenomena of various multi-phase systems. Facile synthesis of fluorescent
nanostructures remains a challenge from conventional precursors. In this study, bio-inspired
catecholamines, dopamine (DA), epinephrine (EP) and levodopa (LDA), were used as precursors and
fluorescent nanostructures were synthesized via a simple one pot method in a water—alcohol mixture
under alkaline conditions. DA and EP formed fluorescent spheres and petal shaped structures
respectively over a broad spectrum excitation wavelength, whereas LDA did not form any particular
structure. However, the polyepinephrine (PEP) micropetals were formed by weaker interactions as
compared to covalently linked polydopamine (PDA) nanospheres, as revealed by NMR studies.
Application of these fluorescent structures was illustrated by their adsorption behavior at the oil/water
interface using laser scanning confocal microscopy. Interestingly, PDA nanospheres showed complete
coverage of the oil/water interface despite its hydrophilic nature, as compared to hydrophobic PEP
micropetals which showed a transient coverage of the oil/water interface but mainly self-aggregated in
the water phase. The reported unique fluorescent organic structures will play a key role in understanding
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Organic nanostructures or their carbonized forms, including
those formed from dopamine precursors, have tremendous
potential in a variety of fields including drug delivery and
energy-related applications.™ One such example is polydop-
amine (PDA) nanoparticles (NPs) that typically form spherical
shapes and have been reportedly synthesized in sizes ranging
from quantum dots to several micrometres. The recently
discovered fluorescence properties of PDA NPs coupled with the
ability to vary their size and surface charge density make them
a very interesting model NP to probe the effect of these
parameters on interfacial phenomena in colloidal/emulsion
systems.®™* Multiphase emulsion systems such as the oil-in-
water/water-in-oil system arise in petroleum, pharmaceutical,
cosmetic and food processing industries. Nanoparticles can
preferentially disperse in one of the phases (oil or water) as well
as organize at the interface (e.g. oil/water) in such systems,
potentially stabilizing the dispersed phase by preventing their
coalescence and affecting the overall rheological properties of
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various multi-phase systems used in aerospace, biomedical, electronics and energy applications.

the system. The use of shape and size controlled nanoparticles
can increase the fundamental understanding of such multi-
phase systems, which can then be employed to further improve
the properties of such systems. Simulations have shown that
particle shape can have a dramatic effect on both the interfacial
packing structure and equilibrium phase behavior of mate-
rials.">** When used in combination with other interactions and
functionalization schemes, particle shape can play a key role in
the design of materials for self-assembly.

Dopamine (DA), belongs to the catecholamine group of
molecules better known for their mussel-inspired chemistry
and neurotransmitter behaviour and PDA nanostructures
formed of it can be spherical shape if produced in a controlled
water-alcohol-alkaline medium. However, little is known about
the nanostructures formed from other molecules of the same
class such as epinephrine (EP) and 3,4-dihydroxy-L-phenylala-
nine (levodopa; LDA) (see Fig. 1a for chemical structure). It is
expected that these molecules may yield different shape and
surface charge because of the numerous factors at interplay in
the formation of the nanostructures as is now understood for
PDA.™ The PDA, or dopamine-melanin, nanoparticles forma-
tion can be considered to be a two-step process: formation of
oligomers from covalent linkages between the monomeric free
radical units, followed by self-assembly of oligomers via non-
covalent interactions.”"” The variation in PDA NP size is
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Fig. 1 (a) Chemical structure of dopamine (DA), epinephrine (EP) and

3,4-dihydroxy-L-phenylalanin (LDA); (b—d) scanning electron micro-
graphs of structures resulted from DA, EP and LDA respectively (scale
bars shown are 1 pum); (e—g) their corresponding absorbance and
photo-luminescent spectra. Absorbance spectra shown as black solid
line indicated to the left side Y-axis, prominent fluorescent emission
spectra (Aex = 290 nm) shown as red solid line indicated towards the
right side Y-axis, and excitation spectra shown as dotted lines. The
excitation spectra shown are recorded for the peak emission
wavelength.

thought to be controlled by the oligomerization rate whereas
the surface charge density variation results from the distribu-
tion of unreacted amines and any oxidative products in the self-
assembled structure. Recognizing the hierarchical structure
formation process, we can expect that small changes in the
structure of the precursor molecule can significantly influence
both the oligomer shape/size and the nature of non-covalent
interactions, thereby affecting the self-assembled structure.*®

Based on this idea, we study for the first time whether
different molecules with catecholamine groups can form any
nanostructure and assess the similarity of these nanostructures
with those made by DA when synthesized under water-alcohol-
alkaline conditions.

It is discovered that although all three monomers selected
have similar molecular structure, the synthesized nano-
structures and their wettability are vastly different, depending
on the precursor. PDA and polyepinephrine (PEP) nanoparticle
synthesis result in sphere and petal shapes respectively,
whereas LDA did not form any particular structure under
similar conditions. All three resultants showed fluorescence
properties without any additional treatment which is a less
explored property of these catecholamines.*”*'* When intro-
duced in a multiphase system such as oil-in-water emulsion,
their inherent fluorescence allows us to precisely locate the
particles and characterize emulsion microstructure using
confocal imaging. We have used these shape-controlled, fluo-
rescent particles to study the role of nanoparticle shape and
surface properties in the stability and rheology of oil-in-water
emulsions. Using dodecane/water emulsion as a model multi-
phase system, we examine the packing structure of these
nanoparticles at the oil/water interface as well as whether they
are distributed in one or both phases and what their
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aggregation state is. We also observe quantitative differences in
the rheology of emulsions stabilized by nanoparticles with
different precursors, which we attribute to the shape-mediated
interactions coupled with the difference in their affinity for the
interface.

Spherical nanoparticle formation from carbon precursors in
water-alcohol mixture under alkaline condition has been
related to the Stober method so far.”>** Inspired by the nano-
spheres produced from DA, we report the outcome of similar
catecholamine molecules under similar conditions. The results
of this study indicate that the spherical shape formation cannot
be generalized for all catecholamine molecules. The structure of
the synthesized PDA, PEP, and LDA particles examined by SEM
are shown in Fig. 1b-d. The PDA particles are spherical with
approximately 200 nm diameter (Fig. 1b). The shape and size of
these particles were reproducible. A few earlier studies reported
PDA spheres with similar size and shape uniformity.**>?>* The
EP precursor yields a petal-like structure as shown in Fig. 1c.
PEP petals are approximately 0.8-1 um wide, 4-5 pm long and
50-200 nm thick. 3,4-Dihydroxy-L.-phenylalanine on the other
hand, did not form any particular structure as can be noted
from Fig. 1d. The absorbance and photo luminescent (PL)
characteristics of the resulting structures, dispersed in ethanol,
are shown in Fig. le-g. Two or more absorption bands are
observed for all three nanoparticles. The PDA and LDA disper-
sions showed major absorption bands at 290 nm and ca.
430 nm, whereas the PEP dispersion showed absorption bands
at 290 and ca. 340 nm (Fig. 1e-g). These absorption bands can
be attributed to the electronic transitions in various orbitals of
C=C, C=0 and C-N, with the primary band at ca. 290 nm
attributed to the red shifted pi-pi* orbital transition of aromatic
C=C bonds.**?* The absorption spectrum acts as a guide to the
primary excitation wavelength for the PL properties. Similar to
the several other PL carbon dots and nanoparticle reported, the
exact origins of the PL is unknown to us.”>*

The PL spectra were recorded at 290 nm excitation wave-
length. When excited at 290 nm, the corresponding fluorescent
emission was recorded in the range 400-800 nm, with the main
emission band peaks at ca. 630 nm. The second less intense
peak at ca. 576 nm is due to the solvent background. Overall, the
PL properties of structure formed from EP differ from that of DA
and LDA significantly. The PL excitation spectra shown are for
the 630 nm emission peak. These spectra demonstrate that the
emission is also correlated to more than two electronic transi-
tion bands (identified from UV-Vis absorption spectra). This
tells the complexity of these nanoparticle structures and the PL
mechanism associated.”® Simplistically, the origin of these PL
properties can be attributed to the polycyclic aromatic domains
in these particles as well as to the presence of amine groups in
the monomers.*® Furthermore, it has been reported that the
aggregation and morphology of polymeric materials can affect
their absorption properties.** However, these effects are not in
the scope of present study.

It has been reported earlier that the concentration of
precursor has a role in the size of resulting nanoparticles.” In
this study, the concentration of precursors was fixed at 3.3 mg
mL . It was found that increasing the quantity of base in the

This journal is © The Royal Society of Chemistry 2018
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solution mixture resulted in smaller sized nanostructures
(Fig. S17), which is consistent with an earlier report by Xiong
et al.”* In a separate experiment, adding the base drop by drop to
the DA/H,O/R-OH solution resulted in polydispersed PDA
particles. This can be attributed to the dropwise addition of
base under stirring which creates gradients of low and high
alkaline microenvironments. Such an effect of alkaline micro-
environment on the size of the PDA spheres can be utilized for
producing hierarchically sized spheres ranging from nano to
micron scales.

The dependence of PDA and PEP structure dimensions on base
concentration was prominent for DA but less so for EP; LDA did
not form any structure (see ESI, Fig. S11). An extrapolation of the
PDA size data obtained from various base concentrations
(Fig. S27), indicates that the lowest diameter of the PDA nano-
sphere that can be obtained with this method is approximately 30—
50 nm, which is comparable to carbon black spherical particles
used as catalyst support for polymer electrolyte fuel cells. Further,
a physical break-down of these nanospheres to quantum dot size
will be of great interest to use them as biological probes.**?

PDA was found to have a zeta potential —40.1 mV, while PEP
showed lower zeta potential at —17.9 mV (Fig. S3f). The lower
negative charge in the zeta potential value of PEP indicates that the
hydroxyl groups present in EP are less available at the surface. The
differences in functional groups are correlated with the respective
contact angles. The coverslips covered by cured epoxy without any
particles, with PDA, and with PEP had a static water-air contact
angle of 63° + 2°, 46° & 3°, and 95° + 3° respectively (see Fig. S47).
The contact angle and zeta potential obtained for PDA agree with
the values reported in the literature.”** The hydrophobic surface
of PEP can be attributed to the presence of additional methyl
group in the precursor EP and the lower surface concentration of
amine and hydroxyl groups in the resulting PEP nanostructures,
which is in agreement with the zeta potentials obtained. This is
further supported by the NMR data. A comparison of "H NMR
spectra of EP and PEP dissolved in DMSO-D6 (Fig. S5af) shows
that all the peaks above 8.49 ppm, corresponding to the protons at
amine and catechol groups, in EP were absent in PEP.

The hypothetical monomers for PDA and PEP are 5,6-dihy-
droxyindole and 2,3-dihydro-3,5,6-trihydroxy-N-methylindole
respectively (Fig. S5bf). Formation of 5,6-dihydroxyindole
during the oxidative polymerization of dopamine is well docu-
mented."*"” On the other hand, 2,3-dihydro-3,5,6-trihydroxy-N-
methylindole (leuco-adrenochrome) is reported to be
unstable.** Instead, a zwitterionic compound isomerized under
the influence of an alkali to form adrenolutin (3,5,6-trihydroxy-
N-methylindole) is predicted.** The NMR for PEP provides no
evidence of the formation of leuco-adrenochrome, or adreno-
lutin or an indole group. No broadening of the peaks repre-
sentative of the protons in the benzene ring (6.4-6.8 ppm) was
observed either. This indicates the absence of a polymeric
structure with stronger bonds. Thus, the PEP petals formed can
have weaker bonding, which is easily dissociated in DMSO-D6.
The presence of an additional hydroxyl group in EP compared to
DA would allow additional hydrogen bonded arrangements
permitting extended 2D structures but with weaker interac-
tions. Such a formation can also explain the melting of the petal
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structure at 600 °C during carbonization [Unpublished data]
whereas PDA nanoparticle morphology is sustained at 1000 °C
during carbonization.®

Fig. 2a and b depict the 2D excitation-emission spectra of
PDA and PEP nanostructures obtained from laser scanning
confocal microscopy (LSCM) setup. PDA nanoparticles show
their fluorescence within the excitation wavelength of 520-
590 nm whereas PEP microstructures revealed their fluores-
cence in the excitation range of 480-540 nm. It can be noted
that the excitation-emission wavelengths used are not the main
bands recorded in the conventional spectrofluorometer (Fig. 1e
and f), but in compliance with the laser source and filters
available in the LSCM. However, reasonable emission intensi-
ties were observed for the imaging purpose. Fluorescence
images of PDA and PEP particles; which were dried from
suspension, are shown in Fig. S6.1

We exploit the fluorescence properties of these nano-
structures to study the adsorption of PDA and PEP particles at
the oil-water interface in emulsions by LSCM and cross-
correlate the stability and rheological behaviour of the
particle-stabilized emulsions. Dodecane/water emulsions con-
taining either spherical PDA or petal-like PEP particles were
made using an identical procedure (see ESIt) by suspending
these particles in water, which is the continuous phase for the
emulsions. The stability of these emulsions was examined via
oil droplet size distribution measured over 15 days of aging, as
shown in Fig. 3a and b. A continuously increasing droplet size
for emulsions with PEP can be noted whereas PDA-stabilized
emulsion trends toward a plateau after 15 days (Fig. S7). The
inferior stability of PEP containing emulsions is unexpected
since PEP NP has a larger aspect ratio and a lower zeta potential,
which induces less electrostatic repulsion from the negatively
charged oil/water interface, compared with PDA particles.*

To examine the distribution of the PEP and PDA particles in
the emulsions, 15 days aged samples were imaged via LSCM.
The images reveal a nearly complete coverage of the oil droplets
by PDA spherical particles, as seen in Fig. 3c. However, as shown
in Fig. 3¢ (higher magnification image in Fig. S8t), PEP particles
seem to form a self-aggregating phase rather than adsorb on the
oil droplets. These images provide a direct observation of the
adsorbing behaviour of PDA and PEP particles. The high
coverage of oil droplets by PDA particles prevents the droplet
coalescence whereas the poor coverage of oil droplets by PEP

(a) Emission (nm) (b)
540 590 640 690
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540 590 640 690
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Fig. 2 Full excitation—emission spectra (A-2 spectra) of different
nanoparticles synthesized (a) polydopamine, (b) polyepinephrine, ob-
tained using LSCM.
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Fig. 3 Droplet size distributions of emulsions made with (a) PDA and
(b) PEP; 3D confocal fluorescent images showing the distribution of (c)
PDA and (d) PEP particles in the emulsion; (e) complex viscosity as
a function of shear strain for emulsion with PDA (red circles) and PEP
(black squares) after aging for 15 days; (f) shear stress as a function of
shear strain for emulsion stabilized by PDA (solid line) and stabilized by
PEP (dashed line).

does not help with the inhibition of droplet growth. A
comparison of the fresh (1 day aged) and 15 days aged emul-
sions containing PEP particles (Fig. $81) indicates that the PEP
particles self-aggregated rather than move to the preferred
region of oil/water interface. Whether it is due to particle size or
surface properties of the PEP particles is not known. The cor-
responding rheological properties reveal a consistent behaviour
(Fig. 3e); a baseline viscosity of water/dodecane emulsion could
not be measured because of the rapid phase separation. The
PDA-stabilized emulsion has a higher viscosity than the PEP-
containing emulsion (Fig. 3e). The poorer coverage of inter-
face by PEP is less effective in inhibiting oil droplet growth and
thereby resulting in lower viscosity compared to PDA-stabilized
emulsions. The lower coverage of oil/water interface by PEP also
results in the easier destabilization of the emulsion as revealed
in the stress-strain response (Fig. 3f) for the two emulsions
wherein a sudden decrease in the shear stress signal (showed by
the arrow in Fig. 3f) at ~7 Pa is observed when droplets undergo
coalescence. On the other hand, PDA-stabilized droplets with-
stand the shear flow field imposed up to ~33 Pa. Our results
indicate that although PEPs are more hydrophobic inherently
and have larger aspect ratio, making them possibly a better
candidate for stabilizing the oil droplets, the large size of PEPs
and potentially stronger particle network formation in water
phase jeopardizes their coverage of the oil-water interface.
These results have opened up several interesting questions
about the shape, size and wettability effects of nanoparticles
employed for emulsion stability and further studies are war-
ranted to fully understand the unexpected behaviour.
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Conclusions

The results have shown that the fluorescence of particles, one
with a commonly encountered spherical shape and another
with an unusual shape can be a very powerful property for
imaging studies to understand complex multiphase systems
because they allow observation of how these particles organize/
adsorb at interfaces and self-aggregate. This study demon-
strated intriguing fluorescent and structural properties from
bio-inspired catecholamines DA, EP, and LDA as precursors.
Applicability of these fluorescent nanostructures is multi-fold,
for example in the realm of carbon-based nanotechnology.
This study demonstrated one such imaging application for
examining shape and wettability effect of particles on the
behaviour of oil-in-water emulsions.
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