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evolution of supramolecular
nanofibers in solution and solid-state: a combined
microscopic and spectroscopic approach†

Subhankar Kundu, Arkaprava Chowdhury, Somen Nandi,
Kankan Bhattacharyya * and Abhijit Patra *

Supramolecular self-assembly of small organic molecules has emerged as a powerful tool to construct

well-defined micro- and nanoarchitecture through fine-tuning a range of intermolecular interactions.

The size, shape, and optical properties of these nanostructures largely depend on the specific assembly

of the molecular building units, temperature and polarity of the medium, and external stimuli. The

engineering of supramolecular self-assembled nanostructures with morphology-dependent tunable

emission is in high demand due to the promising scope in nanodevices and molecular machines.

However, probing the evolution of molecular aggregates from the solution and directing the self-

assembly process in a pre-defined fashion are challenging. In the present study, we have deciphered the

sequential evolution of supramolecular nanofibers from solution to spherical and oblong-shaped

nanoparticles through the variation of solvent polarity, tuning the hydrophobic–hydrophilic interactions.

An intriguing case of molecular self-assembly has been elucidated employing a newly designed p-

conjugated thiophene derivative (TPAn) through a combination of steady-state absorption, emission

measurements, fluorescence correlation spectroscopy (FCS), and electron microscopy. The FCS analysis

and microscopy results revealed that the small-sized nanofibers in the dispersion further agglomerated

upon solvent evaporation, resulting in a network of nanofibers. Stimuli-responsive reversible

interconversion between a network of nanofibers and spherical nanoaggregates was probed both in

dispersion and solvent-evaporated state. The evolution of organic nanofibers and a subtle control over

the self-assembly process demonstrated in the current investigation provide a general paradigm to

correlate the size, shape, and emission properties of fluorescent molecular aggregates in complex

heterogeneous media, including a human cell.
Introduction

‘Self-assembly’ plays a crucial role in the formation of diverse,
complex biological structures from molecular building units.1–3

In living systems, self-assembly arises from hydrophilic and
hydrophobic interactions.4,5 The hydrophilic interactions
involve direct hydrogen bonds or electrostatic interactions
between biomolecules and water.6 The hydrophobic interac-
tions refer to the tendency of self-aggregation of apolar moieties
of biomolecules in an aqueous solution through minimal
disruption of water–water hydrogen bonds.5,7–9 As an example,
the double-helical laments (F-actin) are formed through
spontaneous self-assembly of globular actin (G-actin).10
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Inspired by the natural self-assembly processes,11 researchers
have been constructing articial supramolecular assem-
blies.2,12–15 The supramolecular self-association of small p-
conjugated organic molecules leads to well-dened nano-
architectures like vesicles, micelles, low molecular weight gels,
and noncovalent aggregates of varied shape through a range of
intermolecular interactions.13,16,17 Such molecular aggregates
nd applications ranging from light-harvesting, biomedicine,
bioimaging to sensors and switches.18 Interestingly, the emis-
sion property and biological activity of self-assembled molec-
ular aggregates largely depend on their morphology.17,19,20

Recently, the morphology-dependent spectral properties of
organic aggregates have been rationalized through various
analytical approaches.19,20 Würthner and coworkers studied the
morphology-dependent tunable emission for amphiphilic per-
ylene bisimide nanoaggregates through a combined trans-
mission electron microscopy (TEM) and steady-state absorption
and emission analysis.19 Matsuda and coworkers studied the
reversible morphological transformation of supramolecular
assembly of amphiphilic diarylethene between microspheres
© 2021 The Author(s). Published by the Royal Society of Chemistry
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and bers through polarized optical microscopy (POM), TEM,
and X-ray diffraction (XRD).20 In many cases, the self-assembled
structures emerge from a competition of intermolecular inter-
actions between organic solutes among themselves and with
solvents.21–23 Thus, the correlation between the morphological
evolution and the emission behavior of the molecular aggre-
gates is oen rudimentary and can be explored through further
analysis. Fluorescence correlation spectroscopy (FCS) and
dynamic light scattering (DLS) analyses are used to investigate
structures in solutions.24,25 Of late, Ganguli and coworkers
demonstrated the growth mechanism of iron oxalate nanorods
from nanoparticles through FCS, DLS, and TEM.24

Herein, we present a unied picture on the evolution of all-
organic nanobers from solution through spherical nano-
aggregates by a combined spectroscopic and microscopic
approach using steady-state absorption, emission, and FCS
analysis coupled with eld-emission scanning electron
microscopy (FESEM) and TEM (Fig. 1). We have developed a new
thiophene-based acceptor–p–donor–p–acceptor (A–p–D–p–A)
uorescent probe (TPAn) to understand the molecular self-
assembly toward the formation of an anisotropic nano-
structure. The polarity of the dispersion medium was adjusted
to obtain the anisotropic nanobers from spherical nano-
particles by tuning the hydrophobic–hydrophilic interactions.
We elucidated the role of pyridinic nitrogen centers in TPAn
governing the self-assembly through the stimuli-responsive
reversible morphological transformation from nanobers to
nanoparticles. Molecular modelling studies shed light on the
formation of intermolecular interactions-driven three-
Fig. 1 (a) Synthetic route for TPAn involving Suzuki coupling between
thiophene-2,5-diyldiboronic acid and 4-bromobenzaldehyde, fol-
lowed by Knoevenagel condensation between C–C coupled product,
4,40-(thiophene-2,5-diyl)dibenzaldehyde and 2-pyridylacetonitrile.
The digital photographs demonstrating strong emission of TPAn in
solution and powder under the illumination at 365 nm; respective
fluorescence quantum yields (QY) are mentioned. (b) Schematic
illustration depicting the formation of TPAn nanoparticles and nano-
fibers with varying the composition of the THF–water mixture probed
through a combined microscopic and spectroscopic approach.

© 2021 The Author(s). Published by the Royal Society of Chemistry
dimensional (3D) supramolecular assembly. The effect of
microenvironments on physicochemical properties of TPAn was
probed in a complex, heterogeneous medium, like human cells,
comparing with that in the bulk solution and self-assembled
molecular aggregates.
Results and discussion

The design strategy of TPAn involved electron acceptor (2-pyr-
idylacetonitrile) units as the two arms attached to a central
thiophene ring through phenyl spacers (Fig. 1). The donor–
acceptor molecule displayed tunable emission with varying
solvent polarity. The incorporation of phenyl spacers allowed an
extended p-electron conjugation as well as the angular geom-
etry. The geometry optimization inferred that such molecular
architecture would prevent the p–p stacking leading to strong
uorescence in the aggregated as well as solid-state (Fig. S1,
ESI†).

In a typical synthetic protocol, TPAn was synthesized
through the metal-free Knoevenagel condensation reaction
between 4,40-(thiophene-2,5-diyl)dibenzaldehyde (TBA) and 2-
pyridylacetonitrile (Fig. 1, S29–S33, Scheme S1, S2 ESI†). The
broad absorption band of TPAn at 320 to 470 nm in solvents of
varying polarity was due to the extended p-conjugation from the
donor thiophene core to electron-withdrawing pyridylacetoni-
trile units (Fig. S2, ESI†). The emission spectra of TPAn in
nonpolar (toluene) to intermediate polar [tetrahydrofuran
(THF), and chloroform] solvents revealed multiple feature
bands (Fig. S2, ESI†). However, a broad, red-shied emission
band was observed due to the facile intramolecular charge-
transfer (ICT) in the excited state in polar solvents like N,N
dimethylformamide, and dimethyl sulfoxide (DMSO; Fig. S2,
ESI†). The spectroscopic features like absorption and emission
maxima, quantum yield, and lifetime of TPAn are shown in
Fig. S3–S5, Table S1, ESI.†
Aggregation behaviour

Self-assembly of TPAn was probed employing water, inducing
molecular aggregation, as customary for hydrophobic mole-
cules. Theoretical studies and molecular simulations suggested
the rupture of hydrogen bonds of water to accommodate
nonpolar organic molecules (hydrophobe).8,9,26 The loss of
hydrogen bonding architecture results in uctuation and
depletion of water density near the nonpolar solutes causing
them to collapse, leading to the formation of molecular aggre-
gates.26 The shape and size of molecular aggregates can be
tuned through the variation of the chemical structure of the
hydrophobe and the environmental conditions like light,
temperature, and polarity of the medium.20–22,27 In the present
work, we demonstrated the impact of solvent polarity on the
dynamic morphological transformation of TPAn aggregates.
MilliQ water (resistivity�18.2 MU cm, pH�6.98� 0.01 at 25 �C)
was used for the aggregation studies (Table S2, Fig. S6, ESI†).
The aggregation behavior of TPAn was investigated in a binary
solvent mixture of tetrahydrofuran and water with varying the
fraction of water from 0% to 90%. An abrupt change in both the
Chem. Sci., 2021, 12, 5874–5882 | 5875
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Fig. 2 Normalized (a) absorption and (b) emission spectra (excited at individual labs maximum) of TPAn (0.2 mM, 30 mL) in 3 mL THF–water
mixture with varying the water fraction from 0 to 90% with 10% of interval. (c) The plot of the extent of aggregation against the fraction of water
depicting self-assembly of TPAn induced by increasing content of ‘bad solvent’, water. Inset: the digital photographs of aqueous dispersions of
TPAn under the UV light irradiation (lex ¼ 365 nm). (d–f) The FESEM images of TPAn in THF–water mixture: (d) 60%, (e) 70%, and (f) 80% water
content illustrating aggregation of spherical nanoparticles (60%W), semi-spherical oblong-shaped nanoparticles (70%W) to 1D-nanofibers (80%
W). (g) HRTEM image of TPAn aggregates formed in 80% water content. Scale (d–g) ¼ 200 nm.
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absorption and emission was observed at 80% water fraction
(Fig. 2a, b). A blue-shi in the absorption and a large red-shi in
the emission similar to that observed in the powder form
(Fig. 2a, b, S5, ESI†) with diminished uorescence [quantum
yield: �8% (10% water-90% THF) to �2% (90% water-10%
THF)] were presumably due to the formation of molecular
aggregates (Table S3, Fig. S7, ESI†).

As the basic pyridine unit (pKa �5.2) in TPAn is susceptible
to acids, the pH of the binary solvent mixture of THF and water
was also monitored (Table S2, Fig. S6, ESI†). It was in the range
of 7.42 (10% water and 90% THF) and 6.98 (100% water). The
pH of 80% water and 20% THF was found to be 6.99. The
protonation of the basic pyridine unit is not favourable in such
a neutral and slightly basic medium. The plot of the extent of
aggregation against the fraction of water revealed a steep rise at
70–80% water fraction, indicating it as the most signicant
regime of aggregation of TPAn (Fig. 2c).
Evolution of nanostructures

The morphology of the self-assembled aggregates was observed
through FESEM and TEM. The samples were prepared by drop-
casting the TPAn dispersions. A drastic morphological trans-
formation from nanoparticles to nanobers was observed for
the samples with increasing water fraction (Fig. 2d–g). Spherical
to oblong-shaped nanoparticles to 1D-nanobers were noticed
at 60, 70, and 80% water fractions, respectively. The possibility
of morphological transformation of TPAn during the prepara-
tion of the FESEM, TEM, or atomic force microscopy (AFM)
samples due to the solvent evaporation could also be consid-
ered (Fig. S8–S10, ESI†).28–30 Thus, the key question was to
establish the self-assembly process toward the formation of
5876 | Chem. Sci., 2021, 12, 5874–5882
nanoparticles to a network of nanobers with increasing water
fraction.

Molecular self-assembly in the dispersion and the solid-state
can be explored using different analytical tools.19,20,24,31–33 Udg-
aonkar and coworkers reported the structural evolution of
amyloid bril using AFM coupled with DLS analyses.31 Nair and
coworkers demonstrated the growth of nanotubes through
a combination of DLS, vibrational spectroscopy, and electron
microscopy.32 Instead of ensemble measurements, hydrody-
namic radius and length of uorescent molecules and molec-
ular aggregates can be obtained using FCS.34 Recently, the
growth kinetics, size, and shape of nanostructures, protein
aggregates, and micelles in the dispersion-state and the
dynamics of biological membranes were demonstrated by
monitoring the diffusion time and diffusion coefficient of the
uorescent aggregates through FCS.24,25,35 In this study, we
unravelled the evolution of nanobers from solution through
intermediate nanoparticles employing FCS coupled with elec-
tron microscopy. We focused on the translational diffusion of
TPAn in true solution (THF) and in the form of molecular
aggregates (THF–water mixture; Fig. 3). Fig. 3a and b show the
normalized autocorrelation curves of TPAn in THF and THF–
water mixture with varying water fractions. An apparent
discontinuity was observed in the normalized FCS traces for the
samples having the water fraction 50–70% (Fig. 3b). It was
presumably due to the presence of both free and aggregated
TPAn molecules. However, no discontinuity was observed on
FCS traces at 80% water fraction. Further, the sample was
ltered through a nanoporous Whatman disc (Anodisc, pore
size 0.02 mm). The steady-state absorption, emission measure-
ments of the ltrate revealed no signature of free TPAn mole-
cules at 80% water fraction (Fig. S11, ESI†). Hence, the tting of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Normalized FCS traces (lex ¼ 405 nm, lem ¼ 425–800 nm) of TPAn solution (THF, 1 nM) and dispersion (2 mM) with varying the water
fraction from 60% to 80% (the FCS data are fitted using eqn (1) and (2)). (b) The discontinuity in the normalized FCS traces (50–70%water fraction)
demonstrates the presence of both free and aggregated TPAn molecules (the FCS data are fitted using eqn (1)).
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the FCS traces of TPAn in THF–water mixture with 50–70% and
80% water fraction was carried out using the two-component
(eqn (1)) and the three-dimensional (3D) diffusion model,
respectively (eqn (2)).36

GðsÞ ¼ 1

N

2
64
2
64 1� y�

1þ s
sD1

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s

u2sD1

r
3
75

þ

2
64 y�

1þ s
sD2

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s

u2sD2

r
3
75
3
75 (1)

G3DðsÞ ¼ 1

N

1

1þ s
sD

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s

u2sD

r (2)

Here, G(s) is the autocorrelation function, N is the average
number of uorescent particles in the detection volume, sD is
the diffusion time, s is the correlation time, sD1 and sD2 are the
diffusion time of free and aggregated TPAn molecules, respec-
tively, and y is the fraction of aggregated TPAn molecules. u is
the structural parameter of the 3D Gaussian confocal volume,
dened as u ¼ uz/uxy, where uz is the longitudinal radius, and
uxy is the transverse radius of the focal volume.

The diffusion time (sD) and total diffusion constant (Dt) of
TPAn (1 nM) in THF (3D diffusion model) was found to be 0.1
ms and 194 mm2 s�1, respectively (eqn (2), Fig. 3a, S12, ESI†).
However, a signicantly slower diffusion (Dt ¼ 1.83 mm2 s�1)
was observed due to the formation of nanoparticles for the
sample having 70% of water fraction (Table S4, ESI†). Interest-
ingly, a further decrease in the Dt value from 1.83 to 0.57 mm2

s�1 was noticed upon increasing the water fraction from 70 to
80% (Table S4, ESI†). The almost 4-fold decrease in the Dt value
suggested the formation of nanoaggregates having approxi-
mately 4-times larger hydrodynamic radius at 80% water frac-
tion compared to 70%. However, FESEM images revealed an
abrupt change from semi-spherical, oblong-shaped nano-
particles (70%, Fig. 2e) to a network of nanobers (80%, Fig. 2f).
The apparent inconsistencies in the observations from FESEM
and FCS results indicated the possibility of smaller anisotropic
© 2021 The Author(s). Published by the Royal Society of Chemistry
nanobers in the dispersion of 80% water fraction. Interest-
ingly, a network of nanobers was observed in the HRTEM
image for the sample having a 99% water fraction (Fig. S13,
ESI†). However, it was not possible to obtain measurable FCS
signals, presumably due to the immobilization of entangled
nanobers (network) in the dispersion with water content
$90%.

The length of the nanobers in the dispersion was estimated
employing the total diffusion coefficient obtained through FCS
using the modied Stokes–Einstein equation for one-
dimensional nanoaggregates (eqn (S8)–(S10), Table S4,
ESI†).24,37 The results indicated the formation of �0.4 mm long
nanobers in the dispersion with 80% water content. The
dimension of the nanostructures (the network of nanobers,
Fig. 2f, g, S8, ESI†) was much higher in the solvent-evaporated
samples compared to that obtained in the dispersion through
FCS, which can be attributed to the drying effects. The 80%
aqueous dispersion was further diluted with water to rule out
the possibility of aggregation due to the higher concentration of
the dispersion. However, the AFM and FESEM images of the
drop-casted samples of diluted dispersion showed a similar
kind of connected network of the nanobers. The results
implied that the dilution could not inhibit the drying effect
during the solvent evaporation. Hence, the smaller nanobers
formed in the dispersion could further agglomerate to provide
a network of nanobers upon solvent evaporation as revealed
from the FESEM, TEM, and AFM analyses of corresponding
dried samples (Fig. 2f, g, S8–S10,† ESI). On the other hand,
a network of nanobers might present in the dispersion with
$90% water fraction. Thus, the FCS study, coupled with elec-
tron microscopy, served as a guiding tool to unravel the
morphological evolution of uorescent aggregates in the
aqueous dispersion. At this juncture, we were curious to
understand the impact of the polarity of the microenvironment
and the molecular structure on the self-assembly process.
Impact of solvent polarity

The gradual evolution of TPAn nanobers in the THF-water
mixture suggested that the self-assembly process was likely to
be affected due to a change in the polarity of the medium. We
Chem. Sci., 2021, 12, 5874–5882 | 5877
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further examined the aggregation of TPAn in the DMSO–water
mixture to get a detailed insight. The abrupt spectral and
morphological changes due to the aggregation were observed
from 40% water fraction onwards (Fig. S14, ESI†). A steep rise in
the plot of the extent of aggregation against the water fraction
was also noticed at 30 to 40% water content. (Fig. S14c, ESI†).
The most signicant regime of aggregation of TPAn began at
a much lesser content of water in a binary solvent mixture using
DMSO compared to THF. The result was attributed to a higher
polarity of DMSO over THF, indicating the effect of polarity on
the self-assembly of TPAn. Additionally, the aggregation of
TPAn in a solvent mixture of THF-hexane (hexane: nonpolar,
aprotic, and bad solvent for TPAn) revealed no 1D-
Fig. 4 Acid-base-induced spontaneous self-assembly between 1D-sup
pyridinic nitrogen of TPAn [0.2 mM, 30 mL in 3 mL THF (20%)–water (8
disaggregation of nanofibers to nanoparticles with time upon addition of 5
reaggregation with time upon addition of 50 mL 11.1 (M) NaOH (pH of
disaggregation of TPAn nanofibers (80% water) to a solution-like sign
emission spectra of TPAn dispersion (80% water fraction) upon addition
resultant acidified dispersion demonstrating the gradual interconversion
Scale (a–g) ¼ 200 nm.

5878 | Chem. Sci., 2021, 12, 5874–5882
morphological evolution, like in THF-water or DMSO–water
(Fig. S15, ESI†).
Role of pyridinic nitrogen

The molecular structure, along with the polarity of the medium,
plays a signicant role in the formation of anisotropic nano-
assembly.1,17 In the present case, the impact of pyridinic
nitrogen centers of TPAn on the self-assembly process was
veried through an acid-base-induced aggregation–disaggrega-
tion study (Fig. 4). A reversible interconversion between the 1D-
supramolecular nanobers and nanoparticles was noticed with
the addition of an equimolar amount of acid [50 mL, 11.1 MHCl,
ramolecular nanofibers and nanoparticles demonstrating the role of
0%) mixture]. FESEM images of (a) pristine nanofibers, (b–d) gradual
0 mL 11.1 (M) HCl (pH of 3.08mL dispersion�0.7), and (e–g) successive

3.13 mL dispersion �7.2). (h) Normalized best fit FCS traces depicting
ature of nanoparticles with time upon addition of HCl. Steady-state
of (i) acid (50 mL, 11.1 M HCl) and (j) base (50 mL, 11.1 M NaOH) on the
between 1D supramolecular nanofibers and nanoparticles with time.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Molecular packing of TPAn in two adjacent unit cells showing
the intermolecular interactions between (a) the pyridinic ‘N’ center of
onemolecule and the CH hydrogens of the thiophene ring of the other
molecule (3.6 Å and 3.0 Å) along the X-axis, and (b) the ‘N’ center of
nitrile group and the CH hydrogens of the thiophene ring of the
adjacent molecules (3.8 Å and 2.9 Å) along the Y-axis. The unit cell was
obtained through the Pawley refinement of powder X-ray diffraction
pattern using the Materials Studio 6.1 package. The CPK (Corey–
Pauling–Koltun) space-filling model of anisotropic self-assembled
aggregates of TPAn: (c) side view, and (d) top view. Color code: C ¼
grey, H¼white, N¼ blue, and S¼ yellow; hydrogen atoms are omitted
for clarity except those involved in noncovalent interactions.
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pH of the dispersion (3.08 mL) �0.7] and base [50 mL, 11.1 M
NaOH, pH of the dispersion (3.13 mL) �7.2], respectively, into
the dispersion of TPAn having 80% water fraction. The FESEM
images revealed a gradual disaggregation of the pristine nano-
bers to nanoparticles with time due to the protonation of the
pyridinic nitrogen center upon the addition of acid (Fig. 4a–d).
The results corroborated well with the FCS study. The gradual
disruption of nanobers to nanoparticles with time in the
presence of acid is shown in Fig. 4h and S16, ESI.† Further, the
emission peak of nanobers at�630 nm successively decreased
with a concomitant increase in the emission peak at �500 nm
(solution like, Fig. 4i). The reverse observations of the refor-
mation of nanobers from nanoparticles due to the addition of
base into the acidied dispersion of TPAn were noticed through
FESEM images (Fig. 4e–g). The results were further corrobo-
rated with emission spectra and FCS analyses (Fig. 4j, S17,
ESI†).

The drying effect could not be ruled out either for the pris-
tine dispersion or in the presence of acid/base in the solvent
evaporated state. The disaggregation of supramolecular nano-
bers led to smaller-sized nanoparticles upon acidication.
Consequently, one might expect a lesser effect of aggregation of
particles during solvent evaporation of acidied dispersion,
revealing well-separated nanoparticles (Fig. 4d). On the other
hand, the addition of base to the acidied dispersion led to the
reaggregation of particles to nanobers. Consequently, the
reformation of an entangled network of nanobers was asso-
ciated with the drying effect of base-treated dispersion as
revealed from electron microscopy (Fig. 4g). However, the
morphological transformation occurred not only in the solvent
evaporated state, but also in the dispersion, probed through
FCS analysis (Fig. 4h, S16, S17, ESI†) and steady-state uores-
cence measurements (Fig. 4i, j).

Further, we investigated the aggregation behaviour of TPAn
in 80% water–20% THF mixture with the variation of pH of the
medium. For the medium with pH 8, 7, and 4, no change in
emission spectra for the nanober dispersion was observed
even aer one hour (Fig. S18, ESI†). In contrast, for pH 3, 2.5,
and 1.5, the emission peak intensity at�630 nm decreased with
a concomitant increase in emission peak intensity at �500 nm
with time (Fig. S18, ESI†). Additionally, it was found that less
time was required for the transformation from the network of
nanobers to nanoparticles for the samples having pH�0.7 and
1.5 (30 min) as compared to that of pH�2.5 (90 min) and pH�3
(105 min). The spectroscopic observations of the disintegration
of nanobers at lower pH were supported by FESEM studies
(Fig. 4a–d, S19, ESI,†). The results obtained at different pH
qualitatively demonstrated that the protonation of TPAn could
only take place in a highly acidic medium.

The FESEM and FCS analyses, coupled with steady-state
emission measurements, revealed the denite impact of pyr-
idinic nitrogen centers on the morphology of TPAn aggregates.
Hence, we explored the nature of molecular packing and the
noncovalent interactions governing the self-assembly of TPAn.
The unit cell parameters of TPAn (orthorhombic, a¼ 14.6 Å, b¼
12.5 Å, c ¼ 6.9 Å, and a ¼ b ¼ g ¼ 90�) were deduced through
corroborating the experimental powder X-ray diffraction (PXRD)
© 2021 The Author(s). Published by the Royal Society of Chemistry
pattern with the Pawley rened prole using Materials Studio
6.1 package (Fig. S20a, b, ESI†). The packing of TPAn molecules
in the unit cells showed no intra- and intermolecular interac-
tions (Fig. S20b, ESI†). However, noncovalent interactions were
noticed between the pyridinic ‘N’ center of one molecule and
the CH hydrogens of the thiophene ring of another molecule
(3.6 Å and 3.0 Å) in the adjacent unit cell when packed along the
X-axis (Fig. 5a). Similarly, the molecular packing along the Y-
axis revealed the presence of intermolecular interactions
between the ‘N’ center of the nitrile group and the CH hydro-
gens of the thiophene ring (3.8 Å and 2.9 Å) of two molecules in
adjacent unit cells (Fig. 5b). Intermolecular interactions-driven
three-dimensional (3D) supramolecular assembly suggested the
formation of anisotropic architecture corroborating the results
obtained through FESEM and FCS analyses (Fig. 5c, d, S20c,
ESI†).

In addition, a new compound without the pyridinic nitrogen
centers (TPAnWN) was also synthesized (Fig. S21, Scheme S3,
Fig. S34, ESI†). A cuboid morphology was noticed in the FESEM
and HRTEM images of the dispersion in the THF-water mixture
having the 80% fraction of water (Fig. S21b, ESI†). Furthermore,
no change in the emission spectra was observed for TPAnWN
aggregates upon the addition of acid (Fig. S21c, d, ESI†). The
results unequivocally demonstrated the role of pyridinic
nitrogen centers in the formation of TPAn nanobers at 80%
Chem. Sci., 2021, 12, 5874–5882 | 5879
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Fig. 6 Schematic illustration depicting the morphological trans-
formation of TPAn aggregates from spherical nanoparticles to aniso-
tropic nanofibers. The supramolecular self-assembly leading to the
formation of nanoparticles and nanofibers is represented using the
CPK (Corey–Pauling–Koltun) space-filling model; unit cell of TPAn
and the packing interactions are considered.
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fraction of hydrogen-bonding solvent water in THF. Inspired by
the mechanistic exploration of supramolecular nanoaggregates
formation by Würthner and coworkers,19 we proposed a quali-
tative model demonstrating the evolution and growth of nano-
bers from spherical nanoparticles, considering spectroscopic
results, microscopic observations, and molecular modelling
analyses (Fig. 6). The unique case of self-assembly leading to the
morphological transformation of TPAn aggregates was gov-
erned by the molecular structure and the polarity of the
medium.
Fig. 7 Confocal laser scanningmicroscopy (CLSM) images of live HeLa ce
532 nm) and (b) Nile red (NR; lex ¼ 561 nm, lem ¼ 570–750 nm). (c) Merg
green channel (TPAn) with Pearson's coefficient of colocalization (PCC
TPAn. (e) The emission spectrum and (f) the FCS trace of TPAn (30 nM)
compared to that in solution and aggregated form. (g) Fluorescence lif
lifetime (savg) of TPAn in LDs compared to that in solution and the aggre

5880 | Chem. Sci., 2021, 12, 5874–5882
Probing microenvironments

Since the uorescence property of TPAn was sensitive to the
polarity of the medium and molecular aggregation, we applied
it to probe microenvironments inside a human cell. We antic-
ipated that the hydrophobic TPAn might internalize into the
lipid-enriched organelles, such as lipid droplets (LDs), through
hydrophobic interactions.38,39 A punctate dot-like pattern in the
cytoplasm (lex ¼ 405 nm, lem ¼ 425–800 nm; Fig. 7a),40,41 and
the colocalization images with Nile red (NR, a tracker dye for
LDs) through confocal laser scanning microscopy (CLSM)
conrmed the internalization of TPAn into the lipid droplets
(Fig. 7a–c). In addition, the colocalization experiments with
lysotracker deep red andmitotracker red ascertained no specic
internalization of TPAn in lysosome and mitochondria,
respectively (Fig. S22, S23, ESI†). As lipid is one of the major
components of the cell membrane, the staining of the lipidic
component present in the cell membrane by TPAn cannot be
ruled out. We further carried out CLSM imaging of HeLa cells
costained with TPAn and cellmask deep red (CMDP; tracker for
the cell membrane) dyes. The colocalization images showed the
possible staining of the lipidic component in the cell membrane
by TPAn in addition to distinct imaging of LDs (Fig. S24, ESI†).
TPAnWN could also stain the lipid droplets with a lower Pear-
son's coefficient of colocalization (PCC, with Nile red) value of
0.8 as compared to TPAn (PCC: 0.9; Fig. 7, S25, ESI†).

The spectroscopic features of TPAn inside the living cells
were probed through uorescence lifetime imaging (FLIM)
using a time-resolved confocal microscope. The emission
spectrum of TPAn inside the cells (lem ¼ 470 nm) was quite
similar to that in the nonpolar solvent like toluene (Fig. 7e, S26,
ESI†). Thus, the polarity of LDs in HeLa cells resembled that of
lls incubated for 15 min with 30 nM (a) TPAn (lex¼ 405 nm, lem¼ 425–
ed image. (d) The Pearson's colocalization plot of red channel (NR) vs.
) value 0.90, signifying the specific targeting of lipid droplets (LDs) by
inside the LDs in Hela cells; inset: diffusion time (sd) of TPAn in LDs as
etime decay profiles of TPAn inside LDs in HeLa cells; inset: average
gated form. Scale for a–c ¼ 10 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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toluene (dielectric constant: 3 �2.5). The diffusion time (sd) of
TPAn in HeLa cells was found to be 9 ms (Fig. 7f, S27, ESI†),
which was 90 times higher than that in THF (Table S4, ESI†).
The results suggested the restriction of translational diffusion
of TPAn aer the internalization in LDs. The sd value of TPAn in
LDs was comparable to that obtained in the aggregates (70%
water content, Fig. 7f, Table S4, ESI†). The viscosity sensed by
TPAn in LDs was calculated employing the diffusion time (eqn
(S11), ESI†), and it was found to be 43 cP. The average lifetime
(savg) of TPAn in LDs (1.1 ns) was found to be between that of
solution and aggregates (Fig. 7g, S28, ESI†). Even though the
internalization of TPAn inside the cells occurred in the molec-
ular form (Fig. S26, ESI†), the diffusion time and the uores-
cence lifetime were increased similar to that observed in the
aggregates due to the specic localization in LDs through
hydrophobic interactions. Thus, the systematic spectroscopic
investigations unequivocally inferred the critical role of hydro-
phobic–hydrophilic interactions for tuning the nature of self-
assembly and the physical properties of a functional molec-
ular optical material, TPAn, in the aqueous dispersion and
inside the complex, heterogeneous medium, like human cells.

Conclusions

In conclusion, we rationalized the sequential molecular self-
assembly pathways leading to intriguing morphological trans-
formation from spherical nanoparticles to the network of
nanobers for a thiophene-based uorescent probe (TPAn). We
performed a systematic investigation involving the steady-state
absorption, emission, and FCS analysis coupled with FESEM
and TEM. The electron microscopy results revealed a network of
nanobers for the dispersion with 80% water content. Whereas,
FCS results implied smaller-sized nanoaggregates in the
dispersion, which could further agglomerate, leading to the
formation of the network of nanobers through solvent evap-
oration. The underlying mechanism of nanober formation was
elucidated through examining (i) the nature of self-assembly in
the THF–water, DMSO–water, THF–hexane mixture, (ii) the
stimuli-responsive reversible morphological transformation of
the aggregates, and (iii) molecular modelling studies. The
results suggested that the polarity of the microenvironment and
the presence of pyridinic nitrogen centers in TPAn governed the
evolution of the nanobers. Further, the optical properties of
TPAn were compared in bulk solution, solid-state, molecular
aggregates, and in the complex and heterogeneous medium,
like HeLa cells. The development of supramolecular nanobers
demonstrated in the current study paves the way to correlate the
morphological evolution and optical properties of a diverse
range of uorescent aggregates through a combined micro-
scopic and spectroscopic approach. Expansion of the present
study may contribute toward a deeper understanding of the
complex self-assembly processes in biological systems.
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