#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Efficient light harvesting in self-assembled organic

{") Check for updates‘
luminescent nanotubesti

Cite this: Chem. Sci., 2023, 14, 4363

® |psita Basu,®
*a

Shubhra Kanti Bhaumik, 22 Dibyendu Maity,
Suman Chakrabarty €2 *° and Supratim Banerjee

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry
Luminescent organic nanotubes derived from the co-assembly of cyanostilbene (CS) based cationic
supramolecular polymers and bio-polyanion heparin, a known anticoagulant, have been utilized as highly
efficient FRET (fluorescence resonance energy transfer) donors in aqueous media resulting in amplified
acceptor emission in the orange-red and near-infrared (NIR). Energy transfer efficiencies higher than
80% and an ultra-high antenna effect of 150 were achieved even at high donor/acceptor ratios (500 : 1-

100:1) translating to emission quenching of several hundred donors by one acceptor. Utilizing the
Received 22nd January 2023

Accepted 24th March 2023 temperature responsiveness of the FRET process, these systems were employed as ratiometric emission

thermometers in the temperature range 20-90 °C. Moreover, the energy transfer was very effective in
solid and polymer films. This allowed us to generate multi-color emissions ranging from blue to red
including white light in solution as well as in solid and polymer films.
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Introduction

In natural photosynthetic systems, sunlight is captured and
subsequently transferred through highly efficient light-
harvesting ensembles comprising of suitably aligned antenna
chromophores.™” In recent years the creation of artificial light-
harvesting systems has gathered a lot of attention as they are
related to a number of practical applications such as solar cells,*
photocatalysis,** optical sensors,*” and tunable multi-color
light emitting materials.>® As artificial light-harvesting ensem-
bles, conjugated polymers and dendritic architectures'" as
well as micellar and vesicular systems, dye assemblies, host-
guest complexes,’>?* etc. have been employed. However, the
requirement of a close-packed arrangement of the chromo-
phores in artificial systems also increases the chance of self-
quenching® eventually leading to a detrimental effect on the
light-harvesting efficiency.

In recent years, biomolecular scaffolds such as DNA,***
peptides,*® sugars,”>* viruses®"** etc. with covalently or non-
covalently integrated dye molecules have been employed to
achieve directional energy transfer (ET). We herein focus on
another anionic biopolymer heparin for the design of artificial
light-harvesting systems in aqueous media. Heparin is a known
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anticoagulant that is routinely utilized during surgeries to
prevent blood clot formation and also for treating various heart,
lung, and circulatory disorders with an escalated chance of
blood clotting.*** It is the most negatively charge dense
biopolymer and because of its therapeutic relevance, a variety of
cationic chromophoric molecules have been developed for its
detection.**** We have recently explored the multivalent
binding of heparin to cationic luminescent 1D supramolecular
polymers derived from amphiphilic pyridinium-cyanostilbene
molecules with peripheral n-alkyl segments (NCSNs, Fig. 1,
right panel).**** This provided a sensitive and selective method
for the detection of the polyanion in aqueous buffer, serum, and
plasma.* Cyanostilbenes (CSs) are known for their enhanced
emission properties in the aggregated state (AIE: aggregation-
induced emission) and have been employed in functional
materials including luminescent assemblies, optoelectronic
materials, and bioimaging probes.**** In the presence of
heparin, the CS-based supramolecular polymers formed larger
co-assemblies with enhanced emission* and rather intrigu-
ingly, the originally formed nanofibers were transformed into
interconnected nanotubes in the case of two of the amphiphilic
derivatives. We envisaged that these luminescent nanotubes
would be excellent templates for the design of artificial light-
harvesting systems as the CS luminophores are densely
packed and yet possessed enhanced emissive properties.*>>°
Although a few CS-based light harvesting systems are known in
the literature,*** heparin-templated CS chromophores for such
purpose have not been explored yet.

Taking these features in perspective, we report here a Forster
resonance energy transfer (FRET) system in aqueous media in
which the CS chromophores in the nanotubes were utilized as
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Fig. 1
structures of NCSNs (n = 6, 8, 10, 12), heparin, Nile Red and Nile Blue.

donors to transfer the excitation energy to dyes with very high
efficiency (up to 80%) and ultrahigh antenna effect (AE) ~150.
Such an excellent combination of high ET efficiency and AE is
still uncommon in aqueous-based artificial light-harvesting
systems.'****** The ET was found to be efficient even in solid
and polymer films. Hence, by using a variable composition of
the components, we could achieve emission colors from blue to
reddish-orange thus covering almost the whole visible range in
the solution phase as well as in solid and polymer films.
Moreover, the systems exhibited temperature-dependent FRET
ON/OFF features enabling the design of ratiometric fluores-
cence thermometers exhibiting a linear response to tempera-
ture in the range 20-90 °C. We also present a detailed Molecular
dynamics (MD) simulation study of the assembly formation
from the monomers in the absence and presence of heparin and
the results suggested the evolution of cylindrical morphology
consistent with that observed from electron microscopy studies.

Result and discussions

Photophysical properties of the self-assemblies and heparin-
based co-assemblies

The synthesis of the CS derivatives (Fig. 1) was earlier reported
by us.***>** We have shown previously that in aqueous buffer,
12CS12 and 10CS10 (Fig. 1) aggregated significantly at low
micromolar concentrations to produce supramolecular poly-
meric nanofibers (referred as SP10 and SP12, respectively).***
Their aggregation was characterized by the appearance of
greenish-yellow excimeric emission (average lifetime: 4.3-6.97
ns) at 540-545 nm (Fig. Sla and b, ESI}) and this excimeric
emission was not observed in the derivatives with n-hexyl or
lower chain lengths.”® For example, 6CS6 (Fig. 1), which
remained in a molecularly dissolved state in aqueous buffer,
exhibited only monomeric emission (average lifetime: 0.45 ns)
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(Left panel) Schematic illustration of the FRET-based artificial light harvesting in NCSN—heparin-dye triad. (Right panel) Chemical

around 450 nm (Fig. S1d, ESI}). The derivative, 8CS8, presented
a borderline case as both monomeric and excimeric emissions
were observed in its aqueous solutions (Fig. Sic, ESI}). For all
the cases, the emission intensity upon the heparin addition got
saturated after 1-2 equiv. of heparin (Fig. S1, ESIf). So, the
length of the hydrophobic segment played a key role in the self-
assembly of these molecules and dictated their critical aggre-
gation concentrations as typically observed in the aggregation
of amphiphilic molecules in water.** For example, 12CS12
started aggregating ~0.5-1 uM whereas the onset of aggregation
was ~2.5 uM for 10CS10 in buffer as observed from the dynamic
light scattering (DLS) studies.** When heparin was added to the
aqueous solutions of the derivatives with chain lengths N = 8 in
fully or partially aggregated state, all of them formed larger co-
assemblies (referred to as HSP8, HSP10 and HSP12, respec-
tively) through multivalent mode of binding in which the pol-
yanionic heparin backbone binds to the array of positive
charges on the surface of these nanofibrous aggregates (Table
S1, ESIf).* This was further supported by the fact that the initial
positive zeta potential values of the aggregates gradually
decreased and eventually became negative upon heparin addi-
tion (Table S1, ESI{).* This process resembles the electrostati-
cally driven binding of oppositely charged polyelectrolytes in
solution leading to a complete or partial neutralization of the
charges. In this process, mobile counterions of the poly-
electrolytes are released into the bulk solution and this
contributes to the increase in translational entropy. This
provides the major driving force as known for the association
between DNA and cationic surfactants and lipids.*»*® Although
there was no appreciable shift in the emission wavelength, the
co-assembly formation with heparin led to a significant
enhancement in the excimeric emission (Fig. Sla-c, ESI) along
with noticeably longer lifetimes and higher quantum yields
(Table S2, ESI}). This suggested a more compact packing of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CS chromophores in the co-assemblies leading to a more effi-
cient suppression of the non-radiative pathways compared to
the native supramolecular polymers. In order to support the
electrostatically driven co-assembly formation, we investigated
its formation at lower pH values. The enhancement in the
emission intensity of SP12 (5 uM) upon heparin (10 pM) addi-
tion at pH 2.0 was found to be significantly lower (Fig. S2, ESI])
than that observed at pH 7.4 and this indicated the disruption
the co-assembly formation at low pH. Interestingly, the thermal
stability of the co-assembly HSP12 was found to be significantly
higher than the supramolecular polymer SP12 as upon heating
up to 90 °C, the co-assembly showed only a partial decrease in
the excimeric emission whereas the emission of SP12 practically
disappeared (Fig. S3, ESI{). The images of the HSP12 co-
assembly under UV at variable temperatures were found to be
very similar (Fig. S3c, ESIf) and this further suggested
a reasonably high thermal stability of the HSP12 co-assembly.
Interestingly, the native supramolecular polymeric nano-
fibers of SP10 and SP12 (25-90 nm diameters) were transformed
into nanotubes of 15-40 nm of outer diameters in the co-
assemblies HSP10 and HSP12 (Fig. 2a, e and S4, ESIf)

View Article Online
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although it was not observed for HSP8. We then looked at the
mechanism of the formation of these nanotubes through
transmission electron microscopy (TEM). The formation of
nanotubular structures from nanofibers typically occurs
through a two-step process.””*° The first step is the formation of
nanosheets or nanoribbons owing to the side-by-side associa-
tion of the nanofibers followed by the rolling up of the nano-
sheets which eventually transform into nanotubes.’”** In order
to gain a deeper insight into the morphological evolution, we
tried to capture the morphology in the initial stage after heparin
addition to these nanofibers (within first 5 min) by quenching
the samples with liquid nitrogen at different time intervals.®
TEM images indeed revealed the presence of flattened surfaces
and some rollup up flattened surfaces at the early stage of the
co-assembly (Fig. 2b-d). Although the exact pathway of this
morphological evolution is not clear at this moment, heparin
seems to play a crucial role in the emergence of nanotubes from
the native nanofibers (Fig. 2¢) as in its absence, the existence of
nanotubes was not detected from an aged sample of nanofibers.
The inner diameters and wall thickness of the nanotubes were
found to be 10-15 nm and 5-8 nm, respectively (Fig. 2f).

Heparln

Nanofibers

Nanosheets

Rolllng up

Rolled up nanosheets Nanotubes

Fig. 2 Transmission Electron Microscopic (TEM) images of (a) SP12 nanofibers (12CS12: 5 uM), (b—d) HSP12 (12CS12: 5 uM; heparin: 10 uM,
recorded by quenching with liquid N, at time intervals of 1 min, 3 min, and 5 min, respectively), (e) HSP12 (12CS12: 5 uM; heparin: 10 uM, recorded
after air drying and drying under vacuum). (Inset) Illustration of a single nanotube. (f) TEM image of a single nanotube demonstrating the inner
diameter and wall thickness. (g) Schematic illustration of the nanotube formation process from the nanofibers in the presence of heparin.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Notably, even the addition of a small amount of heparin (1 pM)
to the nanofibers of SP12 (5 uM, Fig. S4g, ESI{) was able to
induce this transformation. In order to gain more insight about
the co-assembly, we recorded the circular dichroism (CD)
spectra of SP12 and HSP12. However, not only the self-
assemblies, the heparin-based co-assemblies were also CD
silent (Fig. S5a, ESI}). This suggested that in the co-assemblies,
the CS chromophores resided in an environment in which no
induction of chirality occurred from the chiral heparin back-
bone. We furthermore measured the Fourier transform infrared
(FT-IR) spectra (freeze-dried samples) and powder X-ray
diffraction (PXRD) data (solid films) of SP12 and HSP12 to
discern any difference that might exist between them (Fig. S5b
and c, ESIf). Although no significant change in their FT-IR
spectra (Fig. S5b, ESI{) was observed, the PXRD data of HSP12
displayed a new peak at 26 = 31.66° suggesting the presence of
a new crystal plane (Fig. S5c, ESIf). This indicated a slight
variation in the molecular packing of the 12CS12 chromophores
in the co-assemblies compared to their self-assemblies.
Molecular dynamics (MD) simulation has emerged as
a powerful technique to understand the molecular interactions,
packing, and dynamic factors that lead to the formation of
specific morphologies in self-assembled structures.®** In this
work, we present atomistic classical MD simulation studies
(computational details are provided on page S3, ESI}) of the
formation of self-assembled nanostructures for a few repre-
sentative systems. Fig. 3 shows the time evolution of the system
of 12CS12 molecules randomly dispersed in water both in the
absence and presence of heparin. Both systems show the rapid
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formation of rod-like aggregates within the simulation time-
scale of 500 ns. Interestingly, for the heparin-containing system,
the 12CS12 molecules were found to get attached to the charged
heparin polymer rapidly and form a cylindrical structure in
which the heparin got fully covered by the 12CS12 molecules.
The driving force for the 12CS12 molecules binding to heparin
is primarily electrostatic interaction as reported earlier for other
charged (cationic) dye molecules.***

If we further dive down into the structural details of the
clusters formed, we can see that they are mostly cylindrical in
shape. In order to characterize the shape of these clusters/
aggregates, we have used two shape order parameters: aspher-
icity and acylindricity that can be derived from the eigenvalues
of gyration tensor as discussed in ESI (page S61). For both the
systems (with and without heparin), this analysis clearly
revealed predominantly cylindrical symmetry in the clusters
formed (Fig. S6, ESI}).

Next, we paid attention to the nature of the packing of the
12CS12 molecules present within the clusters. In order to
quantify this, we have utilized two geometric parameters: (i) the
relative angle between the aromatic core region of the two
neighboring 12CS12 molecules (Fig. 4a), and (ii) the extent of
alignment in a parallel stacked configuration (Fig. 4b-d). Fig. 4a
represents the probability density of the cosine of the above-
mentioned angle, and from Fig. 4a also we can see two sharp
peaks at § = 0° and 6 = 180° that correspond to parallel and
antiparallel orientations, respectively. These two orientations
have equal probability due to the lack of directionality in this
molecule, as expected.

Ons

10 ns
(a) Without Heparin

100 ns
(b) With Heparin

Fig. 3 Time evolution of aggregation of 12CS12 dyes in the systems (a) without heparin and (b) with heparin. The water molecules and ions are

not shown for visual clarity.
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(a) The relative orientation of the neighboring 12CS12 molecules: the probability density of the cosine of the angle between two

neighboring molecules is shown here. A representative snapshot of the parallel stacking is marked inside the plot. The definition of the angle used
here has been shown pictorially. (b) Probability density of the shift of the center of mass (h) of molecules in the parallel stacking and (c) schematic
of the shift. (d) Different snapshots of the molecular packing from the peaks were obtained from the probability density of the shift of the center

of mass (h) of molecules.

While the relative orientation confirms the predominantly
parallel stacking of the 12CS12 molecules, visual inspection
suggests the presence of a lateral shift in the arrangement. We
have geometrically quantified the extent of this shift as shown
in Fig. 4c, and computed the probability distribution of the
same (Fig. 4b). Here % corresponds to the magnitude of the
lateral shift. The distribution clearly indicates that the most
probable configuration corresponds to a lateral shift of ~4 A.
Interestingly, the multi-modal nature of the distribution shows
the relative population of several possible stacking configura-
tions and representative snapshots of such arrangements cor-
responding to each peak have been shown in Fig. 4d. We can
visually understand that the presence of multiple aromatic
rings leads to several distinct possibilities of m-stacking inter-
actions between the 12CS12 molecules in these different
arrangements. Overall, the shifted arrangements are always
more populated than the perfectly aligned configurations (2 =
0). It is pertinent to note here that earlier computational studies
have suggested that both stacking and non-stacking binding
modes are possible depending on the nature of the specific dye
molecule binding to heparin.®

In general, MD simulation has limitations in the length and
timescales that can be accessed within a reasonable computer
time. The simulation box (length) is normally <10 nm, and the
timescale is limited to a few microseconds. Hence, it is not
always possible to achieve a direct or exact correspondence

© 2023 The Author(s). Published by the Royal Society of Chemistry

between the experimental observations and simulated results.
However, we noted that the wall thickness of the nanotubes was
around 5-8 nm (from the TEM images) whereas the average
diameter of the cylindrical co-assembly as obtained from the
MD simulations was 2.46 + 0.49 nm. This suggested that the
wall of the nanotubes was possibly consisted of 2-3 layers of the
cylindrical co-assemblies. Additionally, the simulation results
have provided significant microscopic insights about the early
stages of the self-assembly and co-assembly processes in this
study. The local molecular level interactions and packing that
leads to the overall anisotropic morphologies can be directly
visualised and quantified through our simulations.

Energy transfer studies using self-assembled nanofibers

For the FRET studies, we employed the native aggregates of
8CS8, 10CS10, and 12CS12 (SP8, SP10, and SP12, respectively)
and their heparin-based co-assemblies (HSP8, HSP10, and
HSP12, respectively) as the donors (D). As acceptors, we
explored four dyes: Rhodamine B (RhB), Rhodamine 6G (Rh6G),
Nile Red (NR), and Nile Blue (NB) (Chart S1b and c, ESI{ and
Fig. 1). They displayed absorption maxima at 553 nm, 527 nm,
587 nm, and 635 nm, respectively in aqueous buffer (5 mM tris-
HCI, 99:1 water/DMSO, pH 7.40, Fig. S8 and S18, ESI}), and
exhibited excellent spectral overlaps between their absorption
spectra and the emission spectra of the supramolecular poly-
meric nanofibers (SPs) as well as the heparin based co-

Chem. Sci., 2023, 14, 4363-4374 | 4367
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assembled (HSPs) as provided in Table S3, ESL} We first
examined the ET from SP8, SP10, and SP12 in aqueous buffer,
with NR and NB as the acceptor dyes, as reference systems. Both
NR and NB are weakly emissive in aqueous media,®***® but they
emit more efficiently in hydrophobic environments or in non-
aqueous media.*®*”® First, we investigated ET from SP10 and
SP12 (the concentration of 10CS10 and 12CS12 was 5 uM,
Fig. S9a and b, ESI}) employing NR as the acceptor. A reason-
ably efficient ET was observed even at high donor-acceptor
ratios (500:1 to 100:1). ET led to the emergence of new emis-
sion peaks in the range of 616-626 nm which was accompanied
by a reduction in the excimeric emission of the SPs (Fig. S9a and
b, ESI}). The ET efficiency at a 100 : 1 donor/acceptor ratio was
found to be 36.7% and 52.4% for SP10 and SP12, respectively
(Tables S4 and S5, ESIf). Similarly, with NB, reasonable ET
efficiencies (100: 1 D/A ratio) of 40% and 37% were noted for
SP10 and SP12, respectively (Fig. S13 and Tables S8, S9, ESII).
The NB emission appeared at 660-665 nm in the presence of
SPs.

The efficiency of a FRET system is also evaluated in terms of
AE which reflects the amplification of the acceptor emission
upon donor excitation relative to its direct excitation. To
calculate the AE values, we excited SP10 and SP12 in the pres-
ence of NR or NB at 365 nm (A, of the donor) as well as at
586 nm (Anax Of NR) or 635 nm (A.x of NB) and their corre-
sponding emissions were recorded (see page S4 in ESI{). The AE
values were found to be reasonably high even at high D/A ratios.
For example, the AE values at 500: 1 D/A ratio were 79 and 95
(for NR) with SP10 and SP12, respectively (Fig. S10, S11 and
Tables S4, S5, S7, S8, ESI}). A simple variation in the emission
color from greenish-yellow to orange-red was possible by
increasing the concentration of NR in SPs (Fig. S9b, ESI}). In
comparison, for SP8, significantly poorer ET efficiencies were
observed (Fig. S14b, S15b and Table S10, ESI}). As a control, we
also studied ET from monomeric 6CS6 (Fig. 1) to NR and NB.
Only negligible ET was observed in this case (Fig. S14a, S15a and
Table S10, ESI}). The poor ET efficiencies observed for 8CS8 and
6CS6 clearly indicated the importance of the extended network
of aggregates as provided by SP10 and SP12.

Energy transfer studies using heparin-based co-assemblies

We subsequently investigated ET from the co-assemblies HSP8,
HSP10, and HSP12 (Fig. 5a and S19b, ¢, ESI}). Initial studies
with HSP12 (12CS12: 5 uM; heparin: 10 pM) and NR at different
D/A ratios showed excellent ET efficiencies (Fig. 5a and Table
S15, ESI) resulting in the tuning of the emission color from
greenish-yellow to reddish-orange (Fig. 5b). Further investiga-
tions revealed that the ET efficiency was dependent on the
concentration as well as the ratio of 12CS12 and heparin in the
HSP12 co-assemblies (Fig. S20 and Table S16, ESI}). A similar
trend was also observed for the HSP8 and HSP10 (Fig. S21 and
Table S17, ESIf). A 1: 2 ratio of the CS derivatives and heparin
with their respective concentrations at 5 uM and 10 pM were
utilized for all the subsequent studies as it provided the best
results (see Fig. S20, S21 and Tables S16, S17, ESI}). When NR
was employed as the acceptor, HSP12 was found to be the most
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efficient in terms of ET efficiency among the three co-
assemblies (Fig. 6a and Table S18, ESIi). At a D/A ratio of
100:1, the ET efficiency for HSP8, HSP10, and HSP12 was
45.75%, 50%, and, 80.3%, respectively (Table 1). The ET
phenomenon led to a decrease in the average lifetime of the
donor emission in the presence of NR (Table 1 and Fig. S22,
ESIf). For example, the average lifetime of the excimeric band
(Aem = 542 nm) for HSP12 decreased from an initial value of 9.98
ns to 3.71 ns at a D/A ratio of 100:1 (Table 1). The excitation
spectra collected for the emission at 625 nm of the NR-loaded
HSP12 co-assembly (D/A ratio of 100 : 1) displayed only a peak at
370 nm, characteristic of the absorption spectra of the HSP12
(Fig. S23, ESI}) while no peak was observed at the absorption
maxima of NR at 586 nm. This supported the FRET process.
Studies with NB as the acceptor dye also displayed efficient ET
(Fig. S22, S24 and S25b, ESI}). Fluorescence lifetime imaging
microscopy (FLIM) has been proven to be a useful technique to
characterize morphological transformations, to probe FRET, to
examine interaction of dyes in lipid vesicles, etc.”*”* In order to
obtain temporally and spatially resolved fluorescence profiles,
we further performed FLIM for the self-assembly, co-assembly
and the co-assembly in the presence of acceptor using 10CS10
(Fig. 5d—f). FLIM images displayed anisotropic nanofibers for
SP10 having lifetimes of 3.8 ns and 4.8 ns (Fig. 5d). For the co-
assemblies HSP10 and HSP10-NR (D/A = 50:1), cylindrical
nanostructures were observed (Fig. 5e and f). Interestingly, we
noted that for the HSP10 co-assembly with NR, two lifetimes of 1
ns and 2.3 ns were observed. Presumably, the 1 ns lifetime
corresponds to the reduced lifetime of the donor due to the
FRET process whereas the higher one corresponds to NR.

The AE values were also found to be higher for HSP12
compared to the other co-assemblies. Notably, at a D/A ratio of
500: 1, the AE value for HSP12-NR was found to be 149 whereas
the corresponding values for the HSP8-NR and HSP10-NR were
62 and 81, respectively (Table 1 and Fig. 6b). Similarly, high AE
values were obtained for HSP-NB triads (Table S22, ESIf). So,
both in terms of the ET efficiency and AE, the co-assembled
nanotubes showed much better ET efficiency and AE than the
native supramolecular polymeric nanofibers. Other than a few
reports on light-harvesting in dye-encapsulated polymeric
nanoparticles,'** these are some of the highest values reported
so far in aqueous self-assembled systems.'*****2* The derivative
6CS6, which essentially stayed in a monomeric state, formed
small clusters on the heparin surface exhibiting similar exci-
meric emissions as observed for the co-assemblies as found
from our earlier investigations.®® As a reference system, we
employed the HC6 clusters (6CS6: 5 uM and heparin: 10 uM) as
the energy donor (Fig. S19a and S25a, ESIf). The ET efficiencies
were found to be noticeably lower (Tables 1 and S18, ESI]).

Energy transfer studies with the rhodamine dyes

We subsequently employed the two Rh dyes RhB and Rh6G as
the acceptors. Although they displayed comparable theoretical
values of the spectral overlap integral as that of NR and NB
(Fig. S8, S18 and Tables S3, S14, ESIf), much poorer ET effi-
ciencies were observed for them. Only at a D/A ratio of 5:1,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Bar diagram comparing (a) ET efficiencies and (b) AE values in
the energy transfer process from HC6, HSP8, HSP10 and HSP12 to NR
(D/A ratio = 500 : 1) in aqueous buffer. (c) A schematic representation
of the light harvesting process.

moderate ET efficiencies of 28.6% and 34.8% were observed for
RhB and Rh6G with their characteristic emission peaks
appearing at 574 nm and 558 nm, respectively (Fig. S32, S33 and

© 2023 The Author(s). Published by the Royal Society of Chemistry

S26, ESI). The poor AE values suggested that other than FRET
to the acceptor, the donor emission was quenched through
other non-radiative pathways in the presence of the acceptors
(Table S27, ESI}). As a result, the emission color of HSP12 could
only be tuned from greenish-yellow to yellow in the presence of
RhB and Rhé6G (Fig. S34, ESI}).

Rationalization of the observed energy transfer

The aforementioned observations led to a few important ques-
tions: (a) why NR and NB were better acceptors than the Rh
dyes? and (b) why did the co-assemblies show better ET effi-
ciency than the native supramolecular polymers? In order to
rationalize the first query, we looked at different factors which
are expected to influence the ET event. The proximity of the dyes
to the CS chromophores in the assemblies is an important
factor. In order to examine the extent of the integration of the
dyes in the assemblies, we recorded NR and NB emission
spectra at their direct excitation (1x = 586 nm and 635 nm,
respectively) with or without the co-assemblies HSPs. The
original emission peaks of NR (655 nm) and NB (670 nm) in the
buffer underwent clear hypsochromic shifts along with signifi-
cant enhancements in their intensity in the presence of HSPs
and the most pronounced enhancement was noted in the case

Chem. Sci., 2023, 14, 4363-4374 | 4369
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Table 1 Average lifetimes (t,,g) of NCSN-heparin conjugates without and with Nile Red (NR) in aqueous buffer

NCSN-heparin conjugate Tavg W/O-NR” (ns) Tavg W/-NR“? (ns) ET efficiency” (%) AE°
6CS6 (5 uM)-heparin (10 uM) 19.73 19.7 11.40 3
8CS8 (5 uM)-heparin (10 uM) 19.74 16.51 45.75 62
10CS10 (5 pM)-heparin (10 uM) 17.36 11.78 50.00 81
12CS12 (5 pM)-heparin (10 uM) 9.98 3.71 80.30 149

 Jem = 540 nm. ” Donor/acceptor ratio = 100 : 1. © Donor/acceptor ratio = 500: 1.

of HSP12 (Fig. S30, ESI{). The negative solvatofluorochromism
of the NR and NB emission”™7® reflected their embedding in
a comparatively more hydrophobic environment provided by
the co-assemblies. We also recorded the steady-state emission
anisotropy values of NR and NB (direct excitation at their cor-
responding absorption maxima) in the presence of HSPs. The
values were noticeably higher in the presence of HSP8, HSP10,
and HSP12 (Table S23, ESI}) compared to those observed in the
buffer. For example, in the presence of HSP12, the anisotropy
values of NR and NB were 0.176 and 0.186, respectively whereas
the corresponding values were 0.066 and 0.055 in the buffer.
This suggested that NR and NB were integrated well in the co-
assembled nanotubes and resided in a much more rigid envi-
ronment. MD simulation also suggested that the NR molecules
were intermittently bound around heparin, and they are mostly
trapped within the 12CS12 clusters (Fig. 5¢ and S7, ESI}).”” We
also observed that HSP10 and HSP12 showed reasonably high
emission anisotropy values for their excimeric emissions (Aex =
365 nm) which remained almost unchanged or increased only
slightly in the presence of NR and NB (Table S24, ESI}). This
suggested a collinearity between the dipole moment of the
electronic transition and the long axis of the CS aggregate.”®*°
in the HSP co-assemblies. However, the emission anisotropy
values of NR and NB were low when excited at the donor
absorption maximum (A, = 365 nm, Table S25, ESI{). This
suggested that the NR and NB were not arranged in a co-linear
fashion with the CS chromophores leading to a depolarization
of the emission during the ET process. The Rh dyes, on the
other hand, displayed poor emission anisotropy values even in
the presence of HSP12 (exited at their absorption maxima, Table
S28, ESI}) possibly due to their higher water solubility. There-
fore, these experiments suggested that a better integration of
NR and NB in the co-assemblies compared to Rh dyes
presumably led to a higher ET efficiency in their cases. We
subsequently tried to understand why the co-assemblies acted
as better donors than the native supramolecular polymers. The
spectral overlap integral values (J(¢)) between the absorption
spectrum of NR and the emission spectrum of the co-assembly
HSP12SP12 was only slightly higher than that observed for
SP12. However, the radiative rate constant (k) for HSP12 was
found to be 1.5-fold higher than SP12 (see pages S8 and S14 in
ESI for the calculation of k;).***> This, among other factors,
might have contributed to a better ET efficiency for the HSPs
compared to native SPs.

The calculated Forster radii (R,) for the ET from HSP12 and
SP12 to NR were found to be 3.9 nm and 3.4 nm, respectively

4370 | Chem. Sci, 2023, 14, 4363-4374

(see pages S8 and S14 in ESI} for the calculation of R,). However,
the excellent ET efficiency even at high D/A ratios suggested that
FRET occurred far beyond the Forster radius (R,) and one
acceptor was able to quench the emission of multiple donor
molecules. The self-aggregate and the co-assembly formed
highly entangled networks which in principle, would assist in
a long-range exciton migration.** This would involve a signifi-
cant homo-ET among the CS donors before the hetero-ET to the
acceptor (NR) took place. Therefore, to determine the number
of CS donors (n) taking part in ET per antenna, we employed
a mathematical model combining both dynamic quenching (for
homo-ET) and static quenching (hetero-ET) mechanisms.****
We assumed that n donor molecules were quenched by one
acceptor and the (donor), was treated as a single unit. By
modelling the quenching by a 1:1 binding isotherm and the
non-linear fitting of the curve of the emission intensities of
HSP12 vs. concentration of NR (Fig. S31, ESI}), a value of 516 +
182 was obtained as the number of CS donors per antenna.®***

Application as fluorescent thermometers

Fluorescent materials with temperature-dependent dual emis-
sion are of great interest as ratiometric fluorescent
thermometers.**®*® As a consequence of FRET, HSP12-NR and
HSP12-NB displayed dual emissions and we studied their
response against temperature in the range 20-90 °C. Interest-
ingly, with increasing temperature, the donor emission at
545 nm gradually increased whereas a significant reduction in
the acceptor emission was observed (Fig. 7a, b and S35a, b,
ESI{). As mentioned earlier that the co-assemblies were
reasonably robust and only partial disassembly was observed in
going to higher temperatures. Hence, this behaviour can be
attributed to the temperature-induced change in the transition
dipole orientations of the acceptors® which diminished the
FRET appreciably leading to an apparent gain in the donor
emission. Moreover, a partial disintegration of the acceptor
dyes from the co-assemblies could be another reason for the
reduced FRET efficiencies at higher temperatures. Linearly
fitted curves of Isys/(Isss + Is3s) vs. temperature (for HSP12-NR)
and Iss/(Isss + Is77) vs. temperature (for HSP12-NB) were ob-
tained (Fig. 7c and S36, ESI{). For HSP12-NR, the curve con-
sisted of two linear regions, and thus for this system, the
temperature sensitivities were different. The temperature
sensitivity between 20 °C and 40 °C was calculated to be ~0.2%
whereas the value increased to ~0.8% between 40 °C and 90 °
C.*® For HSP12-NB, a value of ~0.7% temperature sensitivity was
obtained in the range 20 °C to 90 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Emission changes of HSP12-NR [12CS12: 5 uM; heparin: 10 uM; NR: 100 nM] at different temperatures demonstrating fluorescence

thermometer application. (b) CIE co-ordinates for the plots in (a). (c) Linear fitted plot of I545/(ls4s + lg77) vs. temperature (for HSP12-NB) in
aqueous buffer. (d) Images of solid films of () HSP12 [12CS12 (20 pM)-heparin (40 uM)] and (ll) HSP12-NR [12CS12 (20 pM)-heparin (40 pM)-NR
(200 nM)] under UV 365 nm. (e) Generation of white light emission from blue emitting 8CS8 (10 pM) in PAA (10 mg mL~t in buffer) using heparin
followed by NR. (f) Demonstration of fluorescent ink. For exact composition of each of these samples, see pages S25 and S26 in the ESI.1

Application in multicolor luminescence in solution and solid
state

The advantage of our system was further demonstrated through
the generation of multi-color emissions in the solid state and
polymer films. This was possible since the ET was also found to
be efficient in the film state. Thus, the greenish-yellow emission
of HSP12 could be tuned to red in the presence of NR (D/A ratio
100: 1, Fig. 7d) in its solid film. The obtained AE value was 33 in
this case (Fig. S37, ESI}). Moreover, ET from the native SP12
(12CS12: 20 pM) to NR in its solid film was also found to be
efficient while exhibiting an AE value of 21 (Fig. S39, ESI{).
Lower AE values in the solid films compared to the aqueous
solutions of SPs and HSPs can be attributed partly to the self-
aggregation of NR molecules leading to quenching of its emis-
sion.”®***! For generating a wide array of emission colors in the
solution as well as in films, we chose the weakly aggregating
solution of 8CS8 (SP8) and its co-assembly with heparin (HSP8)
in the presence of polyacrylic acid (PAA, 10 mg mL™ ") taken in
buffer. SP8 exhibited a cyan-blue fluorescence (Fig. 7e) in the
PAA solution which was retained even in the dried PAA film
(Fig. S40c, ESI}). A blue fluorescent solution of SP8 (8CS8: 10
uM) was transformed into a greenish-yellow emitting solution
of HSP8 upon the addition of heparin (8 uM) (Fig. 7f). The
progressive addition of NR further transformed it into a white
light emitting solution (NR: 200 nM, D/A = 500: 1) exhibiting

© 2023 The Author(s). Published by the Royal Society of Chemistry

CIE coordinate values of 0.26, 0.34 (Fig. 7e and S40a, b, ESI{).
Interestingly, the greenish-yellow emitting solution of HSPS8
upon drying was converted to a cyan-blue fluorescent polymer
film. Presumably much lower dielectric constant of the PAA
matrix prevented the aggregation of the molecules and hence
the greenish-yellow excimeric emission was absent. Moreover,
a wide range of fluorescent colors from blue to red including
green, yellow and orange was obtained in solution as well in the
solid state (Fig. S40c, ESI). The fluorescent colors of the dried
films were more or less regained upon the addition of water
(Fig. S40c, bottom panel, ESI). The use of different fluorescent
colors as fluorescent ink was also demonstrated as shown in
Fig. 7f (the detailed procedure for the preparation of all these
colors has been described in ESI, pages S25 and S261).

Conclusions

In conclusion, we have constructed FRET-based artificial light-
harvesting ensembles in aqueous buffer using the co-
assembly of bio-polyanion heparin and cyanostilbene (CS)
based cationic supramolecular polymers. The amphiphilic CS
molecules formed cylindrical nanofibers in aqueous buffer as
revealed by TEM images and molecular dynamics (MD) simu-
lations. These nanofibers were transformed into nanotubes

upon the formation of co-assemblies via intermediate
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nanosheet formation. MD simulation also suggested clusters of
CS molecules on the heparin surface having a cylindrical shape.
The CS donors in the heparin-based co-assemblies were found
to act as very potent donors and highly efficient FRET was
observed for acceptor dyes Nile Red (NR) and Nile Blue (NB)
resulting in amplified emission in the orange-red and NIR
range. The entangled network of the co-assemblies allowed an
efficient exciton energy migration among the CS chromophore
before the excitation energy was finally delivered to the
acceptor. Approximately, the excitation energy of several
hundred CS donors was transferred to a single acceptor leading
to ultrahigh antenna effects of 150 even at high D/A ratios. To
the best of our knowledge, this is the first report in which
heparin has been employed as a bio-template to design such
a FRET system. Other than a few reports on the polymer-based
NPs, the energy transfer efficiency and antenna effect values
reported in this work are some of the highest values reported for
aqueous-based self-assembled systems. The FRET-systems were
sensitive to temperature variation and thus acted as ratiometric
fluorescence thermometers. Furthermore, the energy transfer
was found to be very effective in solid and polymer films. This
suggested the possible applications of these systems in data
encryption-decryption.
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