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Selective binding of sulphated
glycosaminoglycans induces self-assembly of
naphthalene diimide into fluorescent nanofibers
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The self-assembly of n-conjugated chromophores directed by biomolecular recognition offers a smart
strategy to create bio-synthetic hybrid nanomaterials with emergent properties. Here, we report a novel
amphiphilic, cationic naphthalene diimide (NDI) derivative that undergoes supramolecular polymerization
upon interaction with anionic glycosaminoglycans (GAGs). Binding of GAGs like heparin to NDlIs leads to
their supramolecular polymerization in aqueous media. Interestingly, such binding events result in highly
emissive fluorescent nanofibers due to the formation of a static excimer. Spectroscopic and microscopic
investigations reveal that polyanionic heparin helps to bring the cationic NDlIs into close proximity to
promote n—n stacking and that amphiphilic self-assembly is essential for excimer formation. The heparin
binding-induced excimer formation exhibits a clear emission color change from blue to bright green.
Furthermore, the NDI selectively binds to sulphated GAGs such as heparin and chondroitin sulphate, but
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not to carboxylated hyaluronic acid, resulting in a differential fluorescence response. Thus, this study pre-
sents a heparin binding-induced supramolecular polymerization of a novel NDI derivative, providing a
design strategy for controlling supramolecular order and for creating functional fluorescent nanomaterials
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Introduction

Supramolecular organization of n-conjugated chromophores
has emerged as a smart strategy to design functional nano-
materials with tunable optoelectronic, photophysical, and bio-
logically relevant properties." Such organizations are typically
governed by a combination of noncovalent interactions, like
n-7 stacking, van der Waals forces, etc., which are intrinsically
encoded in the molecular design. In recent years, a complemen-
tary approach for self-assembly has emerged in which the
binding of functional molecules with external chemical guests
induces supramolecular ordering.” This has resulted in supramo-
lecular polymers with unique properties like guest-induced chiral-
ity, chiral memory, stimuli responsiveness, etc.'™* Additionally,
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for future biosensing and bioimaging applications.

when these guests are biomolecules, it opens up the possibility
for (i) biomolecular recognition and (ii) developing bio-synthetic
hybrid nanomaterials for various applications. In this regard,
several molecules have been designed to self-assemble in the
presence of bio-analytes, like nucleotides, amino acids, proteins,
sugars, etc.* However, reports on the supramolecular polymeriz-
ation of m-conjugated molecules in the presence of glycosamino-
glycans (GAGs) like heparin remain scarce.”> Additionally, control-
ling the fluorescent properties of supramolecular nanomaterials
upon interaction with biomolecules is important to facilitate bio-
technological applications. In this regard, GAG-triggered self-
assembly resulting in fluorescent nanostructures remains unex-
plored, despite its clear potential for biosensing and bioimaging.
GAGs are anionic polysaccharides present in the extracellu-
lar matrix (ECM) of connective tissues, which provide func-
tions like structural support, cellular communications, etc.
Three major components of GAGs are heparin, chondroitin
sulphate (CS) and hyaluronic acid (HA), of which the first two
contain sulphated anions, whereas the last one contains only
carboxylic acid groups as anionic groups. Among the three,
heparin is extensively studied, is biologically present and is
widely utilized as an anticoagulant drug. Therefore, significant
effort has been devoted to developing heparin-responsive
supramolecular materials. For example, peptide-based
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heparin-responsive nanomaterials have been used to regulate
cellular growth.® The n-conjugated systems reported for
heparin sensing are typically monomeric systems that do not
form self-assembled nanostructures. In some cases where self-
assembly occurs, the observed signals originate from the
aggregates in which heparin remains unbound.’®”*¥ Several
polymeric and small-molecule fluorescent probes have also
been reported to detect heparin and other -cellular
microenvironments.” " Additionally, there are a few examples
of heparin binding-induced supramolecular polymerization of
pyrene and other n-conjugated chromophores,”**® but arylene-
diimide derivatives are rarely reported.*?°

Among rn-conjugated molecules, arylenediimides like
naphthalene diimide (NDI) and perylenediimide belong to an
important class of organic semiconductors for application in
sensing, (opto-)electronics, etc.'® Since, self-assembly of aryle-
nediimides is essential for various applications, the design of
new GAG-directed systems that can control supramolecular
ordering is needed. In this regard, here we present a novel
example of heparin binding-induced self-assembly of NDI
derivatives. Such NDI-based systems can produce novel bio-
synthetic functional nanomaterials. Furthermore, to the best
of our knowledge, this is a unique example of heparin
binding-induced formation of fluorescent nanostructures of
any n-conjugated chromophores. Past reports have shown
enhanced fluorescence in the presence of heparin in solution
but not the formation of fluorescent aggregates.’>*>** The for-
mation of fluorescent nanostructures is relevant for appli-
cations not only in sensing and electronics, but also for biore-
levant application in in vitro and in vivo fluorescence imaging
of the glycocalyx and ECM. Furthermore, the ability to obtain
differential fluorescence signals from various GAGs will be
advantageous for chemically selective bio-imaging of the ECM.

Here, we report a novel cationic NDI derivative 1 and its
self-assembly in the presence of heparin and other GAGs
(Scheme 1). The molecular design consists of an aromatic NDI
core with a hydrophobic aliphatic chain on one side and a
hydrophilic quaternary ammonium derivative on the other
side. Thus, the molecule has an amphiphilic character to
assist in self-assembly in aqueous media, and the cationic
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group facilitates interaction with anions like heparin. In the
past, we and others have shown that quaternary ammonium
groups can have strong interaction with sulphated anions.'?
Our previous work showed that heparin binding resulted in
the induction of supramolecular chirality in the self-assembly
of an achiral PDI derivative.'”” We demonstrated heparin-
assisted control over supramolecular ordering, but it caused
complete quenching of fluorescence. On the other hand, in
this work, we show that NDI derivative 1 efficiently binds to
heparin to form an amphiphilic self-assembly that is highly
fluorescent. Heparin binding-induced self-assembly results in
the formation of a green-emissive excimer of 1, which self-
assembles into brightly fluorescent nanofibers. Thus, even
though aggregation is known to quench the emission of fluoro-
phores,” formation of an excimer from self-assembled 1 results
in aggregation-induced green fluorescence. Furthermore, we
demonstrate that 1 has strong affinity for sulphated GAGs and
therefore it selectively binds to heparin and CS, and not to the
carboxylated derivative HA, to form fluorescent nanofibers. This
is advantageous as some of the previously reported fluorescent
labelling methods for GAGs require covalent bond formation
with saccharides, which cannot easily distinguish between
various GAGs."“'* Here, we show that 1 forms fluorescent nano-
structures upon selective binding with heparin and CS, and thus
can be potentially useful in fluorescent labelling to differentiate
between GAGs. Using control molecule 2, which is a bolaamphi-
phile, we established the essential role of amphiphilic design in
the formation of excimers and fluorescent nanostructures. Thus,
for the first time, we report (a) the heparin binding-induced for-
mation of fluorescent nanofibers of any n-conjugated molecules
and (b) sulphated GAG-directed self-assembly of an NDI
derivative.

Results and discussion

Compound 1 was obtained by following a two-step synthetic
procedure, as described in the SI (Scheme S1). Briefly,
naphthalene-1,4,5,8-tetracarboxylic dianhydride was allowed to
react simultaneously with decylamine and 1,1-dimethyl-
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Scheme 1 Schematic of sulphated GAG binding-induced self-assembly and fluorescent nanofiber formation shown with the chemical structures of

different molecules.
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ethylenediamine to result in the desired NDI intermediate.
This intermediate was methylated with methyl iodide to give 1
as a solid powder. Compound 2 was similarly synthesized
(Scheme S2).

Solvent-dependent properties of compound 1

To gain insight into the self-assembly behavior of the amphi-
philic molecule 1, we first studied its photophysical behavior
in varying solvent compositions of acetonitrile-H,O. The com-
pound was completely soluble in acetonitrile. The UV-Vis
absorption spectra of a 50 pM solution in acetonitrile showed
well-defined bands with maxima at 377 nm and 355 nm,
corresponding to Sy and Sy, vibronic peaks of NDI deriva-
tives (Fig. S6a). These features clearly indicate the monomeric
nature of 1 in acetonitrile. By increasing the % of water in
acetonitrile from 0 to 99%, we expected to induce self-assem-
bly of this amphiphilic molecule. Counterintuitively, we
observed spectral features similar to those of monomeric NDI
chromophores. To confirm the monomeric nature in the 99%
water sample, we performed a temperature-dependent experi-
ment. On increasing the temperature from 20 to 90 °C, no
spectral change was observed, indicative of the monomeric
nature of 1 (Fig. S6b). However, we did observe a 5 nm red
shift of the absorption maxima from the 0% to the 99% water
sample, which can be attributed to solvatochromic effects
(Fig. S6a, c and d). This suggests that 1 mainly exists in the
monomeric state in all the acetonitrile-water ratios and water

70% water
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is not able to induce self-assembly. To confirm the monomeric
nature, we also recorded the "H NMR spectra of 1 in different
solvent compositions. In acetonitrile, the NMR data showed a
characteristic sharp aromatic peak of the naphthalene core at §
8.67 ppm. Upon increasing the solvent polarity to 70 and 99%
water, we observed no broadening of the NMR signal com-
pared to the acetonitrile sample. The NMR results reestablish
that 1 exists predominantly as a monomer (Fig. S7) in all aceto-
nitrile-H,O solvent compositions.

Heparin binding-induced supramolecular response

Heparin is an anionic biopolymer, so we investigated its poten-
tial electrostatic interaction with the cationic amphiphile 1 to
induce self-assembly. Thus, we probed the interaction of the
NDI derivative with heparin using UV-Vis absorption spec-
troscopy. First, samples of 1 with high water content (70%
water in acetonitrile) were titrated with increasing amounts of
heparin (Fig. 1a). We observed that the sharp monomeric
absorption bands of 1 at 380 nm (So) and 360 nm (Sy_4)
showed a gradual decrease in absorbance along with band
broadening in the presence of heparin. Furthermore, the
absorbance ratio at these two bands, Sy_¢/So-1, changed from
1.23 to 0.89. This was accompanied by an increase in scatter-
ing and the appearance of an isosbestic point at 389 nm.
These data clearly indicate interchromophoric n-n interaction,
leading to the self-assembly of 1 upon binding with heparin in
70% water in acetonitrile."

40% water
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Fig. 1 (a) UV-Vis absorption and (b) emission spectra of 1 with varying concentrations of heparin in 70% water in acetonitrile solvent composition;

(c) plot of emission changes of 1 at e, = 410 nm (monomeric emission) and 510 nm (excimeric emission) with different molar equivalents of
heparin obtained from the data in (b). Heparin monosaccharide equivalents in (c) were calculated based on the monosaccharide concentration
within polymeric heparin. Inset: photograph of a sample of 1 under 365 nm UV light in the absence (i) and presence (ii) of heparin; (d) UV-Vis absorp-
tion and (e) emission spectra of 1 with varying concentrations of heparin in 40% H,O in acetonitrile solvent composition. (f) Excitation spectra col-
lected at excimer and monomer emission at Aem = 510 nm and A, = 410 nm, respectively, along with the absorption spectra of 1 alone in 70% H,O
in acetonitrile solvent composition. Concentration of 1 = 50 uM, lex = 330 nm.
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To gain further insight into heparin binding, fluorescence
spectroscopy was used. The fluorescence spectra of 1 (without
heparin) in 70% water showed monomeric features with
maxima at 393 and 410 nm (e, = 330 nm), as seen in Fig. 1b.
The monomeric character was also confirmed by the excitation
spectra collected at 410 nm. Interestingly, addition of heparin
resulted in a significant decrease in the monomeric emission.
This was accompanied by the appearance of a high-intensity
emission band at 510 nm, which was broad and featureless
and was approximately 100 nm red-shifted compared to the
monomer (Fig. 1b). The supramolecular transformation from
the monomer to the excimer was also confirmed by the
appearance of an isoemissive point at 444 nm. Such broad
emission at 510 nm has been assigned to the formation of an
excimer in NDI derivatives.'® These fluorescence color changes
from blue (without heparin) to green (with heparin) can be
easily observed under 365 nm illumination, as seen in the
photograph (70% water in acetonitrile, Fig. 1c, inset).
Furthermore, a plot of emission intensity at 510 nm against
the equivalents of monosaccharide units of polymeric heparin
demonstrates saturation at approximately 1 molar equivalent
(Fig. 1c). Considering that each monosaccharide unit of
heparin has approximately 1 anionic sulphation unit available
for binding, this indicates a very efficient 1:1 interaction
between 1 and heparin. Similar spectroscopic changes were
also observed at higher water contents like 90 and 99% water
in acetonitrile (Fig. S9a-d). These data confirm that at high
water %, heparin binding induces supramolecular organiz-
ation of 1, facilitated by n-n interactions and hydrophobic
effects, resulting in the formation of a highly emissive NDI
excimer. Also, the UV-Vis and emission spectra of the drop-
cast and dried film of 1 with heparin showed similar features
of aggregated NDI and excimeric emission. This indicates that
the solution-state self-assembly can be transferred to the solid
dried film (Fig. S8a-b). Thus, we demonstrate that excimer
emission upon heparin binding in 1 overcomes the aggrega-
tion-induced quenching effects of chromophores. Thus, this
can be an alternative approach to obtain aggregation-induced
emission in NDI derivatives."?

Next, we probed the effect of heparin binding in low water
% solvent compositions. In these cases, the amphiphilic 1 will
have a lower tendency to self-assemble. As expected, the mono-
meric absorption spectra of 1 alone in 40% water in aceto-
nitrile did not show any significant change upon binding with
heparin (Fig. 1d). This indicates that there is no significant
binding of heparin to 1 to induce aggregation of NDIs in 40%
water. The fluorescence spectra of 1 in the presence of heparin
showed a minor decrease in the monomeric emission of 1
(391 nm and 409 nm), confirming that 1 remains mainly in its
monomeric state. However, a low-intensity, red-shifted excimer
emission at 500 nm (Fig. 1e) was also observed. Thus, the
weak excimer formation upon heparin addition indicates that
a small % of 1 indeed binds to heparin to induce aggregation.
The fraction of 1 bound to heparin was estimated to be (~7%),
as obtained from the decrease in the monomeric emission in
Fig. 1e. Similar observations were made with the 10% water in
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acetonitrile sample (Fig. S10a and b). These data confirm that
at a low percentage of water, the self-assembly propensity and
the heparin-binding efficiency of 1 are very low. Taken
together, this implies a two-way process, i.e., heparin binding
induces aggregation of 1 (e.g., in 70% water) and heparin
binding is weak if it is not assisted by the tendency of 1 to self-
assemble (e.g., in 40% water).

Nature of excimer emission

There are two types of excimers known.'>'” One is called a

‘dynamic excimer’, in which there are no interactions between
chromophores in the ground state. The excimer emission orig-
inates from dimer formation between an electronically excited
monomer and a ground-state monomer. The second type is
called a ‘static’ or ‘pre-associated excimer’ in which the
chromophores interact with each other in the ground state,
resulting in the formation of an excimer in the excited
state.'®” For 1 with heparin in 70% water, since the UV-Vis
spectra show that the NDI molecules with heparin are aggre-
gated (Fig. 1a), the fluorescence is expected to originate from a
static excimer (Fig. 1b). However, the mostly monomeric
nature of 1 with heparin in 40% water does not clearly reveal
the nature of the excimer emission (Fig. 1d and e). To confirm
the nature of the two excimers, excitation spectra were
recorded at the monomer and excimer emission bands at
410 nm and 510 nm, respectively. For the 70% water sample
with heparin, the excitation spectra collected at the excimer
emission band (510 nm) show features similar to the aggre-
gated form of NDI (Fig. 1f). On the other hand, the excitation
spectra collected at 410 nm were very different and closely
resembled the UV-Vis absorption spectra of monomeric 1
alone (Fig. 1f). Interestingly, the excitation spectra collected at
510 nm for the 40% sample with heparin also showed that the
excimer emission indeed originates from the aggregated NDIs
(Fig. S11). Thus, even though NDIs are mostly in the mono-
meric state in 40% water with heparin (Fig. 1d and e), the
small fraction of 1 that binds to heparin (~7%) leads to the for-
mation of a static excimer.

More insight into the differences between these two solvent
compositions came from NMR investigations. The "H NMR
spectrum of 1 in 70% D,O exhibited sharp NMR signals for
the aromatic protons of the NDI core at § 8.67 ppm. Upon
addition of heparin, these aromatic signals showed a signifi-
cant upfield shift (A5 = 0.55 ppm) to § 8.12 ppm, along with
peak broadening (Fig. 2a and Fig. S12a for 99% water). This
upfield shift and signal broadening of the aromatic protons
indicate heparin binding-induced strong aromatic-aromatic
interactions and self-assembly of 1, which results in a pre-
associated excimer. Contrarily, heparin binding in the 40%
D,0 sample did not produce any significant difference in the
chemical shift of the aromatic protons of NDI, and the peaks
remained very sharp (Fig. 2b and Fig. S12b for 10% water).
This confirms that the 40% sample of 1 with heparin remains
mostly monomeric. Thus, the NMR analysis results are consist-
ent with the UV-Vis data of Fig. 1a and d, showing that
heparin induces aggregation of 1 only in 70% water and it is

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) *H NMR spectra of 1 (0.5 mM) in 70% D,O in acetonitrile solvent composition with different concentrations of heparin, showing upfield
shifted and broadened bands due to n—= stacking interactions and aggregate formation; (b) *H NMR spectra of 1 (0.5 mM) in 40% DO in acetonitrile
solvent composition with different concentrations of heparin showing no signal broadening; the TCSPC experiment showing the fluorescence decay
profile of 1 without heparin (lem = 410 nm) in (c) and with heparin (lem, = 510 nm) in (d) for 40% and 70% water in acetonitrile solvent compositions.

predominantly monomeric in 40% water. Additionally, cyclic
voltammetry (CV) experiments were performed in these two
solvent compositions to further support the heparin binding-
induced changes (Fig. S13). As expected, the 40% sample with
and without heparin showed very similar CV profiles, in line
with the UV-Vis data in Fig. 1d. However, the 70% water
sample with and without heparin showed very different CV
profiles, with a significant shift in the reduction peak, in line
with the heparin binding-induced changes observed in the
absorption spectra in Fig. 1a.

To further confirm the nature of different emissions, time-
correlated single photon counting experiments (TCSPC) were
performed by exciting the sample with a 405 nm picosecond
laser. For both the 40% and 70% water samples of 1 without
heparin, the 410 nm emission exhibits a biexponential decay
with a major contribution from a fast decay component of 7; =
0.18 ns (40% water sample) and 7; = 0.14 ns (70% water
sample) (Fig. 2¢, d and Table S1). Such sub-nanosecond decay
profiles confirm the monomeric nature of the emission. Upon
binding with heparin, the excimer emission at 510 nm also
decays biexponentially. However, it exhibits a much slower
fluorescence decay, and the lifetimes of the major component
for the 40% and 70% water samples are 7, = 7.6 ns and 7, =
10.0 ns, respectively. This is similar to the reported lifetime of

This journal is © The Royal Society of Chemistry 2026

NDI excimers.'®®'® Such long-lived fluorescent species could

not have originated from simple aggregation and have been
reported for excimer formation.*®”

Heparin binding-induced supramolecular organization

To further investigate the supramolecular organization of 1
upon binding with heparin, we studied the morphological fea-
tures using Transmission Electron Microscopy (TEM), Atomic
Force Microscopy (AFM) and Confocal Laser Scanning
Microscopy (CLSM). The air-dried sample of 1 with heparin in
70% water revealed the formation of well-defined nanofibers
by TEM and AFM. For example, the TEM micrographs (Fig. 3a,
b and S14) of 1 with heparin in 70% water showed the for-
mation of supramolecular nanofibers. Furthermore, AFM
micrographs also revealed a network of one-dimensional fibril-
lar nanostructures (Fig. 3¢, d and S15).

We hypothesized an amphiphilic self-assembly of 1 with
the hydrophobic tail embedded within the core and the hydro-
philic part exposed to aqueous media along with two units of
heparin bound on either side, as shown in Scheme 1. The
molecular length of 1 was calculated to be around 2.2 nm
(obtained from the geometry-optimized structure using
ChembDraw 3D) and the width of the heparin monomer was
estimated to be around 1 nm. Thus, the width of the self-
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Fig. 3 (aand b) TEM and (c and d) AFM micrographs of surface-dried samples of 1 (50 uM) upon 12.9 pug ml™* heparin binding in 70% H,O in aceto-
nitrile solvent composition. (e and f) Confocal Laser Scanning Microscopy (CLSM) images of a solution of 1 (200 pM) upon heparin binding, showing
the formation of nanofibers in solution. Excitation at 1o, = 405 nm and detection at the excimer band (le,, = 500-700 nm) reveals intense green
excimer emission along the nanofiber length, confirming that the aggregated state of 1 is fluorescent. The inset in (f) is a magnified image.

assembled structure shown in Scheme 1 is expected to be
around 6 nm (Fig. S14). To confirm this molecular organiz-
ation, dimensional analysis was performed on the micro-
graphs in Fig. 3. From the TEM images, the nanofibers dis-
played lengths exceeding 1 um and widths up to 22 nm (over
21 selected thin nanofibers). The width of the thinnest nano-
fiber was found to be 6.2 nm, which is close to the theoretical
expectation from the organization shown in Scheme 1, reiterat-
ing the bilayer-like amphiphilic self-assembly. Additionally,
the height of the nanostructure was obtained from the AFM
micrographs. The height of some of the nanofibers was found
to be below 2 nm, which is even shorter than the length of a
single molecule of 1. This rules out the formation of cylindri-
cal micelles and thus supports the amphiphilic bilayer assem-
bly in which the long axis of the nanofiber is the direction of
n-7 stacking, as shown in Scheme 1.

These techniques have clearly shown the formation of
nanofibers, but the AFM and TEM imaging were performed on
air-dried samples. Furthermore, they do not provide infor-
mation about the fluorescent nature of the self-assembly. To
confirm that these nanostructures also exist in the solution
and that the structures are fluorescent, in-solution imaging
was performed using CLSM. Traditionally, CLSM would
require labelling the sample with a fluorescent dye. However,
in our case, the self-assembly of 1 in the presence of heparin

Nanoscale

leads to aggregation-induced excimer emission, we could use
the intrinsic fluorescence of the aggregates for CLSM imaging.
The confocal micrographs clearly showed the formation of
fluorescent fibrillar structures (Fig. 3e, f and S16). Of course,
since confocal microscopy is an optical technique, it is limited
in spatial resolution, and we could only observe large bundles
of nanofibers. These images confirm two things about the self-
assembled structures of 1 upon heparin binding: (a) the self-
assembled nanofibers are indeed present in the solution and
are not due to any drying-induced artifact and (b) the nano-
structures are inherently fluorescent due to the formation of a
static excimer.

Role of amphiphilic design and solvent composition

To demonstrate that the amphiphilic design is essential for
heparin binding-induced excimer formation, we synthesized a
bolaamphiphilic NDI derivative 2 (Schemes 1 and S2). This
molecule has a positive charge on either side of the NDI aro-
matic core and lacks a hydrophobic alkyl chain. Molecule 2 is
monomeric in water but self-assembles upon binding with
heparin, as seen from the changes in the absorption spectra
and the appearance of scattering at higher wavelengths in the
UV-Vis absorption spectra (Fig. 4a and b). Thus, the absorption
spectral changes are similar to those observed for the binding
of heparin to the amphiphilic molecule 1. In contrast, the fluo-

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Schematic of heparin binding-induced self-assembly of bolaamphiphilic derivative 2; (b) UV-Vis absorption and (c) emission spectra of 2
(50 pM) with varying concentrations of heparin in 99% water, showing a lack of excimer emission, as shown schematically in (a).

rescence spectra of 2 upon binding with heparin resulted in structures upon interaction with heparin. Thus, we showed
quenching of the monomeric emission without the emergence that amphiphilic molecules display heparin-binding-assisted
of any excimer emission (Fig. 4c). Thus, we clearly demonstrate aggregation-induced green emission whereas the bolaamphi-
the essential role of amphiphilic design for heparin binding- phile design (2) shows aggregation-induced quenching of
induced excimer emission. Furthermore, we also varied the monomeric emission.

carbon chain length from C;, in molecule 1 to C;, in molecule Having confirmed that heparin binding resulted in excimer
3 (Scheme S2 and Fig. S17) of the amphiphilic design. The emission in 1 in various compositions of water in acetonitrile,
amphiphilic molecule 3 also behaved like 1 to display excimer we probed whether such observations were limited to these
emission and led to the formation of fluorescent nano- solvent mixtures. Thus, we performed experiments in water—

1x10°

—_

——HA 9x10° —HA

—cs
Heparin

6x10°

i 5
03 / L 3x10
00 0

300 350 400 450 500 350 400 450 500 550 600 650

Absorbance
Intensity (a.u.)

Wavelength (nm) Wavelength (nm)
d) e)
- Intensity
1 | Analyte (S, /S, .| Aggregation | Enhancement

g w.rt. 1@510 nm
£ o 1 1.2 X 1.0
Y HA 1.2 X 1.2
g ! Na,js0, | 1.2 X 0.6
g P ATP 12 X 0.8
2 SDS 1.2 X 0.9
= 300 PAA 12 X 3.3
PSS-70K 0.9 v 5.5
0 | & & o o & & » oo oo & & PSS-100K | 0.88 v 7.0
N Qg. ’90' ,\Q ,\%{' @*. & Cs . 1.06 v 11.2
o r ‘2 QQ Heparin [ 0.9 v 22.2

& Q & A
Analytes <

Fig. 5 (a) UV-Vis absorption and (b) emission spectra of 1 (50 pM) with addition of 2 molar equivalents (w.r.t. their monomers) of heparin and other
GAGs in 70% H,O in acetonitrile solvent composition; (c) CLSM image of the solution of 1 in the presence of CS, showing the formation of fluor-
escent nanofibers in solution. Excitation at 1, = 405 nm and detection at 500-700 nm; (d) bar graph of the fluorescence intensity of 1 at 510 nm
upon addition of different analytes: hyaluronic acid (HA), Na,SO,4, adenosine triphosphate (ATP), sodium dodecyl sulphate (SDS), polyacrylic acid
(PAA), poly(sodium 4-styrenesulfonate) (PSS-70K), poly(sodium 4-styrenesulfonate) (PSS-100K), chondroitin sulphate (CS) and heparin (2 molar
equivalents w.r.t. their monomers) [inset: photo of solutions of 1 in the presence of HA, CS and heparin in 70% H,O under 365 nm UV light]. (e) A
table representing the change in the ratio of UV-Vis absorbance peaks So_0/So-1. Which clearly indicates the monomeric and aggregated nature of 1
in the presence of various analytes, and the corresponding fluorescence intensity enhancement at excimer emission (510 nm), plotted as a ratio of
fluorescence intensity (Flanayyte/Flo).
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DMSO, water-DMF and water-methanol solvent compositions
(Fig. S18). The detailed UV-Vis absorption and emission
spectra of 1 in the presence of heparin in 70% aqueous solu-
tion of DMSO, DMF and methanol solvents confirmed that the
excimer emission behavior was not limited to one solvent
system. Furthermore, similar observation of excimer emission
was made in other concentrations of 1, ranging from 200 pM
to 10 pM.

Sulphated glycosaminoglycan selective excimer response

Up to here, we have demonstrated that anionic heparin binds
to cationic 1 to induce aggregation and excimer emission. To
better understand the nature of the interaction between them,
experiments were performed with other anionic glycosamino-
glycans. Since heparin and CS both contain sulphated anions,
while HA contains carboxylic acid-based anions, we investi-
gated whether there are differences in fluorescence response
in the presence of different GAGs. Thus, we investigated the
spectroscopic response of 1 with CS in 70% water. Binding
between CS and 1 also resulted in excimer emission at
510 nm, along with changes in the absorption spectra, and
resulted in the formation of fluorescent nanofibers, similar to
heparin binding, albeit with lower intensity (Fig. 5a-c). The
binding constants of heparin and CS were estimated to be 9.4
x 10* M~ and 7.7 x 10* M™", respectively, confirming slightly
higher affinity for heparin compared to CS (Fig. S19).
Interestingly, addition of HA to 1 did not result in excimer for-
mation nor any change in the UV-Vis absorption spectra
(Fig. 5a and S20). Any unintended effects of pH variation were
ruled out by performing heparin and HA-binding experiments
at the same pH (Fig. S21a-c). These data clearly confirm that
sulphated anions, and not carboxylic acid anions, interact
specifically with cationic 1 to induce excimer emission. Such
observations demonstrate that the fluorescence response of 1
can distinguish sulphated from carboxylated glycosaminogly-
cans (heparin and CS from HA) to produce a differential fluo-
rescence response.

To further probe the essential role of bio-polymeric sugars
in producing aggregation and fluorescence response in 1,
several other anions were tested (Fig. 5d, e and S20a-c). For
example, sodium sulphate did not produce any spectroscopic
changes. Instead, polystyrene sulfonates (PSS) produced sig-
nificant UV-Vis changes, to an extent greater than that
observed for heparin binding. This indicates that PSS binding
caused significant aggregation of 1, even more than that
induced by heparin binding. However, it produced very weak
excimer emission (nearly 300% lower compared to the 1 +
heparin sample). Furthermore, monovalent sulfonate anions
also did not bind to 1, indicating the essential role of multiva-
lency (Fig. S22). Similarly, polyacrylic acid showed no excimeric
emission, whereas the sodium salt of polyacrylic acid yielded
very weak excimer emission. Taken together, these results
demonstrate that the biopolymeric sugar and sulphated GAG
scaffold plays a crucial role in controlling the supramolecular
organization of 1, resulting in the formation of high-intensity
excimer emission (Fig. 5b).
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Conclusions

In conclusion, we demonstrate a heparin binding-induced
supramolecular polymerization of cationic NDI amphiphiles,
resulting in the formation of fluorescent nanofibers exhibiting
strong excimer emission. Selective binding of sulphated GAGs
like heparin and CS results in the self-assembly of NDIs,
whereas the non-sulphated GAG (HA) does not interact. Our
detailed investigation showed that the amphiphilic molecular
architecture was essential for achieving heparin binding-
induced excimer emission, as shown by a structural analogue
lacking hydrophobic character. Additionally, we showed that
the fluorescence response can distinguish biological sulphated
derivatives from the synthetic ones. Thus, we present a unique
example of (a) sulphated GAG-directed formation of fluo-
rescent nanostructures and (b) selective induction of supramo-
lecular organization and fluorescence response in these NDIs
by biopolymeric sulphates. This work highlights a versatile
strategy to translate biomolecular recognition into supramole-
cular organization with desirable photophysical response,
paving the way for the design of GAG-directed formation of
fluorescent materials. Future experiments in the lab are explor-
ing the compatibility of this design in biological milieus for
potential biosensing and imaging applications.
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