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Heparin Binding Induced Supramolecular Chirality into Self-
Assembly of Perylenediimide bolaamphiphile 
Poonam Sharma,a,† Akhil Venugopal,a,b,† Claudia Martínez Verdi,a Mauri Serra Roger,a Annalisa 
Calòb,c,d and Mohit Kumar*a,b,e 

Chirality is one of the hallmark of biomolecules. Here we utilize 
heparin, a chiral biomolecule and a potent drug, to induce chiral 
organization into the assembly of achiral molecule. Polyanionic 
heparin binds with dicationic perylenediimide derivative to induce 
supramolecular helical organization in aqueous medium as well as 
in a highly competitive cell culture medium.  

Helical supramolecular polymers, formed by the self-assembly 
of chiral molecules, have been extensively investigated as a 
model system to understand homochiral preference in nature 
and for various chiroptical functionalities.1-11 More recently, it 
has been shown that the presence of chiral guest molecules, 
chiral solvents or other chiral forces can induce supramolecular 
chirality into the self-assembly of achiral molecules.12-18 Such 
chiral guest assisted induction of chirality has resulted in various 
helical supramolecular polymers for applications in asymmetric 
catalysis, chiral separation, circularly polarized luminescence, 
detection of stereoisomeric purity etc.19-25 However, induction 
of chirality upon binding with biomolecular chiral guests are less 
investigated but opens up new avenues for biotechnological 
applications like sensing and diagnostics.26-30 In this regard, 
George and coworkers among others have demonstrated 
adenosine phosphate binding induced supramolecular helicity 
for probing biochemical reactions, actin mimetic seeded 
supramolecular polymerization, chemically fueled transient 
helical structure etc.26, 31-35 However, use of heparin, which is a 
chiral biomolecule and a drug, to induce supramolecular order 
and helicity into the assembly of functional molecules will be of 
potential use in diagnostics and therapeutics. 

Heparin is a chiral, naturally occurring polysaccharide that is 
widely used in medicine for its anti-coagulant properties.36 

Scheme 1. Schematic representation of a) heparin binding induced chiral self-
assembly of 1 and b) molecular structure of 1 and heparin.

Because of its biomedical relevance, heparin responsive 
molecular and supramolecular systems have been an active 
area of research. The polyanionic nature of heparin, due to the 
high degree of sulfation, has been used to bind to positively 
charged molecules, self-assembled systems, nanoparticles for 
sensing applications.37-40 Even though heparin responsive 
supramolecular polymers are known, heparin binding induced 
supramolecular chirality is very rarely reported.41-44 
Furthermore, heparin induced chiral organization on well-
known arylene diimides derivatives is never reported, and thus 
will be of significant interest in various chirotechnological 
applications. 

Here we report heparin binding induced supramolecular 
chirality into the self-assembly of perylene diimide (PDI) 
derivative 1 (Scheme 1). The molecular design of 1 includes i) a 
PDI aromatic core which has been shown to self-assemble in 
water due to π-π interaction and, ii) positively charged 
trimethylammonium derivative which can electrostatically bind 
to negatively charged heparin. We demonstrate that the 
negatively charged, chiral heparin biopolymer binds to the 
positively charged 1 to facilitate self-assembly and induce 
supramolecular chirality into the self-assembly of achiral PDI 
derivative. Previous reports on self-assembly of 1 and similar 
PDI derivatives have been about demonstrating the role of 
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Figure 1. a) UV-Vis absorption spectra of 1 (0.05 mM) in varying % of water in DMSO and 
b) Partial NMR spectra showing aromatic region of 1 (1 mM) in DMSO-d6, 50 % D2O and 
in D2O alone.

solvents in self-assembly, charge transfer complexation, protein 
sensing,45-47 including adenosine triphosphate responsive chiral 
assembly.26, 30  Here, for the first time, we demonstrate heparin 
binding assisted supramolecular ordering and induction of 
helicity into self-assembly of 1 in aqueous as well as in biological 
cell culture medium.

The self-assembly of 1 was investigated in different solvent 
compositions of DMSO-water by recording both the UV-Vis 
absorption and emission spectra. The compound 1 was 
monomeric in DMSO (0.05 mM) as evident from the well-
defined vibronic absorption bands with peaks at 492 nm (S0-1 

band), 530 nm (S0-0 band) (Figure 1a). Upon increasing 
percentage of water, we observe a broadening of these bands 
with a continuous decrease in absorbance of the 530 nm band 
without significant change in the 492 nm band. This leads to a 
change in which the 500 nm peak becomes the absorption 
maxima in 99% water compared to 530 nm band in DMSO i.e. a 
30 nm blue shift.48 These spectral features indicate the 
formation of a face-to-face H-aggregate of 1 in water.45, 49-50 
Furthermore, the ratio of absorbance at S0-0 to S0-1 band (S0-0/S0-

1), which is known to be a signature of self-assembly in PDI 
derivative, decreased from 1.5 in DMSO to 0.7 in 99% water, 
further confirming the self-assembly of 1 in water. 

The fluorescence spectra of 1 in DMSO shows sharp emission 
bands at 550 nm with a shoulder at 585 nm which is known to 
originate from the monomeric form of PDI (Figure S1). Upon 
self-assembly of 1 in increasing percentage of water, we 
observe that the fluorescence spectral features are similar to 
the monomeric form which was further validated by the 
excitation spectra (Figure S1c). Thus, we confirm that the self-
assembly of 1 in increasing % of water result in non-fluorescent 
H-aggregates, and any observed fluorescence arises from the 
residual monomers. Unexpectedly, we observed an increase in 
monomeric fluorescence intensity till 40% water followed by 
fluorescence quenching till 99% water. Similar observation was 
recently reported by Rao and coworkers and it was assigned to 
be due to preferential solvation.45 However, we could not 
extrapolate this reported explanation in our case as it was not 
consistent with all of our observations. Thus, we performed

Figure 2. a) Absorption and b) emission spectra of 1 in the presence of different 
concentrations of heparin; c) Visible (above) and fluorescence (under 365 nm UV light, 
below) photographs of 1 before and after the addition of heparin; and d) Variation of 
zeta potential of self-assembled 1 in the presence of different concentrations of heparin 
in 99% water. Concentration of 1 = 0.05 mM; solvent: 99% water in DMSO, optical path 
length for absorption spectra= 10mm and for fluorescence spectra= 1mm. 

detailed investigation to reveal that the inherent quantum yield 
of the monomers of 1 is much higher in 40% water (44% 
quantum yield) compared to DMSO alone (7% quantum yield) 
as shown in Figure S2. Thus, even though the concentrations of 
monomers decrease with increasing water ratio, the 
fluorescence intensity is much higher in 40% water compared 
to DMSO. Furthermore, the photos of the sample solutions 
show visible color change in line with the spectroscopic 
observations, to confirm the formation of self-assembled 1 
(Figure S1b). Further analysis with the 1H NMR spectroscopy 
shows broadening and upfield shift of the aromatic protons of 
1 from 8.85 to 7.84 ppm upon going from DMSO-d6 to D2O 
(Figure 1b). These observations clearly indicate water assisted 
self-assembly of 1 through π-π interactions of PDI (Scheme 1). 

Having investigated the self-assembly of 1, we probed the 
effects of binding with heparin leading to co-assembly of 1 with 
heparin. Thus, increasing amount of heparin was added to a 
pre-assembled solution of 1 in 99% water and the changes were 
monitored with absorption spectroscopy (Figure 2a). We 
observed a gradual broadening of the peaks along with a 
decrease in absorbance and the appearance of a new broad 
band at around 600 nm, with an isosbestic point at 575 nm. 
These clearly indicate a supramolecular reconfiguration of self-
assembly of 1 upon binding with heparin. Furthermore, the S0-0 

/S0-1 band ratios decreased from 0.7 to 0.5 (Figure S3) and the 
fluorescence measurements showed a continuous quenching of 
emission (Figure 2b). Additionally, the photos of the sample 
solutions under ambient condition and under 365 nm light show 
visible color change and fluorescence quenching, further 
confirming the co-assembly between heparin and 1 (Figure 2c). 
These data clearly indicate heparin binding induced enhanced 
intermolecular interaction of 1 leading to supramolecular 
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Figure 3.  TEM images in the absence a) and presence b) of heparin showing heparin-
induced self-assembly of 1. c) and d) are the corresponding AFM images of samples 
without and with heparin respectively. Concentration of 1 = 0.05 mM; solvent: 99% 
water in DMSO, concentration of heparin = 25.8 μg/ml. TEM samples were stained with 
2% Uranyl acetate solution. In the literature, self-assembly of 1 in water is shown to form 
nanofibers in water, but they were reported in 2-10 times higher concentration than our 
working concentration.30, 45

reorganization. To confirm the type of interaction between 
heparin and 1, zeta potential measurements were performed. 
The positive zeta potential of self-assembled 1 (+52.3 mV) 
decreased substantially and ultimately become negative (-47.7 
mV) with the addition of heparin (Figure 2d). The change in zeta 
potential value clearly confirms that the electrostatic 
interaction between the positively charged 1 and negatively 
charged heparin is responsible for the binding. Furthermore, 
Dynamic light scattering (DLS) experiment also demonstrated a 
change in size distribution of the self-assembled structure upon 
binding with heparin, indicating a change in supramolecular 
order (Figure S8). 

Till now, we have shown that heparin successfully binds to both 
the self-assembled and the monomeric form of 1 which result 
in spectroscopic changes that indicate supramolecular 
reorganization. We next used the transmission electron 
microscopy (TEM) and atomic force microscopy (AFM) 
techniques to understand the morphological transformation 
associated with heparin binding. Thus, a sample of 1 in 99% 
water (with or without heparin) was drop-casted and dried on 
TEM grid for TEM imaging and the same was done on mica for 
AFM imaging. TEM micrographs show the formation of self-
assembled structures of 1 which are not fully well-defined, but 
could be bundles of short fibers and they were sparsely 

populated (Figure 3a, c, S4 and S6).  Interestingly, binding of 
heparin resulted in the formation of well-defined fibers which 
are visibly abundant in all the micrographs (Figure 3b, d, S5 and 
S6). We could not observe individual fibers due to the tendency 
of these nanostructures to form bundles, probably because 
polymeric heparin can bind to multiple fibers simultaneously. 
However, AFM height analysis provided insight into the 
molecular organization within the nanostructure (Figure S7). 
The thickness of some of the fibers was obtained from the 
height analysis of the nanostructures using AFM. The thinnest 
fibers were approximately 4 nm in height. Since the molecular 
length of 1 is around 2 nm and the width of the heparin chain is 
of the order of 1 nm, the 4 nm fiber height is consistent with 1 
bound by heparin on both sides and the length of fiber is 
expected to be the direction of π-π interactions, as shown in 
scheme 1 and scheme S1. 

After confirming the heparin binding induced supramolecular 
transformation, we next probed the ability of heparin to induce 
chiral organization into the assembly of achiral 1. Thus, the 
circular dichroism (CD) measurements of 1 in the absence and 
presence of heparin were performed. Derivative 1 is 
molecularly achiral and therefore its self-assembly in 99% water 
do not show any CD signal (Figure 4a and Figure S10), indicating 
achiral or racemic organization. However, binding of heparin, as 
the chiral guest molecule, to self-assembled 1 is expected to 
result in a chiral complex with defined CD signal. We observed 
that the addition of heparin to a solution of 1 in 99% water 
resulted in a positive monosignated CD signal with peak maxima 
at 510 nm (Figure S10a). This does indicate an induction of 
chirality from heparin to the assembly of 1, but it lacks the 
bisignated CD signal obtained for a typical helical organization. 
Such monosignated CD signal could be due to the asymmetric 
perturbation of the electronic transitions of 1 by the 
neighbouring chiral centres in heparin, without producing a 
helical organization of 1.41 This could be because in 99% water, 
there is stronger intermolecular interactions between the 
molecules of 1 and thus lack the conformational flexibility to 
rearrange into a helical organization upon heparin binding. 

To confirm the above hypothesis, we performed the heparin 
binding measurements of 1 in a sample containing a lower 
percentage of water in which case 1 is expected to be weakly 
assembled. The addition of heparin to a 50% water in DMSO 
solution of 1 demonstrated heparin binding induced self-
assembly as observed by absorption, fluorescence, and NMR 
spectroscopic and zeta potential measurements (Figure S3b,d, 
S11 and S14). Finally, the CD measurements were performed 
upon the addition of heparin to a 50% water in DMSO solution 
of 1. We observed a well-defined negative bisignated CD signal 
with a negative maximum at 510 nm followed by a positive 
maximum at 465 nm (Figure 4a). This clearly confirms heparin 
binding induced excitonic coupling of PDI chromophores of 1
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Figure 4 a) Circular dichroism spectrum of derivative 1 in 50% water in the presence of various concentrations of heparin; b) Circular dichroism spectrum of derivative 1 in 50% fetal 
bovine serum (FBS) in the presence of various concentrations of heparin.  The weak CD signal in b) in the absence of heparin can be due to the presence of small amount of heparin 
in the FBS medium or other protein molecules present in such a complex fluid.

resulting in a left-handed helical assembly. As expected, the 
value of CD signal increased gradually with the increasing 
concentration of heparin. This was also followed by 
morphological transformation from a random aggregate to a 2-
dimensional sheet like structure upon addition of heparin to 1 
in 50% water sample (Figure S9).  Similar bisignated CD signals 
were also obtained with 20% water in DMSO and pure DMSO 
sample further confirming that conformational flexibility within 
the self-assembled structure of 1 is essential for induction of 
supramolecular helicity upon binding with heparin (Figure S10). 
It is to be pointed out that even though 1 is monomeric in 
DMSO, binding to heparin results in aggregation of 1 (Figure S10 
e-f) and therefore CD signal originates from the heparin bound 
self-assembly of 1. To our knowledge, this is the first example 
where heparin has been used as a chiral guest to induce 
supramolecular helicity into the assembly of any arylenediimide 
derivatives and more specifically perylenediimide derivative. 
Moreover, heparin binding experiments were also performed in 
pH 7.4 buffer condition which also showed similar behavior, 
ruling out any pH change based effects (Figure S12, 13).  

Since heparin is a biomolecule which is naturally present in 
human body and is also used as a drug for therapeutic purposes, 
we tested if heparin induced supramolecular helicity can also be 
observed in biologically relevant conditions. Thus, we 
investigated the applicability of our system in fetal bovine 
serum (FBS) which mimic human blood samples and cell culture 
medium. Additionally, heparin binding was investigated in a 

solvent containing 50% aqueous FBS medium in DMSO. We 
observed a similar negative bisignated CD signal with increasing 
signal intensity upon increasing amount of heparin (Figure 4b). 
These changes were also accompanied by the absorption 
spectral changes confirming heparin binding induced 
supramolecular organization of 1 in FBS (Figure S15). It is to be 
noted that heparin binding is challenging in a biological media 
like FBS as it is a complex mix of several proteins, enzymes and 
high concentration of organic and inorganic salts. Our 
observation of successful heparin binding induced 
supramolecular changes into the assembly of 1 in such a highly 
competitive FBS medium clearly indicates the strong affinity 
and the effect of molecular recognition. Furthermore, the 
ability of our system to demonstrate heparin induced 
spectroscopic changes in biological conditions and blood-
mimicking media will be most suited for application in sensing 
and diagnostics.

Conclusions
In summary, we have presented a novel design of heparin 
binding assisted supramolecular organization and induction of 
helicity into the self-assembly of achiral perylenediimide 
chromophores. The cationic achiral PDI derivative binds to 
anionic chiral heparin biomolecule through electrostatic 
interactions to result in the formation of chiral 1-dimensional 
nanostructures. Detailed spectroscopic and microscopic 
investigations provided insights into the mode of self-assembly 
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and the mechanism of chirality induction process. Furthermore, 
the heparin induced supramolecular helicity could also be 
achieved in a highly competitive, cell culture medium like FBS. 
Considering the relevance of heparin as an essential 
biomolecule and a well-known drug, this work will be of 
potential relevance in biomedicine. Our simple and versatile 
design of anionic biopolymer responsive assembly will be 
further studied with other highly relevant biomolecules like 
Chondroitin-Sulphate. 
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