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This communication reveals the synthesis of lipid-encased chiral
supramolecular polymer nanorods (SPNRs) in water from a hydro-
phobic naphthalene-diimide derivative by the nanoprecipitation
technique. The as-prepared SPNRs exhibit exceptional thermal
stability (T, > 90 °C), excellent photoluminescence (@ > 0.5 com-
pared to <0.01 of the monomeric dye) and circularly polarized
luminescence with a very high chiral dissymmetry factor (g.um) of
~0.8 x 10~* which has rarely been reported for any supramolecular
polymer.

Supramolecular polymers of n-systems have emerged as an
important inter-disciplinary research area in the past two
decades.” While exploring them as functional materials con-
tinues to be an active area,” recently the focus has been shifted
to pathway complexity and controlled/living supramolecular
polymerization.” In majority of examples,’” supramolecular
polymerization has been shown in less-polarizable solvents,
wherein H-bonding and n-stacking display prominent effects.
More recently their aqueous supramolecular assembly has also
been studied with great interest,* especially due to their poten-
tial application as supramolecular biomaterials.” Although
structurally diverse z-systems have been tested for supramole-
cular polymerization,"™ most of them exhibit fluorescence
quenching in the polymeric state, whether in hydrocarbon or
in water, which limits the scope of their wider applications in
biology or materials science. Recently we have reported co-
operative supramolecular polymerization of a core-substituted
naphthalene-diimide (NDI) derivative (NDI-1, Scheme 1) in
decane with a highly fluorescent chiral nanostructure and cir-
cularly polarized luminescence (CPL).° Inspired by such excel-
lent chirotopic and optical properties, we recognized that the
scope of this system for biological applications would be much
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broader if such properties can be realized in aqueous media.
Instead of designing a new water-soluble derivative of the
same chromophore (which invariably comes with the uncer-
tainty of realizing similar photophysical effects), we have dis-
persed the hydrophobic NDI-1 itself in water with the aid of a
commercially available polyethylene-glycol attached phospholi-
pid (DSPE-PEG, Scheme 1). In a broader sense, conceptually
similar strategies are well-established for the preparation of
nanoparticles from conjugated polymers’ in water, which
show promising results for various biological applications.®
Despite growing interest in this field, such examples of par-
ticulate colloids® derived from supramolecular polymers are
limited to only a handful of systems.'®* In this communi-
cation we report the synthesis of lipid-encased supramolecular
polymer nanorods (SPNRs) in water from hydrophobic NDI-1
with tunable size and illustrate remarkable confinement
effects on the thermodynamic stability, photoluminescence
and chiroptical properties.

DSPE-PEG lipid encapsulated SPNRs of NDI-1 were syn-
thesized by a modified nanoprecipitation method
(Scheme 2a).'°*"* A solution of DSPE-PEG (4.0 mg) and NDI-1
(1.0 mg) in THF was injected into excess water, sonicated for a
few minutes and allowed to stir overnight at 50 °C to evaporate
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Scheme 1 Structures of (S, S) NDI-1 and DSPE-PEG.
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Scheme 2 (a) UV/Vis spectra (I = 1.0 cm) of monomeric NDI-1 in THF
(c = 0.35 mM), the sample obtained just after injecting NDI-1 (0.1 mg) +
DSPE-PEG (4 mg) solution in THF (300 pL) into water (2000 pL) (O min)
and the sample two hours after being kept at 50 °C in the cuvette
without a lid; (b) change in absorption intensity at 554 nm as a function
of time when the THF solution was injected into water and left at 50 °C
with an open lid; and (c) schematic representation of the possible
growth process during the synthesis of SPNRs.

THF producing a homogeneous dispersion. Thereafter the
solution was dialysed and then filtered to ensure removal of
any residual THF or smaller particles. The homogeneous dis-
persion, labelled as SPNR-1, appeared highly fluorescent
under a UV-lamp, in sharp contrast to the monomeric dye in
THF (Fig. 1a). In contrast, when an NDI-1 solution in THF
(0.1 mg in 0.3 mL) was injected into water (2.7 mL) in the
absence of any lipid, immediately a red solid precipitated out
(Fig. S17), indicating the essential role of the DSPE-PEG in pro-
ducing a stable colloidal dispersion.

Dynamic light scattering (DLS) studies with SPNR-1
revealed (Fig. 1b) an average hydrodynamic diameter (Dy,) of
220 nm while the aqueous dispersion of only DSPA-PEG
showed a Dy, of 12 nm.

The transmission electron microscopy (TEM) image (Fig. 1c)
showed quite uniform nanorod morphology with lengths in a
range of 170-230 nm and widths of ~40-60 nm. The relatively
larger diameter of the SPNRs in DLS than their estimated
length in TEM can be attributed to drying effects during TEM
sample preparation.'* DSPA-PEG alone, in contrast, showed
(Fig. S27) a spherical micellar morphology with an average dia-
meter of ~10 nm, corroborating with the DLS result. Energy-dis-
persive X-ray spectroscopy (EDS) analysis on SPNR-1 revealed a
strong peak of the element sulphur (Fig. S31) confirming the
presence of sulphur containing NDI-1 in the nanorod. As the
cursory observation (Fig. 1a) indicated strong fluorescence, we
examined the morphology of SPNR-1 by fluorescence
microscopy (Fig. 1d) which showed bright red emitting nano-
rods similar to those observed in TEM. The size and shape of
the nanomaterials often influence their cellular uptake'® and
other properties. For conjugated polymer-based nanoparticles,”
it has been reported that the size can be tuned by varying the
concentration of the polymer and/or its ratio with the lipid. To

7482 | Polym. Chem., 2020, 11, 7481-7486

View Article Online

Polymer Chemistry

b2 r——Fssres

. |~—sPNR-1

=

§ |- SPNR2 [\

g {

o

=

204 /

8

£ !
0.0 /

1 10 100 1000
Hydrodynamic diameter (nm)

Fig.1 (a) Images in the left — monomeric NDI-1 solution in THF
(c = 0.35 mM), middle — SPNR-1 (concentration of NDI-1 = 0.34 mM)
and right — SPNR-2 (concentration of NDI-1 = 0.031 mM) under a UV-
lamp; (b) size distribution of aqueous aggregates of DSPE-PEG (c = 2 mg
mL™Y), SPNR-1 and SPNR-2 from DLS; (c and d) TEM and fluorescence
microscopy images of SPNR-1. Insets show zoomed images from the
selected region marked with a circle. The fluorescence microscopy
image does not represent the actual emission colour (a) as the image
was acquired by setting the red filter which cuts off any light outside its
wavelength window.

test such possibilities, we repeated a similar formulation of
SPNR synthesis by lowering the amount of NDI-1 by ten times
and keeping all other parameters the same, which also pro-
duced a similar fluorescent pellucid suspension (SPNR-2,
Fig. 1a). DLS (Fig. 1b) showed a sharp peak with an average Dy,
of 51 nm suggesting the formation of significantly smaller
nanorods which was confirmed by TEM (Fig. S4at) and fluo-
rescence microscopy (Fig. S4bt) images.

The UV/Vis spectra of SPNR-1 showed a significant batho-
chromically shifted (~35 nm) sharp absorption band in the
window of 450-550 nm for both SPNR-1 and SPNR-2 compared
to the monomeric NDI-1 in THF (Fig. 2). Such a bathochromi-
cally shifted absorption spectrum is the typical signature of
J-aggregation and can be attributed to the allowed optical exci-
tation from the ground state to the lower energy excitonic
state.'® Identical UV/Vis spectra of SPNRs in water and the
supramolecular polymer of NDI-1 in decane® confirmed
similar J-aggregation of NDI-1 in the lipid-coated confined
environment in water. The fluorescence spectra of SPNR-1 or
SPNR-2 in water (Fig. 2) were also identical to that of NDI-1 in
decane and exhibited a typical signature of J-aggregation with
a perfect mirror-image symmetry with the absorption bands
and relatively small Stoke’s shift of about 20 nm compared to
43 nm for the broad and weak emission bands of the mono-
meric dye in THF.

This is consistent with typical J-aggregation and can be
attributed to the localization of the excitation energy.'® The

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Normalized absorbance (dashed lines) and emission (solid lines)
spectra of NDI-1 (c = 0.35 mM) in THF (black) and decane (red), SPNR-1
(blue) and SPNR-2 (green) at 25 °C; concentration of NDI-1 = 0.34 mM
and 0.031 mM in SPNR-1 and SPNR-2, respectively; Aex = 500 nm.

fluorescence quantum yields (@) of SPNR-1 and SPNR-2 were
estimated (by an absolute method) to be 53% and 55%,
respectively, while that for the monomeric NDI-1 in THF was
found to be merely 0.5%, indicating a two orders of magnitude
increase for the confined supramolecular polymer. The @
values for the SPNRs were even significantly higher than those
of the supramolecular polymer of NDI-1 (43%) in decane,®
although similar J-aggregates were observed in both cases.
This can be attributed to the minimized non-radiative decay in
SPNRs by solvent quenching and others as the emitting supra-
molecular polymers, insulated by the lipid casing, are pro-
tected from the bulk solvent. Such high photoluminescence
quantum efficiency has rarely been reported'” for supramole-
cular assemblies of n-systems'® and to our knowledge this is a
new benchmark for supramolecular assemblies in aqueous
media.

To understand the growth process of SPNRs, the UV/Vis
spectra (Scheme 2a and b) of the sample were monitored
during THF removal at a fixed temperature of 50 °C. Just after
the injection of the mixed solution of the monomeric NDI-1 +
DSPE-PEG in THF into excess water, a broad spectrum was
observed with a predominant monomeric band (Amax
521 nm). However, it was neither similar to that of the
monomer in THF nor the J-aggregate in the SPNRs
(Scheme 2a). The intensity of the J-aggregate band (monitored
at 554 nm) showed no change up to about 60 min and then
increased abruptly and saturated after 90 min (Scheme 2b).
The spectrum recorded after 2 h showed the appearance of a
sharp bathochromically shifted absorption band confirming
well-defined J-aggregation.

Based on these observations, it is proposed (Scheme 2c)
that when the molecularly dissolved NDI-1 and lipid mixture
in THF was injected into water, due to an abrupt change in the
solvent polarity, NDI-1 formed an ill-defined colony. The
hydrophobic tails of the lipid entangled with the hydrocarbon
chains of such loosely bound aggregates, while the hydrophilic
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PEG chains remained exposed to water, preventing visible
phase separation of the cluster. With gradual evaporation,
when the THF concentration reached below a critical value,
the onset of J-aggregation within the lipid-encased NDI-1
cluster was realized while the attached lipid molecules possibly
re-oriented to encase the growing hydrophobic supramolecular
polymer producing a homogeneous dispersion of SPNRs.
Comparing the absorption intensity of the J-band (at 4 =
554 nm) in the SPNR with that of the J-aggregated NDI-1 in
decane (Fig. S51), the encapsulation efficiency was roughly esti-
mated to be 86% and 82%, respectively, for SPNR-1 and
SPNR-2, indicating that such a formulation could be highly
effective for transferring hydrophobic supramolecular poly-
mers to biological media.

Temperature dependent UV/Vis spectra of NDI-1 in decane
(Fig. 3a) showed the disappearance of the J-band and re-
appearance of the monomeric band at elevated temperature,
indicating thermal depolymerization. In sharp contrast,
J-aggregated NDI-1 in SPNR-1 did not show (Fig. 3b) any sig-
nificant spectral change up to 90 °C. Even in SPNR-2 with
10-times less dye concentration, no melting was observed up
to 90 °C (Fig. S67), indicating the remarkable thermal stability
of the SPNR. While such high thermal stability has been
reported for selected examples of supramolecular assem-
blies,'® in this particular case the noteworthy fact is that the
same J-aggregate that melts at 7> 60 °C in decane remains
stable at least up to 90 °C when entrapped in the SPNR, which
can be attributed to the confinement effect. This exceptional
thermal stability of the SPNR was re-confirmed from DSC
traces (Fig. 3d). NDI-1 in decane showed an endothermic peak
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Fig. 3 Temperature dependent UV/Vis spectra ([ = 0.1 cm) of (a) NDI-1
in decane (c = 0.35 mM), (b) SPNR-1 in water (concentration of NDI-1 =
0.34 mM) and (c) corresponding absorbance (at 554 nm) vs. temperature
plot; (d) micro-DSC traces (2nd heating, exo-up) of SPNRs (NDI-1 con-
centration: 0.34 mM and 0.031 mM for SPNR-1 and SPNR-2, respect-
ively), DSPA-PEG (c = 2.0 mg mL™) and NDI-1 in decane (c = 0.35 mM).
In (b), the minor spectral changes (below 450 nm) at 90 °C possibly indi-
cate some molecular reorganization at the elevated temperature.
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(T = 66 °C, AH = 4.1 k] mol™") due to disassembly at T >
60 °C corroborating with the melting curve from UV/Vis
spectra (Fig. 3c), but no such thermal transition was observed
for SPNR-1, SPNR-2 or the lipid itself. The UV/Vis spectra of
SPNR-1, checked after six months, were no different from
those of the freshly prepared sample (Fig. S71) and no visible
precipitation was observed during this time, indicating excel-
lent colloidal stability. We also examined the UV/Vis spectra in
the presence of 5% trifluoro-acetic acid which destroyed the
J-aggregate in decane but not in the SPNR (Fig. S8%), indicating
its stability under harsh acidic conditions as well.

The chirotopic properties®® of SPNR-1 were examined by cir-
cular dichroism (CD) spectroscopy (Fig. 4a). No CD band was
observed for the monomeric dye in THF, but a distinct bisig-
nated CD spectrum was observed for SPNR-1 with a positive
band at An.x = 363 nm followed by a transition at relatively
lower wavelength which was split into two negative bands at
Amax = 493 nm and 530 nm, followed by another transition and
a positive band at A, = 557 nm, indicating the presence of a
chiral supramolecular polymer in the SPNR. SPNR-2 also
showed similar features in its CD spectrum (Fig. S9at). An
identical CD spectrum at 90 °C (Fig. 4a) confirmed the excep-
tional thermal stability as discussed earlier (Fig. 3).

In contrast, the CD bands of the NDI-1 supramolecular
polymer in decane®"?* disappeared (Fig. S107) at elevated
temperature, reiterating the advantage of the lipid-aided
encapsulation strategy for enhanced thermodynamic stability.
To check if such helicity can be probed by microscopy, the
AFM image of SPNR-1 was recorded, which revealed (Fig. S117)
similar nanorod structures to those seen in the TEM and fluo-
rescence microscopy images (Fig. 1). However, the helical
structure could not be visualized which may be related to the
fact that in the present system, the helical supramolecular
polymers are encased by the lipid layer and the resolution of
the technique does not allow the visualization of the micro-
structure of the encapsulated polymers.

SPNR-1 and SPNR-2 were further investigated for circularly
polarized luminescence (CPL),>® which is related to excited
state chirotopic properties and they have been studied with
great interest for different supramolecular assemblies in the
recent past.”>** A prominent CPL band was observed for both
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Fig. 4 (a) CD and (b) CPL spectra of NDI-1 in THF (c = 0.35 mM) and
SPNR-1 in water (NDI-1 concentration = 0.34 mM; [ = 0.1 cm). Molar
ellipticity at Amayx for SPNR-1 (25 °C) was estimated to be 5.36 x 10> M~*
cm™ from the CD spectrum.
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SPNR-1 (Fig. 4b) and SPNR-2 (Fig. S9bt), while it was almost
non-detectable for the monomeric dye in THF.*® Similar to
CD, the CPL spectra also did not show any change (Fig. 4b) at
elevated temperature. From the CPL spectra, the gy, (chiral
dissymmetry factor) was estimated (Fig. S12at) to be ~0.8 x
107" for both the samples which is about two times higher
than that of the NDI-1 supramolecular polymer in decane.®
Even in an absolute scale, this may be considered as an excep-
tionally high value and it ranks amongst the very few topmost
values reported for chiral supramolecular assemblies.?*”

Conclusions

We have demonstrated a simple and generally applicable strat-
egy for transferring hydrophobic supramolecular polymers to
the biological medium by a lipid-aided nanoprecipitation
method which produces well-defined nanorods with tunable
size by varying the monomer/lipid ratio. It exhibits strong
impact in enhancing the thermodynamic stability, photo-
luminescence efficiency and chiroptical properties, all attribu-
ted to the confinement effect. While such nanomaterials
derived from covalent conjugated polymers” or bio-molecules®”
have been studied, supramolecular polymers have not been
explored. The present results open up a new paradigm for the
formulation of well-defined nanostructures from supramolecu-
lar polymers of structurally diverse n-systems for elucidating
their growth mechanism® or crystallization®® in a confined
environment and testing the scope for biological and opto-
electronic applications.
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