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Hydrogen Bonding Regulated Supramolecular Nanostructures
and Impact on Multivalent Binding

Amrita Sikder®, Debes Ray™, Vinod K Aswal, ™ and Suhrit Ghosh*?

Abstract: This communication reveals H-bonding regulated
nanostructure, thermodynamics and multivalent binding of two bola-
amphiphiles (NDI-1, NDI-2) consisting of a hydrophobic
naphthalene-diimide (NDI), connected to a hydrophilic wedge by a
H-bonding group and a glucose moiety on its two arms. They differ
by the single H-bonding group, namely hydrazide and amide, which
triggers formation of vesicle and cylindrical micelle, respectively. H-
bonding among the rigid hydrazides in NDI-1 contributes to a major
enthalpy gain and relatively less entropy gain. For NDI-2, a relatively
less enthalpy gain is compensated by the additional entropy
originated from the conformational freedom of the open structure.
Although the extended H-bonding ensures stacking with head-to-
head orientation and multiple array of the appended glucose
moieties in both systems, adaptive cylindrical structure exhibits
superior multivalent binding with Concanavalin (ConA) than that of
the vesicle. Control amphiphile (NDI-3), lacking any H-bonding group,
assembles with random lateral orientation, producing spherical
micelle without any notable multivalent binding.

Aggregation of amphiphilic molecules ™ and macromolecules
produce wide ranging nanostructures depending on the structure
of the unimer. Surface functional group display in these
nanostructures endows multivalent binding ®! with cell surface,
protein,”! DNA,®®! heparin!”? and other biological targets which
has important applications. To achieve effective and specific
multivalent binding in the complex biological milieu, it requires
precise engineering of these nanostructures by taking into
consideration of several issues such as stability, morphology,
surface functional group display and density, adaptability and so
on. In this regard, supramolecular polymers of m-systems in
water ® 9 appear promising owing to their precise internal order,
stability, optical properties and the possibility to fine tune the
structural parameters by directional molecular interaction unlike
the immiscibility driven aggregation of classical amphiphiles. We
have recently developed ™ a supramolecular strategy that
enables H-bonding regulated unidirectional assembly of a bola-
shape m-amphiphile (NDI-1a, Scheme 1) and construction of
unsymmetric vesicle. The propensity of the H-bonded chain of
the hydrazides to remain shielded at the inner wall prevailed
over electrostatic and/or steric factors resulting in display of the
anionic groups at the outer surface. To test the scope of this
design for synthesis of precision nanostructures with desired
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functional group display and multivalent binding with biological
targets, we have studied a few new NDI-derived unsymmetric
bola-amphiphiles (Scheme 1). NDI-1 and NDI-2 differ merely by
the H-bonding group, hydrazide and amide, respectively, while
NDI-3 lacks any H-bonding functionality. All of them contain a
glucose so that the impact of the supramolecular assembly on
multivalent binding can be studied using Lectin as the model
biological target. *¥ This communication reveals the remarkable
impact of a marginal structural difference in the unimer on the
morphology, thermodynamics and multivalent binding ability of
the resulting nanostructures.
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Scheme 1. Structure of various NDI-amphiphiles

Dynamic light scattering (DLS) of NDI-1 showed a sharp peak
with average Dy, of ~160 nm while that for NDI-2 indicated much
larger aggregates (Fig 1a). Transmission electron microscopy
(TEM) images (Fig 1b, S1) showed hollow spherical structures
for NDI-1 with diameter in the range of 150-200 nm
corroborating with the DLS. UV/Vis spectra (Fig S2) of Calcein
treated NDI-1 aggregates revealed 13 % dye loading efficiency
which matches with reported values for vesicles of comparable
size.? Absorption normalized florescence intensity of the
entrapped Calcein was found to be significantly less (Fig S2)
compared to that of the free dye in water, which typically has
been attributed to self-quenching of the dye in the water filled
lacuna of vesicles.*® These observations corroborate with our
previous reports®® in supporting vesicular assembly of NDI-1. In
sharp contrast, TEM image of NDI-2 (Fig 1c, S1) showed 1D
fibrils with diameter of ~ 25-30 nm and length extending over a
few micrometers. ' Differing with both, NDI-3 formed
relatively smaller spherical particles (Fig 1d, S1) with diameter in
the range of 40-60 nm which was consistent with DLS (Fig 1a)
revealing Dy of 50-60 nm. To further elucidate the morphological
differences, small-angle neutron scattering (SANS) experiments
were performed (Fig 2). *® The SANS data from NDI-1 was
analyzed using a model of unilamellar vesicles (ULV). In the low-
Q region (< 0.05 A, the scattering intensity decreased in a
straight line as 1/Q? indicating presence of large vesicles. At
higher Q values (> 0.05 A™), there was increase in the drop of
the intensity and a minimum was observed, which depends on
the thickness of the hydrophobic component (monolayer). These
ULVs thus were characterized by the monolayer thickness (t) =
12.1+0.7 A as the measurement of the radius of the vesicle (R,)
was limited by the Qmin of the SANS instrument.
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Fig 1. a) Particle size distribution of different aggregates obtained from DLS;
TEM images of nanostructures obtained from aqueous solution of b) NDI-1, c¢)
NDI-2 and d) NDI-3. C = 1.0 mM. Black spots in b) could be drying artifacts.
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Fig 2. SANS plot of the scattering intensity as a function of scattering vector Q
for NDI-amphiphiles. The plots for NDI-2 and NDI-3 are vertically shifted for
clarity.

The absence of lower cut-offs in the data indicates that the radii
of the vesicles could be larger than what could be determined
from the present Qmin and therefore the radius of the vesicle was
kept fixed at a higher value than to a value of 211/Qmin, i.e., ~350
A. The inaccessibility of the SANS data at low-Q has been
addressed with the use of static light scattering (SLS) technique.
From SLS, using Guinier approximation (Fig S3), the radius of
the vesicles was found to be ~72 nm which is in close
agreement with the hydrodynamic radius Rn (~ 75 nm) obtained
from DLS.The SANS data of NDI-2 was distinctly different and
analyzed using a model of long cylinders. In the low-Q region of
the data, the scattering intensity decreased following a power
law as 1/Q indicating the formation of long cylindrical micelles.
These cylinders were characterized by the cross-sectional
radius (Rer) = 13.240.8 A while the measurement of their length
(L) was limited by the Qmin of the instrument. Noteworthy that the
diameter of the fibers was estimated to be 25-30 nm from TEM
image (Fig 2c). The difference can be attributed to the lateral
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clustering of the individual fibers in the dry state TEM while
SANS could probe the diameter of the single fiber. On the other
hand, NDI-3 was found to consist of spherical micelles with core
radius (Rc) = 11.8+0.7 A and the polydispersity (o) = 0.22+0.03.
Thermodynamic parameters associated with aggregation were
estimated (Table 1) from the isothermal titration calorimetry
(1TC). ® Fig 3 shows an ITC dilution experiment of NDI-1
revealing an endothermic heat flow which saturated beyond a
certain concentration. The experiment was repeated for two
more times (Fig S4) while consistent results were obtained. The
initial heat change was assigned to the heat of dissociation while
beyond the saturation only the heat of dilution persisted.
Likewise ITC experiments were performed for NDI-2 and NDI-3
(each in triplicate) which revealed similar trends (Fig S5,
S6).The saturation concentration was considered as the critical
aggregation concentration (CAC) while the difference of heat
between the initial and final state was taken as the enthalpy of
aggregation (AH). For NDI-1, concentration dependent UV/Vis
studies (Fig S7) revealed a CAC value of 0.17 mM which
corroborated with the ITC estimated value (Table 1). The free
energy (AG) and the entropy (AS) of aggregation were
estimated using these ITC data following reported procedure
(see Sl for detail). AH and CAC varied in the order NDI-1 > NDI-
2 > NDI-3 and NDI-1 < NDI-2 < NDI-3, respectively, which is
attributed to a relatively stronger H-bonding between hydrazides
than amides ™! and lack of H-bonding in NDI-3.
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Fig 3. a) Heat release per injection of an aqueous solution of NDI-1 in ITC
dilution experiment (C=5.0 mM, T= 25 °C) and b) corresponding enthalpogram.
Table 1. Thermodynamic parameters (average values have been reported

from three independent ITC experiments) associated with the aggregation of
various NDI derivatives.

System CAC (mM) AH AS AG
(kCalMm™) (CaM™*K™) (kCalM™)
NDI-1 0.15+0.02 -3.9+0.04 4.4+0.1 -5.2+0.04
NDI-2 0.29+0.03 -0.65+0.05 13.240.1 -4.8+0.05
ND- 3 0.4+0.05 -0.4+0.04 13.90.3 -4.5+0.07

FT-IR spectra (Fig S8) of NDI-1 in THF showed a distinct peak
at 1702 cm™ assigned to the CO stretching of the non-bonded
hydrazide which shifted to 1672 cm™in D,O and also in bulk
suggesting H-bonding. For NDI-2, the amide carbonyl stretching
peak merged with the imide carbonyl peaks of NDI and thus
guantitative analysis was not possible. However, by comparing
the spectra in THF, D,O and bulk (Fig S9), H-bonding among
the amide groups was evident in D;O. Positive AS values
indicated entropically favourable supramolecular assembly in all
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three systems ™ and attributed to the hydrophobic effect 9
due to the release of the surrounding water molecules during
aggregation. Nevertheless, significantly higher AS values
estimated for NDI-2 and NDI-3 compared to NDI-1 cannot be
rationalized only by the hydrophobic effect as the w-surface
remains the same in all three systems. Possibly, 1D fibrils of
NDI-2 enjoys more conformational freedom than vesicles of NDI-
1 and therefore the former is entropically more favourable. On
the other hand, lack of any H-bonding induced restriction makes
the NDI-3 aggregates more disordered and dynamic which
contributed to the enhanced entropy. It is noteworthy that by
enthalpy-entropy compensation, the AG values appear to be
comparable for all the three systems.

We examined the impact of supramolecular structure on the
binding affinity with a lectin protein ConcanavalinA (ConA) which
specifically binds with a-D-mannosyl and a-D-
glucosyl ligands.™ When aqueous solutions of NDI-1 or NDI-2
were treated with ConA, the mixture instantly became turbid (Fig
4) indicating efficient glycocluster effect. In sharp contrast, a
mixture of ConA and NDI-3 did not produce much turbidy
suggesting lack of efficient binding. Optical density (at 420 nm)
as a function of time showed a sharp rise for both NDI-1 and
NDI-2 up to first 2 minutes after mixing followed by saturation
indicating fast binding. Higher optical density in case of NDI-2
than NDI-1 may suggest enhanced glycoclustering in presence
of the linear supramoleular structure. To estimate the binding
affinities, fluorescence quenching titration was performed using
fluorescein  isothiocyanate tagged ConA (FITC-ConA).
Fluorescence intensity of FITC-ConA decreased by ~ 80 % upon
gradual addition of NDI-1 (Fig 4)?” and from these data K, was
estimated to be 3.2x10° M using the Steck-Wallack plot #Y (Fig
4d) which is in the similar range with  polymeric
nanostructures.™ In sharp contrast, negligible florescence
change was noticed (Fig S10) for NDI-3 which suggested lack of
any multi-valent binding.”? When similar experiment was
performed with NDI-2 (Fig S11), the K, (1.35x10* M™) was found
to be almost an order of magnitude higher than NDI-1
suggesting cylindrical structure to have even superior impact
than vesicular structure for multivalent binding.
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Fig 4. a) Variation of absorbance at 420 nm as a result of scattering in the
mixture of Con A and NDI-derivatives (C=1.0 mM); b) Picture of aqueous
dispersions of (i) NDI-1 (ii) NDI-1+ConA (iii) NDI-2 and (iii) and (iv) NDI-
2+ConA (C=1.0 mM); c) Change in fluorescence intensity of FITC ConA with
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gradual addition of NDI-1(C=0.1 mg/mL, Ama= 480 nm); d) Steck- Wallack plot
of fluorescence intensity change in FITC-ConA with NDI-1; e) Relative K,
values for binding of ConA with various NDI derivatives (Scheme 1 or 2).

A model to rationalize the observed variations has been
proposed in Scheme 2. Involvement of H-bonding among the
hydrazides in the t-stacked assembly of NDI-1 ensures a fixed
uni-lateral orientation of leading to the formation of unsymmetric
vesicles. Excellent binding efficiency with ConA confirms the
display of the glucose moieties in the outer surface of the vesicle
which is consistent with our earlier report. @ In our earlier report,
% jt was shown that the functional group display depends on the
location of the hydrazide group as the direction of the curvature
was determined by the preference of the H-bonded chain to
remain at the inner wall of the vesicle. To verify whether a
similar control exists in the present system, NDI-4 (Scheme 2)
was studied which differs with NDI-1 merely by the location of
the hydrazide group. UV/Vis and DLS experiments (Fig S12)
confirmed aqueous aggregates of NDI-4. However, unlike NDI-1,
in this case no glycocluster effect was noticed (Fig S13). Binding
study with FITC-ConA revealed (Fig S14) negligible change in
the fluorescence intensity indicating lack of multi-valent binding.
Such sharp contrast between NDI-1 and NDI-4 ascertains that
the surface display of the sugar units is regulated solely by the
location of the hydrazide group. To further examine whether all
the glucose moieties in NDI-1 were displayed at the outer wall,
its binding affinity was compared with NDI-5 (Scheme 2), having
sugar moieties in both ends. It also showed signature of
aggregation in water as evident from UV/ Vis and DLS (Fig S15).
In this case K, was estimated to be 1.7x10° M™* from
fluorescence studies (Fig S16). The fact that K, for NDI-1 is
even higher than that of NDI-5 strongly favors the hypothesis on
uni-directional orientation of NDI-1 in vesicular assembly
(Scheme 2). Slightly lower value for NDI-5 may be related to its
restricted mobility due to the presence of two hydrazide groups.
On the other hand, NDI-3, lacking any H-bonding restriction,
stacks with irregular lateral orientation leading to the micellar
structure with random distribution of the oligo-oxyethylene
wedge and the sugar groups on the surface resulting in
negligible glycocluster effect. Lack of accessibility of the ligand
due to crowding might have also inhibited efficient interaction.
Interesting is the comparison between NDI-1 and NDI-2. A mere
difference in the nature of the H-bonding group appears to make
a sea change in the morphology which can be attributed to the
difference in internal order of the molecular assembly in these
two systems which was evident from their UV/Vis spectra (Fig
S17). Firstly, the UV/Vis spectra of all three systems in water
indicated Tr-stacking. ¥ But for NDI-2, the spectrum showed a
more prominent bathochromic shift (6 nm) and a red-shifted
band appeared at 387 nm indicating longitudinal displacement of
the chromophores ¥ which possibly triggered the formation of
elongated 1D structure. In contrast for NDI-1, the distinct H-
bonding motif of the hydrazide compelled a face to face stacking
and provided the curvature for vesicular structure. Open chain
1D structure of NDI-2 is expected to be more adaptive than NDI-
1 vesicle, rendering better glycocluster effect which requires
adjustment of the conformation of the multi-valent ligand to
simultaneously binds to the four binding centers of the tetrameric
ConA.1
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Scheme 2. a) Schematic depiction of various nanostructures produced by
NDI-amphiphiles. While this scheme shows uni-directional orientation and
functional group display and corroborates with the experimental results, in
reality some minor deviation cannot be eliminated; b) Structure of the sugar
containing control NDI-amphiphiles.

Overall, we have shown that H-bonding can restrict the lateral
orientation of the unimers in the assembly of unsymmetric -
amphiphiles and renders an excellent display of ligands. H-
bonding also affects the internal order and thus controls the
morphology, thermodynamics and adaptability of the resulting
nanostructures which strongly impact the multi-valent binding.
Cylindrical structure *® performs better than spherical vesicles.
Packing parameter ! dependent morphology variation and the
effect on the multivalent binding and other events have been
reported. 7 However, it requires a substantial structural
modification and mass change. This communication shows the
possibility to achieve the same by a minimal change in the
structure as the self-assembly is governed by directional
molecular interaction, and thus advocates its enormous potential
for precision nanostructures and complex biological function.?®
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which makes a strong impact on the multivalent binding
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