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We report three surfactants, with cationic N,N-di-(3-aminopropyl)-N-methylamine (DAPMA) head
groups and aliphatic chains connected via an amide linkage, and investigate their ability to self-assemble

20

and bind polyanionic heparin – a process of potential clinical importance in coagulation control. Modify-

20

ing the hydrophobic chain length tunes the self-assembly event, with C16-DAPMA having the lowest
critical micelle concentration and also being the optimal heparin binder. Remarkably highly structured
hierarchical nanoscale aggregates are formed on binding between the spherical cationic micelles and
linear polyanionic heparin. C14-DAPMA and C16-DAPMA yield organized polycrystalline assemblies as
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observed by transmission electron microscopy (TEM), predicted in solution by mesoscale simulations
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and characterized by small-angle X-ray scattering (SAXS). This confirms that the micelles remain intact
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during the hierarchical assembly process and become packed in a face-centered cubic manner. The
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indicate the impact of hydrophobic modification on self-assembly and heparin binding, demonstrate
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remarkably high stability of these self-assembled micelles even when forming strong electrostatic interwww.rsc.org/MaterialsB
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nanoscale assembly formed by C16-DAPMA showed the highest degree of order. Importantly, these studies

actions with heparin, and provide structural insights into nanoscale hierarchical electrostatic assemblies.

Introduction
Polyanions are ubiquitous in natural systems – from the polynucleotides which control hereditary information to glycosaminoglycans (GAGs) which play vital roles in many biological
processes.1 Binding polyanions is therefore of key importance
in biology and a number of proteins have evolved to this task,
usually by making use of multiple cationic residues, exploiting
electrostatic ion–ion interactions. This binding is relatively
non-directional, but can deliver high amounts of binding
energy, even in highly competitive media such as water, and
can impart surprising levels of selectivity.2 In more general
terms, the use of electrostatic interactions for directed assembly
of nanoscale structured materials has recently become an area of
a
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considerable importance in nanoscience.3 The use of multiple
binding groups, a ‘multivalent’ strategy, is a well-known method
for enhancing binding between nanoscale surfaces in challenging conditions.4 For polyanion binding, multivalent cations are
usually displayed either on (i) cationic polymers, or (ii) cationic
lipids which form polycationic assemblies – these two key
strategies are applied in (e.g.) the delivery of polyanionic genetic
material.5
Heparin is a polyanionic GAG of particular interest owing to
its key roles in biological processes such as blood coagulation
and angiogenesis – it is used as an anti-coagulant during major
surgery and to prevent thrombosis in bed-bound patients.6
In the case of surgical intervention, it is necessary to reverse
the effect of heparin once surgery is complete – there is therefore considerable interest in developing systems which achieve
effective heparin reversal.7 In many cases these heparin binders
are polycationic. Our own research has focused on the development of low-molecular-weight building blocks which form
self-assembled multivalent (SAMul) heparin binders – such
systems have advantages for coagulation control in terms of
synthetic simplicity and tunability, high activity as a result of
multivalent binding and pharmaceutically-useful degradation
and disassembly profiles.8 Given the clinical importance of
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heparin binding,9 it is vital to understand the self-assembly and
binding mechanisms inherent in this SAMul approach.
As noted above, binding events which take place between
oppositely charged polyelectrolytes are the focus of considerable general interest.10 In particular, the interaction between
surfactant micelles and polyelectrolytes has been widely explored
and well-reviewed.11 Such interactions underpin a number of
important consumer applications, including systems for targeted
storage, delivery and controlled release, with the presence of both
polyelectrolyte and oppositely-charged surfactant giving rise to
complementary, and sometimes synergistic eﬀects.12 A number
of fundamental studies have explored the interactions which
underpin this kind of binding, and it is generally understood
that counter-ions are displaced from the micelle surface and
replaced with the polyelectrolyte.13 Li and Wagner tried to
consolidate many of these studies and reported universal binding behaviour for ionic alkyl surfactants with polyanions, noting
the importance of surfactant hydrophobicity and polymer charge
density in controlling cooperative binding strength.14 It has also
been noted that flexibility/rigidity can play important roles in
polyelectrolyte binding.15
With the fundamental interest in this kind of binding
process in mind, and also considering the clinical interest in
heparin binding for the reversal of anti-coagulation therapy
following surgical intervention, we wanted to characterize our
SAMul heparin binders in greater structural detail. Although
such studies have been performed for DNA binding systems,5
there is currently no understanding of heparin binding in these
terms. The aim of this current study was to investigate a minimal
self-assembling system in terms of its heparin-binding ability,
and probe the impact of the hydrophobic region on selfassembly and heparin binding. Most importantly, we aimed to
characterise the self-assembly and binding events across all
length-scales, and for the first time gain insight into the remarkable hierarchical nanoscale assembly processes which take place
when these oppositely charged, and diﬀerently shaped, polyionic
species are brought together.

Results and discussion
Three simple amphiphilic heparin binders were designed with
a polar head group constructed from N,N-di-(3-aminopropyl)-Nmethylamine (DAPMA) and an apolar tail constituted by saturated fatty acids with 14, 16 and 18 carbon atoms (myristic acid,
palmitic acid and stearic acid respectively). The molecules were
constructed using TBTU-mediated peptide coupling with a
Boc-protecting group strategy (Scheme 1), yielding C14DAPMA, C16-DAPMA and C18-DAPMA in good overall yields.
We previously reported C16-DAPMA as part of a study of
ligand eﬀects on polyanion binding.8d In this new study, we
wanted to investigate the impact of hydrophobic chain on selfassembly, heparin binding and nanostructuring – it was
predicted this should modify polyanion binding,14 even
though the hydrophobic unit is not itself directly involved at
the binding interface.
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Scheme 1 Synthesis of target surfactants C14-DAPMA, C16-DAPMA and
C18-DAPMA investigated in this paper as heparin binding agents.
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Table 1 CMC values of assemblies formed by C14-DAPMA, C16-DPAMA
and C18-DAPMA as assessed by Nile Red assay in PBS buﬀer (10 mM), and
Z-average hydrodynamic diameter and z-potential of C14-DAPMA, C16DAPMA and C18-DAPMA derived by DLS (10 mM Tris–HCl, 150 mM NaCl)

20

Sample

CMC (mM)

Diameter (nm)

z-Potential (mV)

C14-DAPMA
C16-DAPMA
C18-DAPMA

116.5  1.4
38.5  0.4
73.0  5.9

5.8  1.6
6.2  1.3
93  26

41.3  1.6
51.7  2.2
54.1  4.2

25
We used a Nile Red assay16 to determine the critical micelle
concentrations (CMCs) of the synthesized amphiphiles in
phosphate buﬀered saline (PBS, 10 mM, Table 1). As expected,
C14-DAPMA has the highest CMC value because it has the
smallest hydrophobic chain and therefore the lowest driving
force for self-assembly. The CMC of C16-DAPMA was significantly lower as the longer chain assists self-assembly. Perhaps
surprisingly, however, the CMC value for C18-DAPMA was
higher than for C16-DAPMA. We suggest this is a result of the
relatively low solubility of C18-DAPMA in PBS buﬀer caused by
the larger hydrophobic block – we have noted for related
compounds that the balance between hydrophobic and hydrophilic block size is important in controlling solubility,8d as is
well-known in surfactant chemistry.17
To characterise the self-assembled nanostructures in more
detail, we employed dynamic light scattering (DLS). The results
(Table 1) indicated that C14-DAPMA and C16-DAPMA
assembled into micelles with diameters of ca. 5.8 nm and
6.2 nm respectively. These sizes are in agreement with expectations for micelles formed from these surfactants packing without overlap of hydrophobic chains. As expected, the aggregates
formed by C16-DAPMA were slightly bigger than those formed
by C14-DAPMA, due to the diﬀerence in length of the hydrocarbon chain, with C16-DAPMA having two additional carbon–
carbon bonds, which results in four additional bonds when the
micelles are formed and packed tail-to-tail, hence giving rise to
the observed micellar size increase. Interestingly, however, DLS
revealed the predominant presence of larger aggregates for
C18-DAPMA (ca. 100 nm). It should be noted that DLS is carried
out at relatively high concentration, and this can encourage
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aggregation into larger structures. Clearly, however, C18DAPMA is more susceptible to this than C14-DAPMA or C16DAPMA. We suggest this is in-line with the visual observation
that the solubility of C18-DAPMA was relatively poor, and
propose that a degree of non-specific aggregation occurs as a
result of the larger hydrophobic block. High z-potentials were
obtained for each of the three binders, indicating the existence
of highly-charged cationic nanoscale surfaces as a result of
protonation of DAPMA at physiological pH values. The zpotential becomes larger as the hydrophobic block becomes
bigger, presumably because there is a greater driving force for
the assembly of positively charged molecular building blocks
into close proximity, enabling the formation of micelles with
higher surface charge density. Furthermore, the larger size of
nanostructures formed by C18-DAPMA may incorporate a
greater total charge and support a greater charge density.
We then went on to perform Mallard Blue (MalB) competition assays to test the heparin binding of each system. In this
methodology,18 the displacement of the dye MalB from its
complex with heparin is monitored using UV-Vis spectroscopy.
This assay enables the calculation of the charge excess (CE50)
corresponding to the number of positive charges needed per
heparin negative charge to obtain 50% displacement of MalB,
the eﬀective concentration (EC50) of binder at the same point
and ‘dose’, which is the mass of binder required to bind 100
international units (IU, the clinical measurement) of heparin.
All three binders bind heparin and displace MalB at micromolar concentrations, indicative of eﬀective self-assembled
multivalent (SAMul) binding (Table 2). Although C18-DAPMA
has the highest z-potential as determined by DLS, this does not
translate into the best binding of polyanionic heparin. Indeed,
among the three binders C16-DAPMA had the highest eﬃciency
in terms of MalB displacement and hence heparin binding.
This would suggest that in the same way that self-assembly and
CMC were optimised for this molecular structure as a result of
it possessing the optimal hydrophobic/hydrophilic balance,
these optimal self-assembly properties are translated into its
heparin binding capability. Nonetheless, all three compounds
were eﬀective heparin binders. It should be noted that heparin
binding occurs at concentrations below the CMC – this is not
surprising as it is well-known that the presence of polyanions
can encourage the self-assembly of oppositely-charged polycations, and lower the effective CMC.19 Furthermore, this provides a mechanism by which optimised self-assembly, as
observed for C16-DAPMA, can be matched with heparin binding, as these two processes act to reinforce one another.

Table 2 CE50, EC50 and dose values obtained for C14-DAPMA, C16DAPMA and C18-DAPMA using MalB competition assay (10 mM Tris–HCl,
150 mM NaCl, pH 7.0)

Sample

CE50

EC50/mM

Dose/mg 100 IU

C14-DAPMA
C16-DAPMA
C18-DAPMA

0.88  0.05
0.64  0.02
0.68  0.09

48  3
34  1
37  5

0.59  0.03
0.46  0.01
0.52  0.07
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Table 3 Average hydrodynamic diameter and z-potential of C14-DAPMA,
C16-DAPMA and C18-DAPMA in the presence of heparin (binders:
1 mg mL 1). Heparin concentration was calculated using a binder–heparin
charge ratio of 2 : 1 resulting in 0.35, 0.37 and 0.39 mg mL 1 of heparin for
C18, C16 and C14, respectively (10 mM Tris–HCl, 150 mM NaCl, pH 7.0)

1

5
Sample

Diameter (nm)

z-Potential (mV)

C14-DAPMA + heparin
C16-DAPMA + heparin
C18-DAPMA + heparin

1321  249
1185  151
480  59

8.0  0.5
26.6  0.8
4.8  0.7

10
We then used DLS in an attempt to characterise the complexes
formed. When the binders (1 mg mL 1) were in the presence of
heparin (at 2 : 1 binder : heparin charge ratio) a significant
increase in size was observed (Table 3). The presence of larger
aggregates when the binders are in the presence of heparin
suggests the formation of agglomerates between the oppositely
charged components, providing further evidence of the existence
of interactions between the binders and heparin. Furthermore, on
binding to heparin, the z-potential decreased, as a result of charge
neutralisation induced by heparin binding – the charge neutralisation was greatest for the least effective binder C14-DAPMA,
while the most effective binder C16-DAPMA, showed the lowest
extent of charge neutralisation – in line with the view that
C16-DAPMA is actually very efficient in using its positive charge
to bind to the fixed amount of heparin present. DLS therefore
suggests a degree of nanoscale aggregation between the polycationic self-assembled micelles and heparin polyanions. The
evolution of hierarchical structures in micelle-polyelectrolyte
systems is a known phenomenon, but has not previously been
explored in detail for heparin binding.20
To probe this process in more depth, we used DLS to study the
impact of the C16-DAPMA : Heparin ratio on hierarchical assembly
and aggregation. Table 4 indicates that as the loading of heparin
increases (going down the table), the size of the assemblies
increases, reflecting increased levels of hierarchical aggregation
of the nanoscale micelles formed by C16-DAPMA. Indeed, even
very small amounts of heparin (10 : 1 ratio) lead to significant
hierarchical aggregation. Furthermore, the z-potential decreases –
reflecting charge neutralisation. Aggregates with zero z-potential
are observed when the nominal charge ratio is ca. 2.25 : 1 suggesting that not all of the micellar cationic sites within the aggregates
need be completely satisfied by binding to an anion on heparin.

Table 4 Average hydrodynamic diameter (measured by volume distribution) and z-potential of C16-DAPMA (always 1 mg mL 1) in the presence of
increasing amounts of heparin (10 mM Tris–HCl, 150 mM NaCl, pH 7.0)

Charge ratio (+ : )

Diameter (nm)

10 : 1
9:1
8:1
7:1
6:1
5:1
4:1
3:1
2:1
1:1

548
700
1059
1142
1064
1117
1512
1422
1730
1486












248
221
412
326
191
314
224
198
448
220
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z-Potential (mV)
43.5
49.1
43.8
45.6
43.3
40.3
31.8
26.5
11.5
23.5












2.4
1.0
1.5
1.0
1.6
3.3
4.1
4.7
0.1
0.7
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To gain greater further insight into the morphologies of the
self-assembled micelles and the way in which they aggregate in
the presence of heparin, we performed transmission electron
microscopy (TEM). TEM images were obtained for each of the
three binders before and after binding to heparin. It should be
noted that TEM imaging is performed on dried samples, and as
such, the drying step may give rise to some morphological
change. Compounds C14-DAPMA and C16-DAPMA both
formed spherical self-assembled nanostructures (Fig. 1a and
b, left), in agreement with DLS. Remarkably, on binding to
heparin, these systems formed highly-organised semicrystalline nanostructured arrays (Fig. 1a and b, right). We have
observed related structural eﬀects before on binding between
micelles and heparin, but the examples reported here have
particularly high levels of structural definition and order. We
reasoned that a hierarchical nanoscale self-assembly process is

20

25

30

35

taking place between the spherical cationic micelles, and the
‘linear’ heparin polyanions (see below for detailed analysis).
These TEM observations clearly suggest that the self-assembled
micelles formed by C14-DAPMA and C16-DAPMA have excellent
stability, and appear to remain intact without disruption or
reorganisation, even in the presence of heparin, with which
they can form very strong electrostatic interactions. The diameters of the micelles observed by TEM on assembly with
heparin are in good agreement with the micellar diameters
observed by DLS (see below for detailed analysis).
C18-DAPMA particles did not form such obvious welldefined small spherical micelles (Fig. 1c, left), and although
aggregation was still observed on heparin binding, this
appeared to be somewhat less ordered (Fig. 1c, right) in terms
of hierarchical structuring. This is in-line with the DLS observations which suggested that the self-assembly of this compound is less well-defined, presumably as a consequence of its
lower solubility and a greater tendency to aggregate in an
uncontrolled way – especially at elevated concentrations.
Given the potential clinical relevance of self-assembled
nanostructures for heparin binding and reversal,9 we considered
it of great importance to verify whether the highly ordered hierarchical nanoscale aggregates revealed by TEM for C14-DAPMA and
C16-DAPMA are preserved in solution. To the purpose, Dissipative
Particle Dynamics (DPD) simulations8,15b,18 were initially employed
to predict the self-assembly and spatial organization of these two
amphiphiles in solution in presence of heparin (Fig. 2).
In agreement with TEM analysis, mesoscale computational
models reveal that both binders self-assemble into highly
ordered spherical nanostructures which remain intact in the
presence of the polyanion. In both cases, the nanoscale organization is characterized by face-centred cubic (fcc) packing of
the hierarchical assemblies, as evidenced by the relevant isodensity surfaces of the micellar hydrophobic cores (Fig. 2). The
predicted lattice structures of C14-DAPMA and C16-DAPMA
micelle are characterized by lattice constants, a, of 8.1 nm
and 8.6 nm, respectively. Thus, the unit cell size of the fcc
structure of C16-DAPMA is predicted to be slightly bigger than
that of C14-DAPMA. The corresponding centre-to-centre
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Fig. 1

TEM images of (a) C14-DAPMA (left) and C14-DAPMA with heparin

55
Q4 (right); (b) C16-DAPMA (left) and C16-DAPMA with heparin (right); (c) C18DAPMA (left) and C18-DAPMA with heparin (right).
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Fig. 2 DPD snapshots of C14-DAPMA (left) and C16-DAPMA (right) selfassembly in presence of heparin (2 : 1 binder : heparin ratio). The hydrophobic
micellar core is highlighted as green and blue isosurfaces, respectively.
Hydrophilic moieties of each aggregate are shown as white sticks, while
heparin molecules are visualized as orange rods. A continuous light grey field
portrays the aqueous medium.
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Fig. 3 SAXS characterization of C14-DAPMA and C16-DAPMA in the
presence of heparin. (a) Integrated SAXS curve measured from selfassembled C14-DAPMA and C16-DAPMA in the presence of heparin. Inset:
2D-scattering pattern of C14-DAPMA and C16-DAPMA with heparin.
Quadratic Miller indices of assigned reflections for fcc structure versus
measured q-vector positions for indexed peaks, related with (b) C14DAPMA binding heparin and (c) C16-DAPMA binding heparin.

distance (a/O2) is 5.7 nm for C14-DAPMA and 6.1 nm for C16DAPMA – in good agreement with the micelle diameters
reported from DLS.
Next, the nanostructure of the aqueous binder–heparin
complex was investigated by small angle X-ray scattering (SAXS)
for C14-DAPMA and C16-DAPMA. The obtained 2D diffraction
patterns (Fig. 3a inset) show, for both binder–heparin complexes, a Debye ring with a diffuse symmetric halo that does not
present intensity differences, which is typical for polycrystalline
samples with isotropic orientation of multiple crystals.21 For
the assembly formed between C14-DAPMA and heparin the
positions of the diffraction peaks were at q = 0.129 and 0.259
Å 1 which in terms of crystal plane reflections with Miller
indices corresponds to (hkl) = (111) and (222), assuming a
face-centred cubic (fcc) structure. For the assemblies comprising C16-DAPMA and heparin, SAXS measurements (Fig. 3a)
showed diffraction peaks at q = 0.122, 0.138 and 0.246 Å 1
which in terms of crystal plane reflections with Miller indices
corresponds to (hkl) = (111), (200) and (222), assuming a fcc
structure. The additional observation of the (200) peak for the
C16-DAPMA complexes, not observed for those formed by
C14-DAPMA, may be suggestive of a greater degree of nanocrystalline order for the C16-DAPMA system or a different form
factor for the micelles. This would be in agreement with the
lower CMC and greater heparin binding ability observed for
this compound, as well as the very highly ordered repetitive
structures observed by TEM.
It has been noted that in the same way atomic structure
controls crystallisation events, molecular structures can play a
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directing role in the formation of nanocrystalline assemblies
via electrostatic interactions between polyionic species.22 In
this case, the modification of lattice parameters based on the
size of the molecular scale surfactant building block is a clear
example of the way in which molecular parameters can be
translated into the packing of hierarchical nanocrystalline
structures.
The quadratic Miller indices were plotted against the measured q(hkl) values for C14-DAPMA–heparin and C16-DAPMA–
heparin complexes, as shown in Fig. 3b and c, respectively. The
lattice constant a, was then estimated by linear regression. For
cubic phases a = 2pO(h2 + k2 + l2)/q(hkl), which was determined
to be 8.5 nm for C14-DAPMA and 8.9 nm for C16-DAPMA, in
good agreement with the corresponding values obtained from
the theoretical calculations. The centre-to-centre distance (a/O2)
of the particles was 6.0 nm for the C14-DAPMA and 6.3 nm for
the C16-DAPMA, again in line with mesoscale predictions.
The centre-to-centre distances are also in very good agreement indeed with the micellar diameters determined by DLS
methods. It should be remembered that DLS is a solutionphase method which also includes the solvent and counterions
at the micellar periphery, which will be replaced by polyanion
once heparin has bound. As such, and supported by the
binder:heparin complex organization predicted by simulation,
these SAXS data would fit with a view in which self-assembled
cationic micelles are packed into a polycrystalline array by
polyanionic heparin in analogy to the ionic model. Most importantly, these SAXS results confirm that the self-assembled
micelles retain their structural integrity on binding to heparin,
and are not disrupted, even on formation of high-aﬃnity electrostatic interactions with their binding partner.
Finally, the data obtained from simulations and SAXS were
compared with the TEM images. Fig. 4 shows the TEM images
of (a) C14-DAPMA and (b) C16-DAPMA binding to heparin. For
C14-DAPMA, Fig. 4 illustrates the crystal projection viewed
along the [110] zone axis (c, left). Analysing the line profile over
the crystal projection (marked in red) yields an average period
(ap) of 4.5  0.3 nm, which corresponds to a fcc lattice constant
(a = 3ap/O3) of 7.8  0.5 nm for C14-DAPMA. As expected,
the corresponding values for C16-DAPMA are slightly higher
(ap = 4.6  0.3 nm and a = 8.0  0.5 nm, see ESI† for the figures
associated with C16-DAPMA). These values are in very good
agreement indeed with the a values obtained by DPD and SAXS
– the slight reduction in the unit cell size can be attributed to a
drying effect on the TEM grid. Calculating a fast Fourier transform (Fig. 4c inset) from the crystalline area (Fig. 4c) and
filtering the inverse Fourier transform from selected Fourier
components, yields an image that represents the unit cell of the
crystal viewed along the [110] zone axis (Fig. 4d, left). This
can be also confirmed by overlaying the image and a model of
the unit cell (Fig. 4d, middle) shown in Fig. 4d, right. The
centre-to-centre distances of 5.5 nm and 5.6 nm for C14-DAPMA
and C16-DAPMA respectively are in very good agreement with the
micelle diameters from DLS and the corresponding centre-tocentre distances from DPD and SAXS. Taken together, therefore,
our data indicates that the proposed hierarchical nanoscale
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The assemblies formed by the most effective system, C16DAPMA showed the highest degree of crystalline order revealed
by the distinct diffraction peaks. Dimensions could be directly
correlated between DLS, TEM, simulations and SAXS, indicative
of the high stability of these self-assembled micelles even when
they form very strong electrostatic interactions with heparin,
indicating they can be considered as distinct building blocks for
nanoscale assembly even in very competitive conditions.
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Notes and references
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Fig. 4 TEM images of C14-DAPMA (a) and C16-DAPMA (b) heparin
complex. (c) A crystalline area for C14-DAPMA (left, inset: fast Fourier
transform) and a line profile analysis (right) along the red line. (d) Filtered
inverse Fourier transform from selected Fourier components for
C14-DAPMA (left), overlay of the image and fcc unit cell (middle) and
model of the fcc unit cell with key dimension (right). Micelles shown in
yellow, diameter reduced for clarity.

30

35

assembly model is valid, and confirms the viewpoint that the
micellar objects have excellent structural integrity and can be
considered as intact nanoscale building blocks throughout the
heparin binding and hierarchical assembly process.
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In summary, we have reported a family of simple selfassembling surfactant molecules and investigated their ability
to bind heparin. Modifying the hydrophobic chain length oﬀers
a mechanism for tuning the ability of these compounds to selfassemble into micellar aggregates, with C16-DAPMA being the
optimal system in terms of CMC. Furthermore, this compound
is also the most eﬀective heparin binder as determined by MalB
displacement assays – we suggest this indicates the synergy
between surfactant self-assembly and polyanion binding. For
the first time, we have structurally characterized the nanoscale
aggregates formed on binding between SAMul cationic spherical micelles, and polyanionic cylindrical heparin. In particular,
C14-DAPMA and C16-DAPMA formed highly organised nanocrystalline assemblies as observed by TEM. Characterization
by mesoscale simulations and SAXS further confirmed that the
micelles remained intact during hierarchical assembly and were
packed in a face-centred cubic manner on contact with heparin.
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