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Tuning the aggregation behaviour of single-chain
bolaamphiphiles in aqueous suspension by changes in
headgroup asymmetry+t

Gesche Graf,? Simon Drescher,?® Annette Meister,> Vasil M. Garamus,® Bodo Dobner®
and Alfred Blume*?

The self-assembly process in aqueous suspension of two new asymmetrical single-chain bolaamphiphiles,
namely 32-{[hydroxy(2-hydroxyethoxy)phosphinyl]loxy}dotriacontane-1-yl-{2-[N-(3-dimethylaminopropyl)-
N,N-dimethylammonio]ethylphosphate} (DMAPPC-C32-POH) and 32-hydroxydotriacontane-1-yl-{2-[N-(3-
dimethylaminopropyl)-N,N-dimethylammonio]ethylphosphate} (DMAPPC-C32-OH), was studied as a
function of temperature using transmission electron microscopy, differential scanning calorimetry, FT-IR-
spectroscopy, small angle neutron and small angle X-ray scattering to determine whether the
asymmetry of the molecule induces the formation of types of aggregates other than the well
characterized helical nanofibres of structurally similar symmetrical single-chain bolaamphiphiles with
identical headgroups. DMAPPC-C32-POH in acetate buffer at pH 5 can still form nanofibres, ie. the
asymmetry does not induce the formation of other aggregate structures. However, the fibres display a
tendency to break more easily and to form irregular, circular structures. This is also reflected by the
rheological properties of the suspension that reveal decreased strain resistance at pH 5. In aqueous
suspensions at pH 10, where the headgroups of the molecule are negatively charged, only short fibre
segments are formed and no gel formation occurs. At higher temperature these fibres convert into
micellar aggregates as observed before for symmetrical bolalipids with large headgroups. In contrast, in
aqueous suspensions of DMAPPC-C32-OH, a bolalipid where the size difference of the headgroups is
much larger, lamellar structures are formed at pH 10 where the headgroup of the molecule is
zwitterionic. At low temperature, the molecules are packed in an orthorhombic lattice with
interdigitated chains and a repeat distance between lamellae of 6.2 nm is observed. An increase in
temperature leads to a lamellar phase with hexagonal packing of the chains. The chains become liquid-
crystalline only at very high temperature above 90 °C. At low pH, when the headgroup of the molecule
becomes positively charged, some short elongated micellar aggregates are seen besides sheet-like
structures. A temperature increase leads to a similar sequence of transformations of the chain packing
until formation of a liquid-crystalline lamellar phase at a temperature close to 90 °C. The results show
that the aggregation behaviour of single-chain bolaamphiphiles can not only be tuned by changes in
chain length or size of both headgroups but also by the difference in headgroup size and charge in
asymmetric bolaamphiphiles.
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necting two large polar groups self-assemble into helical
nanofibres formed by molecules with all-trans alkyl chains.
These nanofibres gel water in aqueous suspensions by creating
a three-dimensional network.® By varying the molecular
structure of the bolaamphiphiles the aggregation properties can
be influenced and controlled in a desired way. To realize this
goal changes in either the headgroup region or in the spacer
chain of the molecules can be introduced.® For instance,
differently sized identical headgroups can be coupled to both
ends,”® the alkyl chain length can be decreased or

This journal is © The Royal Society of Chemistry 2013
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increased™™ or heteroatoms can be incorporated into the
spacer chain.>**

A further possibility of modifying the structure leading to
changes in aggregation properties is the coupling of two
different headgroups to the same alkyl chain. Due to two
headgroups with different sizes the formation of lamellar
aggregates,” ™" e.g., with antiparallel orientation of the different
headgroups, or rods and nanotubes'®*® as described for other
asymmetrical bolaamphiphiles can be favoured. In these cases,
the size difference between the two headgroups has to be such
that the molecules fit into either a monolayer-like structure for
the lamellar aggregates with antiparallel orientation of the
molecules or into the different curvature of the inner and outer
side of the nanotubes.

Starting from symmetrical bolaamphiphiles with two large
hydrophilic headgroups, the question arose, whether the size
difference of the two headgroups of the asymmetrical bolaam-
phiphile DMAPPC-C32-POH" (32-{[hydroxy(2-hydroxyethoxy)-
phosphinyl]oxy}dotriacontane-1-yl-{2-[N-(3-dimethylaminopropyl)-
N,N-dimethylammonioJethylphosphate}) is large enough to result
in significant changes of the aggregation behaviour in aqueous
suspension. The asymmetrical bolaamphiphile DMAPPC-C32-
POH consists of two different headgroups at each end of
an alkyl chain with 32 methylene units. The chemical structure
of this molecule is shown in Fig. 1. The molecule
contains functional groups that can be protonated or
deprotonated depending on the pH value of the aqueous
solution.

A second bolaamphiphile with an even larger size difference
of both headgroups was also synthesized."” The compound
DMAPPC-C32-OH (32-hydroxydotriacontane-1-yl-{2-[N-(3-dime-
thylaminopropyl)-N,N-dimethylammonio]ethylphosphate}) (see
Fig. 1) has on one side the same polar group as DMAPPC-C32-
POH, but on the other side a much smaller headgroup, namely
just a hydroxyl group.

The aggregation behaviour in aqueous suspension of these
two new asymmetrical bolaamphiphiles is expected to be
influenced not only by the size difference of the two headgroups
but also by their charge state. This can be influenced by
changing the pH of the aqueous buffer. We therefore investi-
gated the aggregation behaviour of these bolalipids in suspen-
sions of different pH-values using differential scanning
calorimetry (DSC), Fourier-transform infrared spectroscopy (FT-
IR), transmission electron microscopy (TEM), small angle
neutron scattering (SANS), small angle X-ray scattering (SAXS),
and rheological measurements. We will show that by tuning the
size difference as well as the charge of the headgroups different
aggregates will be formed.
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Fig. 1 Chemical structures and CPK-models of (top) DMAPPC-C32-POH and
(bottom) DMAPPC-C32-OH with protonated amino groups (at pH 5).
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2 Experimental
2.1 Materials

Solvents and buffer salts were purchased from Carl Roth GmbH
& Co. KG (Karlsruhe, Germany) and used as received. Ultra-pure
water was used from a Millipore Milli-Q A10 system (Millipore
GmbH, Schwalbach, Germany). Both bolaamphiphiles, 32-
{[hydroxy(2-hydroxyethoxy)phosphinyl]oxy}dotriacontane-1-yl-
{2-[N-(3-dimethylaminopropyl)-N,N-dimethylammonio]ethyl-
phosphate} (DMAPPC-C32-POH) and 32-hydroxydotriacontane-
1-yl-{2-[N-(3-dimethylaminopropyl)-N,N-dimethylammonio]ethyl-
phosphate} (DMAPPC-C32-OH) were synthesized according to
procedures which are described separately.*

2.2 Sample preparation

The appropriate amount of bolaamphiphile was suspended in
acetate buffer (10 mM, pH 5), or carbonate buffer (10 mM, pH
10), respectively. To achieve a homogeneous suspension the
samples were heated above 70 °C three times and vortexed.

2.3 Differential scanning calorimetry (DSC)

Measurements were carried out with a MicroCal VP-DSC
(MicrocCal Inc., Northampton, USA). The bolaamphiphiles were
suspended in acetate buffer (10 mM, pH 5) or carbonate buffer
(10 mM, pH 10) at a concentration of 1 mg ml~", and the same
buffer was used as the reference. Measurements were carried
out using heating rates of 20 °C min~' in the temperature
interval from 2 to 95 °C. To check the reproducibility at least
three consecutive heating and cooling scans were recorded for
each sample. The buffer-buffer baseline was subtracted from
the thermograms of the samples, and the DSC scans were
evaluated using Origin 8.0 software.

2.4 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR-spectra as a function of temperature were recorded with a
Bruker Vector 22 Fourier-transform spectrometer (Bruker Optik
GmbH, Karlsruhe, Germany) operating at 2 cm™ " resolution.
The bolaamphiphile suspension (¢ = 50 mg ml ') in acetate
buffer (300 mM, pH 5) or carbonate buffer (300 mM, pH 10) was
placed between two CaF, windows separated with a 12 um
Teflon spacer and equilibrated for 2 h at 5 °C prior to the
measurement. 64 scans each were recorded in the temperature
range from 5 to 95 °C with an equilibration time of 8 min at
each temperature. Spectra of buffer were measured with an
identical setup and were subtracted from the sample spectra
using the OPUS software supplied by Bruker Optik GmbH.

2.5 Transmission electron microscopy (TEM)

TEM images were recorded with a Zeiss EM 900 transmission
electron microscope (Carl Zeiss GmbH, Oberkochen, Germany).
5 ul of the sample solution (¢ = 0.3-0.1 mg ml~*) was spread on
a copper grid coated with a Formvar film. After 1 minute the
excess solution was blotted off with a filter paper. The samples
were stained with 1% uranyl acetate (20 ul) solution, which was
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drained off after 1 minute. The samples were dried overnight at
room temperature.

2.6 Small angle neutron scattering (SANS)

Experiments were carried out with the SANS-1 instrument at the
FRG 1 research reactor, Helmholtz Zentrum Geesthacht, Ger-
many. The bolaamphiphiles were suspended in deuterated
acetate puffer at pH 5 (10 mM) at a concentration of 1 mg ml™*
and the suspensions were filtered through a membrane filter of
0.45 um pore size at 80 °C. The samples were filled into quartz
cuvettes with a path length of 5 mm and inserted into a ther-
mostatted sample holder (AT = 0.5 °C). Four sample-to-detector
distances were employed to cover the range of scattering vectors
g from 0.05 to 2.5 nm™'. Transmission of the samples was
approx. 70% and the contribution of multiple scattering could
be neglected. The raw scattering data were corrected for the
background scattering from the solvent, sample cell, and other
sources using conventional procedures. Subsequently, the
scattering data were fitted using the indirect Fourier transform
method.”*** A detailed description of this process was given by
Meister et al.*>*

2.7 Small angle X-ray scattering (SAXS)

The SAXS measurements were performed with a laboratory
SAXS instrument (Nanostar, Bruker AXS GmbH, Karlsruhe,
Germany). The instrument includes an IpS micro-focus X-ray
source with a power of 30 W using the wavelength of the Cu Ka
line. As the detector, a VANTEC-2000 detector (14 x 14 cm? and
2048 x 2048 pixels) was used. The sample to detector distance
was 108.3 cm and the accessible g range was 0.1 to 2.3 nm™ ",
Samples were filled into glass capillaries of 2 mm diameter. The
raw scattering data were corrected for the background from the
solvent measured in a capillary with the same diameter and
then converted to absolute units using the scattering of pure
water measured at 20 °C (program SuperSAXS, Prof. C. L. P. de
Oliveira and Prof. J. S. Pedersen).

2.8 Rheology

Oscillatory rheological measurements were carried out with an
Anton Paar MCR 301 Rheometer (Anton Paar GmbH, Graz,
Austria) controlled by the software Rheoplus 3.0. A cone-plate
shear system (2°, 50 mm) with a thermostatting unit (Peltier
system: —40 °C to 200 °C) and a thermostatted hood were used.
The sample (¢ = 1 mg ml™') was left to equilibrate for 30
minutes at 2 °C before the start of the heating and cooling cycle
with a heating rate of 20 °C h™". To prevent the evaporation of
water, the cone and gap were covered with small amounts of low
viscosity silicone oil.

3 Results and discussion

3.1 Aggregation behaviour of DMAPPC-C32-POH in aqueous
suspension

The asymmetrical bolaamphiphile DMAPPC-C32-POH (Fig. 1)
contains two headgroups, which have net charges depending on
the pH value of the aqueous suspension. The exact pK, values of

9564 | Soft Matter, 2013, 9, 9562-9571
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these groups could not be determined, but it is possible to
deduce the probable protonation behaviour from values of
similar molecules.

The two phosphate groups of DMAPPC-C32-POH can be
expected to be deprotonated and therefore negatively charged at
pH values between 4 and 12. This is due to the low pK, value of
this group, which has been determined to be 3.3 for the sus-
pended bolaamphiphile Me,PE-C32-Me,PE containing phos-
phodiester groups in similar chemical surroundings.?

The dimethylamino group at the end of the bolaamphiphile,
however, changes its protonation state in the pH range from 5 to
10. For the dimethylamino group of Me,PE-C32-Me,PE a titra-
tion experiment in 150 mM KClI solution showed that it has an
apparent pKgPP value of 6.5.> Without additional salt in the
suspension, Ze. at low ionic strength, the pK 3PP values tend to
increase to 10-11 as determined by DSC measurements.* This
shift in pK 3PP is caused by the accumulation of charged head-
groups at the fibre surface. The presence of buffer salts screens
these charges and pKiPP is shifted to lower values with
increasing salt concentration.

In Me,PE-C32-Me,PE the dimethylamino group is in close
proximity to the negatively charged phosphodiester group
whereas in the DMAPPC headgroup the dimethylamino group is
located next to the positively charged quaternary ammonium
group. This might influence the intrinsic pK, value, making a
direct comparison between the two compounds difficult. It is
likely that the intrinsic pK, value of the DMAPPC headgroup is
somewhat lower, as protonation of the dimethylamino group
next to the positive charge is more difficult.

The possible protonation states at two different pH-values
are shown in Table 1. For the experiments the bolaamphi-
philes were suspended in acetate buffer at pH 5 (H,O or D,0)
and in carbonate buffer at pH 10 (H,O), respectively, to
investigate the influence of the protonation state on the self-
assembly process. D,O was utilized for the neutron scattering
experiments and the connection between the pD value and the
pH value is pD = pH + 0.4.**

3.1.1 TEM. When suspended in water, the bolaamphiphile
DMAPPC-C32-POH formed gels at room temperature at low pH-
value. This indicates that self-assembly leads again to a network
of nanofibres as observed before for similar bolaamphiphiles.
Transmission electron microscopy (TEM) was used to visualize
the aggregate structures in the aqueous suspensions. TEM
images of samples prepared at room temperature are shown in
Fig. 2.

Table 1 Schematic representation of the protonation states of DMAPPC-C32-
POH and DMAPPC-C32-OH at different pH values

pH Sketch of Overall net
Bolaamphiphile value  bolaamphiphile charge
DMAPPC-C32-POH 5 & a&F - +0

10 6 6 € e -1
DMAPPC-C32-OH 5 f.ae +1

10 6 ae +0

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 TEM images of aqueous DMAPPC-C32-POH suspensions in (A) water, (B-D) acetate buffer at pH 5 and (E and F) carbonate buffer at pH 10 prepared at 25 °C.
The samples were stained with uranyl acetate. The bar corresponds to 500 nm (A and B), to 25 nm (C and D) and to 100 nm (E and F), respectively.

The TEM image of the suspension in water shows the pres-
ence of long, regular fibres with a diameter of approximately 6
nm (Fig. 2A). TEM images of the suspension in acetate buffer at
pH 5 show next to long fibres with a diameter of approximately 6
nm many fibres that have formed irregular, circular structures
(black arrows in Fig. 2B). At higher magnification (see Fig. 2C
and D), it seems as if they are composed of short fibre segments
that overlap and are probably connected at the ends. This was
observed in several independently prepared samples, thus
preparation artefacts can be ruled out. These structures have
not been observed in any other bolaamphiphile suspensions so
far and seem to be a specific property of the asymmetrical
molecule DMAPPC-C32-POH in acetate buffer at pH 5. At pH 10,
the bola molecules carry an overall negative charge resulting in
a repulsive interaction between headgroups. The stability of the
fibrous aggregates is therefore strongly decreased. The TEM

images show the presence of mainly short fibre segments or
elongated/ellipsoidal micelles (see Fig. 2E and F).

3.1.2 DSC and FT-IR. To investigate the aggregation
behaviour of DMAPPC-C32-POH in aqueous suspension as a
function of temperature, DSC and FT-IR measurements were
carried out with suspensions in acetate buffer at pH 5 and in
carbonate buffer at pH 10. The results are shown in Fig. 3.

The DSC curve of the suspension in acetate buffer at pH 5
shows three endothermic peaks at 45.1, 65.5, and 84.2 °C,
respectively, with transition enthalpies AH of ~13, ~10, and
~6.5 k] mol ™", i.e., with a total transition enthalpy of ca. 30 kJ
mol ™" (Fig. 3A). The corresponding cooling curve shows the
same peaks with a small hysteresis of the second one. The
thermal behaviour observed for DMAPPC-C32-POH suspen-
sions is very similar to the one observed for the symmetrical
bolaamphiphile Me,PE-C32-Me,PE suspended in acetate buffer
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Fig.3 DSC data (solid lines, c = 1 mg ml~", heating: black, cooling: grey) and FT-IR spectroscopic data (symmetric methylene stretching vibration, scattered data, c =
50 mg ml~"; heating: filled squares, cooling: open squares) of DMAPPC-C32-POH in (A) acetate buffer at pH 5 and (B) carbonate buffer at pH 10.
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at pH 5.° For this bolaamphiphile also three thermal transitions
with very similar transition temperatures were observed.
However, the total transition enthalpy of about 43 k] mol ' was
almost 40% higher than for DMAPPC-C32-POH at pH 5. For
Me,PE-C32-Me,PE the first thermal transition corresponds to a
fibre-fibre transition, the second one to a fibre-micelle and the
third to a transition between two different types of micelles.**

The FT-IR measurements reveal wavenumbers below 2850
cm ' for the symmetric methylene stretching vibrational band
up to 45 °C. This is an indication of an all-trans conformation in
the alkyl chain needed for the formation of the previously
described fibre structure.®'>**?** The three step behaviour of the
wavenumber shows an increase in the amount of gauche
conformers, which is in accordance with the interpretation of
the three transitions as a fibre-fibre transition followed by a
fibre-micelle transition and the transition between two
different types of micelles.>'>**** 1t is therefore likely that
DMAPPC-C32-POH shows the same sequence of types of
aggregates as observed before for Me,PE-C32-Me,PE.

A different thermal behaviour is found when DMAPPC-C32-
POH is suspended in carbonate buffer at pH 10. At this pH value
the dimethylamino moieties of the DMAPPC headgroup are
deprotonated leading to a zwitterionic DMAPPC headgroup and
an overall negatively charged bola molecule (see Table 1). The

(d=(g)/dQ)e / em’g”

0

10’ E,

q/ nm’

Fig.4 SANS data of suspensions of DMAPPC-C32-POH in acetate buffer at pH 5
measured at different temperatures with IFT fits (solid lines).

View Article Online

DSC heating curve showed three endothermic transitions at 15,
45.8, and about 67 °C, respectively (Fig. 3B). This decrease in the
transition temperatures can be explained by repulsive interac-
tions between the bola molecules due to the negatively charged
phosphoric acid diester group. The FT-IR data for the wave-
number of the symmetric methylene stretching vibration show
only a very slight increase of the frequency at the first DSC peak;
the major change occurs at the second peak connected with the
fibre to micelle transition. The third transition from micelle I to
micelle II is also visible. The overall change in wavenumber is
similar to the one found for the sample at pH 5. Similar results
were obtained for suspension of the symmetrical bolaamphi-
phile Me,PE-C32-Me,PE in buffer at pH 10 where the bolalipid
also carries a negative charge in the headgroup.?

3.1.3 SANS. To get further insight into the structure of the
fibres, SANS measurements were performed at three tempera-
tures to investigate the changes of the aggregate structures. In
acetate buffer with D,O as the solvent, the pH value was
adjusted to 5. The scattering data of the SANS experiments at
different temperatures and their fits are displayed in Fig. 4.

The fits were performed using the IFT method described in
detail before'**** and are in good agreement with the experi-
mental data. For fitting the data of the measurements at 25 and
55 °C, the model of infinitely long cylinders was used and for
the data at 70 °C spherical aggregates were assumed. The results
of the fits are provided in Table 2.

The results of the fits support the interpretation of the
aggregates structure as fibres below the first and the second
DSC transition peak. The radius of cross-section of the fibres is
in accordance with the one determined from the TEM images
(Fig. 2). At 55 °C the radius becomes smaller due to the higher
amount of gauche conformers in the alkyl spacer chain reducing
the effective length of the spacer chain. The values determined
for a suspension of the symmetrical bolaamphiphile Me,PE-
C32-Me,PE in acetate buffer at pH 5 (ref. 22) are provided in
Table 2 for comparison. The size of the aggregates is very similar
to the one determined for the DMAPPC-C32-POH suspensions.
Modelling of scattering curves by stiff cylinders with elliptical
cross-section and ellipsoids of revolution confirms that the
cross-section is slightly elliptical with an axial ratio less than 1.4
for DMAPPC-C32-POH in acetate buffer (pH 5) at 25 °C (see the
ESIT). The value of the smaller semi-axis (about 2.1 nm) prac-
tically does not change during transformation from fibres to

Table 2 Data obtained from IFT fits of suspensions of DMAPPC-C32-POH in acetate buffer at pH 57

Aggregate Dinax M [g] or My, Nage [nm™"] Ry or
Bolalipid T[°C] shape [nm] [gem™] or Nygg per micelle Rsc,g [nm] R [nm]
DMAPPC-C32-POH in 25 Fibres 5.5 2.74 x 107 % 10+1 1.78 4+ 0.05 2.52 + 0.05
acetate buffer (pH 5) 55 Fibres 5.0 2.37 x 10713 9+1 1.63 £ 0.05 2.31 £ 0.05
70 Micelles 7.5 1.97 x 10°*° 70+ 5 2.62 + 0.05 3.38 + 0.05
Me,PE-C32-Me,PE in 20 Fibres 6.0 1.39 x 10713 1141 1.84 + 0.02 2.60 + 0.02
acetate buffer (pH 5) 50 Fibres 5.0 132 x 107" 11+1 1.63 £ 0.02 2.31 4+ 0.02
75 Micelles 7.5 1.03 x 10 *° 79+3 2.64 + 0.04 3.41 £ 0.04

a

of gyration of cross-section, R: radius.

9566 | Soft Matter, 2013, 9, 9562-9571

Dy maximal size or cross-section of aggregate, M: mass, My : mass per unit length, Ng,: aggregation number, R,: radius of gyration, Rsc g: radius
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Fig.5 (A) Amplitude sweeps of DMAPPC-C32-POH suspensions (c =1 mg ml~")
in acetate buffer at pH 5 at 20 °C (w = 10 rad s71). (B) Frequency sweeps of
DMAPPC-C32-POH suspensions in acetate buffer at pH 5 at 20 °C (y = 1%). G
filled symbols, G'": open symbols.

ellipsoid like aggregates with increasing temperature (see Table
S1t). For DMAPPC-C32-POH the length of the shorter axis (a) of
the elliptical fibre is higher than the value found for Me,PE-C32-
Me,PE fibres; the mass fraction of bola molecules, however, is
slightly lower for DMAPPC-C32-POH. This could be due to a
different tilt of the molecules in the fibres relative to the fibre
axis (see Table S17).

3.1.4 Rheology. Oscillatory rheological measurements were
used to examine the properties of the hydrogels formed by

View Article Online
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DMAPPC-C32-POH in buffer at pH 5. The results of the ampli-
tude and frequency sweeps for the determination of the linear
viscoelastic (LVE) region are provided in Fig. 5. The amplitude
sweep shows that the storage modulus @ is larger than the loss
modulus G at low deformations. This is the typical behaviour
ascribed to viscoelastic gels.>*>*

An important property of the DMAPPC-C32-POH suspensions
is the straining limit indicated by the crossover from gel (G’ > G")
to sol (G’ < G""). For the suspension in acetate buffer at pH 5, this
limit is found at 20% deformation. Strain stiffening can also be
observed in the suspension as can be seen in the increase in ¢/
and G’ just before the crossover point. This phenomenon has
also been observed in samples of symmetrical bolaamphiphiles*
as well as in biological systems of collagen or actin fibres.”

The frequency sweep was carried out with a deformation of
1%. In the frequency range from 1 to 10 rad s~ * the values of G’
remain constant and the values of G” show a slight increase. G’
is larger than G” over the whole range indicating the presence of
a viscoelastic gel. The LVE region reaches up to 10% deforma-
tion and up to an angular frequency of 10 rad s~ .

The suspension shows a high gel strength and elasticity for
the sample at pH 5 inside the LVE region. However, the low
straining limit indicates a certain inflexibility of the fibres to
deformation or easy breaking of the cross-links and entangle-
ments under high straining conditions. This is a common
behaviour also of crystalline nanofibres such as 12-hydroxystearic
acid (HSA), which can have straining limits as low as 2% and
break easily.”® The TEM images of the suspension of DMAPPC-
C32-POH at pH 5 support this observation as short fibre
segments are present and entanglements between these
segments can be supposed to break more easily under strain than
in suspensions with longer fibres (see Fig. 2B-D).

For the suspension at pH 10 no rheological measurements
were performed, because the suspensions did not show signifi-
cant gelation behaviour. Based on the TEM images it is clear that
a large amount of small aggregates is present in the suspension
so that gelation by entanglement of fibres becomes impossible.

Temperature dependent rheological measurements inside the
LVE region were performed with a suspension of DMAPPC-C32-
POH in acetate buffer at pH 5. The change in G' and G’ was
monitored in the temperature range between 20 and 75 °C and is
shown in Fig. S1 (ESI{). The values of G’ and G” decrease in two

Fig. 6 TEM images of aqueous DMAPPC-C32-OH suspensions in (A) water, (B) acetate buffer at pH 5 and (C and D) carbonate buffer at pH 10. All samples were
prepared at 25 °C and were stained with uranyl acetate. The bar corresponds to 50 nm (A and B) and to 100 nm (C and D).

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 DSC heating scans of DMAPPC-C32-OH suspensions (c = 1 mg ml™") in
carbonate buffer at pH 10 (black), acetate buffer at pH 5 (grey) and in water at pH
1.5 (light grey). The heating rate was 20 °C h~". The curves are vertically shifted for
clarity.

steps around 40 and 60 °C, which is in accordance with the
transition peaks observed in the DSC measurements (see Fig. 3A).
G is about one order of magnitude higher than G” up to 60 °C.
Above this temperature both moduli have about the same value.
This proves the presence of a viscoelastic gel state up to 60 °C and
supports the interpretation of the DSC peaks as a fibre-fibre
transition followed by a fibre-micelle transition. At higher
temperature the suspension has the properties of a Newtonian
fluid.*

Compared to the gel of Me,PE-C32-Me,PE in acetate buffer at
pH 5 where additional stabilization of the fibre network can
occur via hydrogen bonds,* the gel of DMAPPC-C32-POH is
weak, but it is a little stronger than the gel formed by Me,PE-
C32-Me,PE at pH 11 in the presence of divalent ions shielding
the negatively charged headgroups.”® The second plateau value
of G’ has about the same value as observed in the case of Me,PE-
C32-Me,PE at pH 11 with divalent ions and seems to be a state
of intermediate gel stability formed at higher temperature or
insufficient shielding of opposing charges.>

28502 | :
28500 (o2 EL
2849.8 | a
2849.6 - . -
20494 L ]
28492 [ 48" ]
28490 |
28488 [

L "] 7
EE‘E = Heating
[ HEHHEEHEEE o Cooling | ]

1
o

Wavenumber / em’

2848.6

28484 |, 1 " 1 I o1 i " 1 | I 1]
10 20 30 40 50 60 70 80 90

Temperature / °C

Fig. 8 FT-IR spectroscopic data of DMAPPC-C32-OH suspensions (¢ = 50 mg ml
methylene scissoring vibration. Heating: filled squares, cooling: open squares.
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3.2 Aggregation behaviour of DMAPPC-C32-OH in aqueous
suspension

As a second asymmetric bolaamphiphile we investigated the
compound DMAPPC-C32-OH, having a much higher asymmetry
in headgroup size, as at one end the polar group consists only of
a hydroxyl group (see Fig. 1). As the OH headgroup carries no
charge, DMAPPC-C32-OH at pH 5 is therefore positively charged
and uncharged at pH 10 (see Table 1).

3.2.1 TEM. When the bolaamphiphile DMAPPC-C32-OH was
suspended in water it formed no gels at room temperature both at
low as well as high pH values. The TEM images in Fig. 6A prepared
from DMAPPC-C32-OH in water at room temperature show a
mixture of lamellar aggregates together with shorter undefined
aggregates (approx. 25 nm). When acetate buffer at pH 5 was used
(Fig. 6B) also a mixture of lamellar aggregates and short elongated
micellar type aggregates (approx. 25 nm) is seen. In contrast, the
images of samples prepared in carbonate buffer at pH 10 (Fig. 6C
and D) clearly exhibit the presence of larger lamellar sheets or
vesicles that are sometimes folded (see black arrows in Fig. 6C)
due to the drying procedure during the sample preparation.
Besides the large sheet-like structures, some smaller and nearly
rounded lamellar aggregates are visible (see white arrows in
Fig. 6D). The TEM images therefore show that for this highly
asymmetric bolaamphiphile fibre formation does not occur. The
aggregation process leads to lamellar aggregates instead.

3.2.2 DSC and FT-IR. We used DSC and FT-IR to study the
thermotropic behaviour of these aggregates. The DSC heating
scans of DMAPPC-C32-OH suspended in acetate buffer at pH 5,
carbonate buffer at pH 10, and in water at pH 1.5 are displayed
in Fig. 7. In the DSC heating curve of the suspension at pH 5 two
peaks appear at 35.9 and 69.3 °C (Fig. 7, grey curve). To test
whether the charge of the headgroup has an effect on the
thermotropic behaviour we performed additional DSC experi-
ments at pH 10 and pH 1.5. For the suspension in carbonate
buffer at pH 10 (Fig. 7, black curve) one large endothermic peak
at 36.0 °C, a second one at 78.5 °C (with a small shoulder at
lower temperatures), a small peak at 86.9 °C, and the onset of
another peak (at 91.8 °C) are observed, whereas for the sample
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" in carbonate buffer at pH 10: (A) symmetric methylene stretching vibration; (B)
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Fig. 9 SAXS profile of an aqueous DMAPPC-C32-OH suspension (c = 10 mg
ml~") measured at 25 °C. The data (lower g part up to 0.08 A~") were analysed by
the IFT method (solid line).

at pH 1.5 (Fig. 7, light grey curve), where the DMAPPC head-
group is definitely positively charged, the sequence of transi-
tions is similar to the one for the sample at pH 5, only that the
transition temperatures are slightly increased and the transi-
tion enthalpies are higher.

To identify the nature of these thermotropic transitions we
performed FT-IR-experiments. For the suspension of DMAPPC-
C32-OH in carbonate buffer at pH 10, the wavenumber of the
symmetric methylene stretching vibration as a function of
temperature is shown in Fig. 8A together with the wavenumber of
the methylene scissoring vibration (Fig. 8B) (see also spectra in
Fig. S2). The results clearly show a stepwise change in the
frequency of the symmetric CH,-stretching band at those
temperatures where thermotropic transitions were observed by
DSC, namely 35 °C and 76 °C. However, the wavenumber stays at
low values characteristic of an all-trans alkyl chain indicating that
no “melting” of the alkyl chains occurs at these temperatures. The
CH,-deformation band shows a characteristic splitting at low
temperature indicating an orthorhombic packing of the alkyl
chain. When the temperature is increased, this splitting

dZ(q)/dQ / a.u.

View Article Online

disappears at a temperature coinciding with the first thermo-
tropic transition. These results clearly show that the first two
transitions at lower temperature are due to different chain
packing modes in ordered lamellar phases. At the low tempera-
ture transition the orthorhombic packing of the chains is lost and
a hexagonal packing of the chains appears. At the second tran-
sition, the chains become slightly more disordered but are still
not liquid-crystalline. The third, high temperature transition (not
fully accessible by FT-IR and DSC experiments) is probably a
transition to a liquid-crystalline state. The DSC and FT-IR results
together with the TEM images suggest that only lamellar phases
are formed by this bolaamphiphile, probably by interdigitation of
the alkyl chains, and that in the low temperature lamellar phase
the chains are well ordered in an orthorhombic packing. This gets
lost upon heating at a well-defined temperature, namely ca. 35 °C
for the sample at pH 10 and 37 °C for the sample at pH 5 (see
Fig. S37). Therefore, at high pH, where the DMAPPC headgroup is
zwitterionic and the bola molecule carries no net charge, large
lamellar structures are the predominant aggregate form.

3.2.3 SAXS. To get further information about the structure
of the aggregates formed from DMAPPC-C32-OH in aqueous
suspension X-ray scattering measurements were performed.
Fig. 9 shows that the scattering is due to the formation of large
aggregates. However, the scattering from whole objects (Guinier
approximation, eqn (1)) cannot be observed due to limited gin-

dY (9 _d) (0) or
o ~ de °©

(1)

The objects are too large for the investigated g interval;
instead, the scattering from parts of the objects or object
interfaces is observed. In the high g region one can observe a
scattering intensity proportional to g~ * and this is attributed to
the scattering of the interface between aggregates and solvent.
At lower ¢ values a scattering intensity proportional to g~ > was
observed, somehow intermediate between the scattering inten-
sity of whole objects and the interface. The scattering curve was
analyzed using the IFT method and an estimation of the lower
limit of the size of these aggregates gave a value of 60 nm.
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Fig. 10 (A) SAXS 2D-image of a DMAPPC-C32-OH suspension (c = 50 mg ml~") and (B) corresponding vertical (filled squares) and horizontal (open squares) scan.
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Fig. 11 Scheme of a lamellar phase consisting of interdigitated bolaamphiphile
molecules in a monolayer arrangement.

The TEM images (see Fig. 6) showed that the objects formed
by DMAPPC-C32-OH in aqueous suspension (pH 10) are
lamellar-like aggregates. Additional SAXS measurements were
therefore performed with a sample with higher concentration of
DMAPPC-C32-OH. The results supported the previous
assumptions. Asymmetrical 2D-images were observed in this
case and an orientation of lamellar layers seemed to occur (see
Fig. 10). At high q values, the interference maximum at gy.x =
0.1 A™' (observed only in one direction) points to stacked
lamellar-like structures and corresponds to the repeat distance
d between lamellar sheets of d = 27/q 0 = 6.2 £ 0.1 nm. As the
length of the molecule is about 5 nm this repeat distance of
6.2 nm supports a packing model of a monolayer with alter-
nating headgroups and alternating interdigitated chains with a
perpendicular orientation relative to the monolayer plane. A
water layer thickness of 1.2 nm would probably be sufficient for
a complete hydration of the headgroup region (see Fig. 11).

A similar symmetrical arrangement was found for much
shorter single chain bolaamphiphiles with a chain length up to
16 methylene groups by Masuda and Shimizu,'>'® which formed
microtubes consisting of monolayer membranes. In the crystal,
however, the molecules were found to be tilted relative to the
monolayer normal, leading to a reduction of the periodicity d.
For the related compound w-hydroxybehenylphosphocholine
(PC-C22-0OH), which is more related to our molecule DMAPPC-
C32-OH, Pohle et al.*® suggested also an interdigitated mono-
layer structure, however, only based on the analysis of Raman
and IR spectra. Other asymmetric bolaamphiphiles, such as
those derived from archaebacteria, can also form interdigitated
monolayer membranes.*!

4 Conclusions

Asymmetrical bolaamphiphiles can form fibre-like structures or
lamellar phases depending on the size difference between the
two headgroups of the bolaamphiphile. For DMAPPC-C32-POH
in acetate buffer at pH 5 and in carbonate buffer at pH 10 we
observed fibres as the predominant aggregate form at low
temperature. The fibres contain bolaamphiphiles with alkyl
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chains in the all-trans conformation and they exhibit a fibre-
fibre transition as also described for the symmetrical molecule
Me,PE-C32-Me,PE.? SANS measurements showed that the fibres
are comparable in their aggregation numbers to fibres formed
by Me,PE-C32-Me,PE at pH 5. In the suspensions at pH 5, the
fibres of DMAPPC-C32-POH showed an increased tendency to
break into smaller segments that formed irregular, circular
aggregates.

Rheological measurements revealed similar viscoelastic gel
behaviour for the DMAPPC-C32-POH fibres compared to Me,PE-
C32-Me,PE fibres at pH 5 but with lower strain resistance due to
the presence of the short fibre segments that decrease the
stability of the entanglements supporting the formation of
viscoelastic gels. At pH 10 only short fibre segments are formed
due to the fact that the overall charge of the molecule is now —1.
As a consequence no gel formation is observed and the
suspension behaves as a Newtonian fluid.

In the asymmetrical bolaamphiphile DMAPPC-C32-OH the
headgroups have a larger size difference than in the molecule
DMAPPC-C32-POH. The formation of lamellar structures of
different sizes is observed in DMAPPC-C32-OH suspensions at
high pH-values whereas at lower pH-values, where the mole-
cules are positively charged, some other aggregate structures
besides lamellar aggregates are seen in TEM images. In the
lamellar aggregates or phases the thickness of the lamellae
indicates a monolayer of molecules with interdigitated alkyl
chains and orientation of the chains perpendicular to the
lamellae. The FT-IR results support this assumption, as the
appearance of a splitting of the methylene scissoring bands at
low temperature indicates an orthorhombic packing of the
chains with high order. However, this high order is lost upon
heating to the first thermotropic transition where a trans-
formation into a hexagonal chain packing is observed. Due to
the long Cs, chains, the melting into liquid-crystalline phases
occurs at very high temperature above 90 °C. These results show
that the aggregation behaviour of bolaamphiphiles can not only
be tuned by the length of the alkyl chain and the size and charge
of the headgroups but also by the size difference between the
two headgroups attached at one alkyl chain. When this differ-
ence becomes too large the preferred aggregation type is no
longer a helical fibre but a lamellar aggregate with interdigi-
tated chains.
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