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ABSTRACT: Helical tubules are a fascinating and an
intriguing class of self-assemblies. They occur frequently in
biology and are believed to be intermediates in formation of
gallstones. The pathway by which amphiphiles transform from
an initial state of vesicles or micelles into such tubules has
puzzled soft matter physicists, and it has raised important
questions about the interplay between molecular chirality and
self-assembly. Here, for the first time, we demonstrate direct,
real-time observations by light microscopy of the pathway to
helical microtubules from an initial solution of nanoscale
vesicles. The tubules are formed in aqueous mixtures of the
single-tailed diacetylenic surfactant, 10,12-pentacosadiynoic

acid (PCDA), and a short-chain alcohol. The stepwise process involves nucleation of thin helical microribbons from the
vesicle solution. These ribbons then thicken, rearrange, and fold into closed tubules. Subsequently, most tubules further rearrange
into plate-like structures, and once again, we are able to visualize this process in real time. A notable aspect of the above system is
that the precursors are achiral; yet, the tubules are formed from helical ribbons. Our study provides new insights into tubule
formation that will be valuable in clarifying and refining theoretical models for these fascinating structures.

B INTRODUCTION

The self-assembly of amphiphiles in dilute aqueous solution is a
well-known phenomenon, and it usually leads to assemblies
such as micelles and vesicles."”> A far more unusual type of
structure can also be assembled from amphiphiles, and these
are hollow cylinders or tubules with diameters in the nano- to
microscale. In the simplest case, tubules can be envisioned to
form by taking an amphiphilic bilayer sheet and twisting and
wrapping this sheet into a helical tube.® The first reports of
such tubules date back to the 1980s;* however, tubules
continue to remain rather mysterious structures because they
are rarely seen in conventional surfactant or lipid solutions. In
turn, their morphology and assembly mechanisms are much less
understood.

The study of tubules essentially began with a paper by Yager
and Schoen reporting such structures in a solution of a
diacetylenic phospholipid.* Since that time, tubules have been
reported in solutions containing phospholipids or glycoli-
pids,> ™' gemini surfactants,"" and peptide amphiphiles.'***
The field of tubules has assumed importance in soft matter
physics owing to the connection between molecular chirality
and self-assembly.”'® Tubules may also have biological
relevance: for example, they have been found in solutions of
human bile'” ™" and are believed to be intermediate structures
in the formation of gallstones."””'® In addition to the scientific
implications, tubules have also received extensive consideration
for applications such as controlled release and drug delivery and
as templates for materials synthesis.>*!
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The mechanism and pathway for tubule formation has been
addressed in both experimental'>**7* and theoretical'®**~*
studies. Researchers have focused on elucidating how initial
structures such as vesicles or micelles transform into helical
ribbons and finally into helical tubules. Because tubules and
their precursors typically have nanoscale dimensions at the
outset, direct observation of tubule formation requires the use
of transmission or scanning electron microscopy (TEM or
SEM) or atomic force microscopy (AFM). With these
techniques it is difficult or impossible to track individual
tubules in real time; one only obtains snapshots of the entire
system at different time points during tubule formation. Optical
(light) microscopy, either in bright-field or in fluorsecence
mode, is ideally suited to real-time visualization of assembly
processes. However, to our knowledge, current systems do not
allow in situ tracking of individual tubules by light microscopy,
partly because the sizes involved are typically too small (below
the optical resolution). Moreover, for real-time tracking to be
truly informative, the system should evolve slowly so that the
various steps or morphological transitions can be clearly
distinguished. At the same time, if the evolution is too slow, the
structures cannot be tracked reliably because they will tend to
drift away from the field of view due to Brownian motion or
convection.
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In this paper, we report a new class of amphiphile-based
tubules of microsized diameters and lengths, which can be
directly observed by light microscopy. Thereby, we have been
able to track in real time the pathway from an initial state of
vesicles into helical ribbons and then into hollow tubules. The
conditions (temperature, concentration) have been modulated
in such a way that the whole process occurs over several hours,
which is sufficiently long to enable clear identification of
intermediate states along the way. Additionally, we find that
most tubules eventually transform into plate-like structures over
approximately 2 days. All morphological transitions have been
tracked in real time for individual structures, i.e., we can see the
same entity transform over time. To our knowledge, such real-
time observations of tubule formation and rearrangement into
plates have not been reported in the literature. Together, our
studies provide a variety of new insights into the formation
mechanism and properties of helical microtubules.

B RESULTS AND DISCUSSION

The tubules studied here are formed in mixtures of a single-
tailed diacetylenic surfactant, 10,12-pentacosadiynoic acid
(PCDA), and an alcohol such as geraniol (Figure 1). Both
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Figure 1. Molecular structures of (a) 10,12-pentacosadiynoic acid
(PCDA) and (b) geraniol. (c) Photograph of the gel formed by mixing
11 wt % PCDA and 11 wt % geraniol. Gel is expected to consist of
densely packed vesicles. (d) Upon 100X dilution of the gel with water,
a bluish solution is initially obtained, consisting of dilute vesicles. (e)
With time, the sample becomes increasingly turbid and hollow tubules
with microsized diameters and lengths appear in it.

PCDA and geraniol are commercially available and relatively
inexpensive compounds, and thus, our tubule studies can be
replicated easily in any laboratory. Note that the diacetylenic
phospholipid 1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phos-
phocholine (DC8 9PC) was one of the first amphiphiles
shown to form tubules,® and this molecule had a chiral center
in the lipid headgroup and a kink in each of its two tails due to
the triple bonds. Tubules of DCyoPC were formed by
dissolving the lipid above its melting temperature in alcohol/

water mixtures and then cooling this solution down to room
temperature, whereupon tubules of 500 nm diameter appeared.
PCDA is a single-tailed analog of DCyyPC with a similar tail
structure; however, its headgroup does not have a chiral center.
To form tubules, PCDA has to be combined with a cosurfactant
such as geraniol, an alcohol found in nature as the primary
component of rose oil. (Other medium-chain alcohols like
octanol or decanol can also be used instead of geraniol.) Our
method to form PCDA-—geraniol tubules does not involve
cooling a hot solution. Instead, a concentrated mixture of
PCDA and geraniol (11 wt % each) is initially created in
deionized water. This sample is a translucent pink gel, as shown
in Figure lc. The gel holds its weight in an inverted vial, and
the gel-like character is confirmed by dynamic rheology
(Supporting Information, Figure S1). Such gels are stable for
more than 1 year when stored in the dark. On the basis of
studies by others with similar surfactant/alcohol mixtures, we
can surmise that the gel behavior is due to an array of densely
packed unilamellar vesicles.*

Tubules are formed when the above PCDA/geraniol gel is
diluted with water. We should note that if we simply combined
low concentrations of PCDA and geraniol corresponding to a
dilute sample, the mixture would remain a multiphase
dispersion, i.e., the molecules would not dissolve. Indeed,
both PCDA and geraniol are insoluble in water by themselves;
however, the mixed gel is homogeneous. Let us now examine
the effect of diluting the PCDA/geraniol gel shown in Figure 1c¢
(0.1 g) with an excess of water (10 g, i.e., 100X dilution). The
sample initially becomes a clear, bluish solution as shown in
Figure 1d. The bluish color is an indication of vesicles, and
dynamic light scattering (DLS) reveals that the vesicles have a
diameter of about 100 nm. TEM additionally confirms the
presence of spherical vesicles in this sample (Supporting
Information, Figure S2), and the sizes from TEM are consistent
with that from DLS. As time progresses, the bluish vesicle
sample becomes more turbid (Figure le), indicating that larger
structures are formed, and these larger structures are shown
below to be tubules.

We observed the sample under a light microscope at a
temperature of 40 °C and as a function of time after dilution.
The higher temperature of 40 °C (as compared to room
temperature) was chosen because it slowed down the structural
evolution and thereby allowed careful examination of the
structures. Representative micrographs at different time points
are shown in Figure 2. At short times (0—1 h after dilution), the
structures (i.e., spherical vesicles) are too small to be distinctly
observed by light microscopy. Around the 1 h mark, very thin
helical ribbons with microsized diameters and lengths emerge
(Figure 2a). Around the 2 h mark, the helical ribbons widen
(Figure 2b), and by the 4 h mark, these rearrange into hollow
tubules with diameters of 3—22 ym and lengths exceeding 90
um (Figure 2c). After 6—7 h, many of the tubules begin to
rearrange and transform slowly (over the next 40 h) into rigid
plate or sheet-like structures. The latter are the dominant
structure in the sample after 2 days (Figure 2d); however, a few
tubules are still found in this sample. Our images show that
ribbons and tubules or tubules and plates often coexist,
indicating that the times of formation and disruption of each
structure are quite different.

The helical ribbons were characterized by their pitch angle
(w) and diameter (d). For this we selected 500 helical ribbons
from images between 1 and 4 h after dilution of the gel and
measured the pitch and diameter from the images, as shown in
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Figure 2. Optical micrographs showing the evolution of structures in a
PCDA/geraniol sample as a function of time after dilution of the gel.
(a) At the 1 h mark, thin helical ribbons are seen. (b) These ribbons
become wider and (c) rearrange into hollow tubules with microsized
diameters and lengths. (d) Within 24 h, most tubules turn into rigid
plate or sheet-like structures.

Figure 3. The results (top plot of Figure 3) show that most of
the ribbons, regardless of their diameter, have pitch angles of

50 -f LI I | ] T T | T Iﬂ_'] mrrr [ 7T I-
 Pitch angle ~ 47.67 ]

40 b p=ndtany _

”é“ r o mts 7
S 30 y S
= r - /} ]
+ C . 3 ]
£ 200 . -
E B o t:“' ]
10 :_ Pitch angle ~ 25.3 _

0 ; H N | J L4 l L1 J Ll L l ¢ SN l:

0 5 10 15 20

r
o

Diameter (um)

d, diameter

p: pitch v, pitch angle

Figure 3. Pitch vs diameter for helical ribbons (top plot). Pitch angles
were found to be 25.3 + 5.0° for most tubules (example shown in top
image) and 47.6 + 2.2° for a few others (example in bottom image).

25.3 + 5.0° while a few ribbons have pitch angles of 47.6 +
2.2°. Pitch angles around 25° have been seen before for tubules
formed by diacetylenic phospholipids.*** We also examined
500 helical ribbons in an attempt to distinguish whether they
were right- or left-handed (see Supporting Information, Figure
S3). The ratio of right-handed ribbons (245) to left-handed
ribbons (255) was 0.96. It is well known that molecular
chirality is a key to having favored handedness of helical
ribbons.>>*¢ Since both PCDA and geraniol are achiral, our
finding of near-equal handedness is quite reasonable. Note,
however, that molecular chirality is not essential for tubule
formation; instead, the kink in PCDA tails is the crucial factor
that dictates tubule formation, as noted previously for achiral
diacetylenic lipids.”

Next, we address the pathway from helical ribbons to tubules.
To follow this pathway, we directly observed and tracked
individual structures over time. Figure 4 presents a series of
optical micrographs showing a transition of an individual helical
ribbon to a tubule. This helical ribbon was initially seen after 60
min of dilution of the PCDA/geraniol gel, and at this point it
has a diameter of 7.9 yum and a pitch of 24.9 um (Figure 4a).
Between 100 (Figure 4b) and 140 min (Figure 4c) the length
of the ribbon increases while its diameter, pitch, and width
remain constant. Between 180 (Figure 4d) and 210 min
(Figure 4e) the ribbon grows laterally, ie., in its width, while
also continuing to grow in length. Between 240 (Figure 4f) and
270 min (Figure 4g) the width continues to increase, and in the
process, adjacent portions of the ribbon merge by removing the
gaps between the turns. This ultimately results in a closed
hollow tubule (Figure 4g), and the entire process is
schematically shown in Figure 4h. SEM images (Figure 4i)
confirm the hollow structure of the tubule, and the tubule
surface is found to be very smooth, indicating that the surface is
created by smooth merging of ribbon portions.

A crucial point from Figure 4 is that the diameter and pitch
of the final tubule are identical to those of the initial helical
ribbon. This finding allows us to discriminate between existing
models for tubule formation. In the closing-pitch model,"”%" the
pitch of the helical ribbon gradually shortens until a tubule is
formed while the width of the ribbon remains unchanged. In
the growing-width model,** on the other hand, the width of the
ribbon grows until a tubule is created while the pitch and
diameter of the ribbon remain unaltered. Our observations for
PCDA/geraniol tubules are undoubtedly consistent with the
growing-width model and not the closing-pitch model. This is
the case regardless of tubule diameter or pitch angle. Figure S4
(Supporting Information) shows a similar set of images as in
Figure 4 for a helical ribbon with a larger diameter (17.5 pm)
that closes into a tubule. Overall, we believe these are some of
the clearest real-time observations of an individual ribbon
evolving into a tubule.

An interesting wrinkle in the formation process was noted for
some tubules (Figure S). In Figure Sa, we see a helical ribbon
that is about to close into a tubule: note that adjacent portions
of the ribbon are very close to each other. However, when the
tubule is formed (Figure Sb), the ribbon portions do not
smoothly merge but instead undergo partial overlap. The
overlapping areas are indicated by arrows in Figure 5b and
show up as helical bands. This is also seen in the SEM image in
Figure Sc. Thus, the thickness of the tubule wall in the
overlapping areas is higher than in the nonoverlapping areas.
Interestingly, tubules with overlapped ribbon portions seem to
retain their stability in solution for a longer time (1—2 days)
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Figure 4. Optical micrographs in real time tracing the transformation of a helical ribbon to a closed hollow tubule: (a) 60 min after dilution of the
PCDA/geraniol gel, a thin helical ribbon is identified. This helical ribbon grows longer, as shown by the images at 100 (b) and 140 min (c), while its
diameter, width, and pitch remain unchanged. Around 180 min (d), the ribbon width begins to increase, and this is further seen at 210 (e) and 240
min (f). As the width increases, the gaps between the turns are eliminated, resulting in a closed hollow tubule around 270 min (g). Schematics of
tubule formation by this “growing width” mechanism are presented in Figure 4h: note that the diameter and helical pitch remain constant during the
entire process. SEM image in Figure 4i shows a hollow microtubule with a smooth surface.

Figure S. Tubule formed by overlapping of helical ribbon portions. (a)
Optical image shows a helical ribbon whose segments have almost
merged to form a closed tubule. However, rather than merging
smoothly, the segments partially overlap as they merge to form the
tubule (b) (arrows indicate the overlapping parts). SEM image of such
a tubule (c), with the overlap points again indicated by arrows.

than those with smooth walls that were formed by merging of
ribbons. We speculate that multiple bilayers in the overlapping
areas may contribute to additional stability of the tubules (e.g.,
the resulting tubules could be more difficult to unravel or
unwind; see Figure 6).

Finally, we address the process by which tubules are
converted into plate-like structures.'”'® As mentioned earlier,
once tubules are formed, they are stable in solution for time
scales ranging from several hours to 2 days. However, most
tubules are eventually converted into plates. We directly
observed individual tubules in real time by light microscopy and
tracked their transition into plates. Figure 6 presents a series of
optical micrographs showing such a transition. The starting
point is an intact hollow tubule (Figure 6a) with a diameter of
4.3 pum and a length of 148 ym. Within 10 min, a fracture or
kink appears in the middle of the tubule at the point shown by
the arrow (Figure 6b). The tubule then begins to unravel at this
point and opens up into a helical ribbon with a pitch angle of
~23° and eight turns (Figure 6c). Note that two short
segments of intact tubule flank the ribbon portion. Thereafter,
the middle ribbon portion expands in diameter and in width,
and in doing so the number of turns in the ribbon decrease
from eight to five (Figure 6d). By the 285 min mark (Figure
6e), the tubule has almost completely unraveled and most of it
is now a large sheet-like ribbon with a diameter and width
exceeding 20 ym and only taking up one and a half turns. The
sheet is rather stiff: note that it does not bend easily, and it is
more like a hard solid than a flexible ribbon. This is also shown
by the SEM image in Figure 6f and by the additional optical
images in the Supporting Information, Figure SS. Eventually,
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Figure 6. Optical micrographs in real time tracing conversion of tubules to plate or sheet-like structures. (a) Closed tubule is identified for
observation. (b) Within 10 min, a fracture is observed to be initiated in the tubule at the point indicated by the arrow. Tubule begins to unravel at
this point, resulting in a helical ribbon portion in the middle (c). This ribbon portion grows in width while the number of turns decrease, as shown
by d and e. By 285 min (e), the original tubule has been converted into a stiff sheet-like structure. (f) SEM image confirms the stiff nature of this

structure, which is brittle and eventually breaks into discrete objects.

these stiff sheets, being brittle, break up into the discrete
irregular objects (plates) shown in Figure 2d. Because the
breaking process is much slower, it has proved difficult to
capture images of a plate as it is breaking; however, we do see
sheets with tears or cracks in them (Supporting Information,
Figure SSb), and presumably these cracks propagate until the
structure fractures.

A similar sequence of events was seen with other tubules as
they converted to sheets or plates. The unraveling of a tubule
back to its constituent helical ribbon structure was the starting
point for most tubule-to-plate conversions events we observed.
However, the unraveling does not always occur in the middle of
a tubule; it can also occur in some cases at a tubule end, as
shown in the Supporting Information, Figure S6. In general,
unraveling is expected to occur at “defect sites” along the
tubule. When a tubule forms by merging of helical ribbon
segments, any point at which such merging is imperfect could
be a defect site and may be the point at which the kink in
Figure 6b is initiated, leading to unraveling of the tubule. It is
interesting to speculate why the unraveled ribbon or sheet in
Figure 6e is so much more stiff and brittle than the original
tubule. Possibly, the alkyl tails in the stiff sheet may be in a
frozen state and hence ordered with respect to each other—
much more so than in the initial tubule. In other words, the
molecules in the sheet would be arranged much like in a
macroscopic crystal.

To our knowledge, our study is the first to identify the steps
in the tubule-to-plate conversion process. The finding that this
process starts with the unraveling of tubules at a fracture point
is significant, and it shows the value of direct, real-time
microscopic investigations.

Bl CONCLUSIONS

In this paper, we studied tubules formed by combining two
achiral molecules: a single-tailed diacetylenic surfactant

14379

(PCDA) and an alcohol, viz. geraniol. The tubules were
formed isothermally by diluting a gel of PCDA/geraniol. The
physical chemistry of these tubules (e.g., effect of amphiphile
concentration, alcohol type, temperature) is itself interesting, as
is the fact that the tubules are made from achiral precursors.
However, those aspects are not the focus here; rather the focus
is on the fact that tubule formation under these conditions can
be followed in real time by light microscopy. Through these
real-time studies we discovered a number of fascinating facts
about the tubules. The initial precursors are helical ribbons, and
these close into tubules via the “growing width” mechanism.
Most tubules undergo smooth merging of adjacent helical
turns, but in some cases, the turns overlap partially. We also
discovered how the tubules convert into plates—this involves
the unraveling of closed tubules at a fracture point, followed by
widening and stiffening of the resulting ribbon. Our findings
also raise many new questions. For example, how can we
stabilize the tubule state and ensure that it does not unravel
into plates? These aspects may have relevance for under-
standing and preventing the formation of gallstones.

B MATERIALS AND METHODS

Materials. 10,12-Pentacosadiynoic acid (PCDA) was purchased
from GFS Chemicals. PCDA was purified by dissolving in chloroform
and filtering out the insoluble polymerized PCDA. Chloroform was
then removed by drying the sample under a fume hood for 24 h and
then drying in a vacuum oven for at least 48 h. The obtained PCDA
powder was ground with an agate mortar and kept in the refrigerator
before use. Geraniol (98% purity) was obtained from Sigma-Aldrich
and sodium hydroxide (NaOH) pellets (99% purity) was obtained
from J. T. Baker. Ultrapure deionized water from a Millipore water
purification system was used in preparing samples.

Sample Preparation. PCDA—geraniol tubules were prepared as
follows. First, a slight excess of a molar equivalent of S wt % NaOH
solution was added to 11 wt % PCDA in deionized water, and then 11
wt % geraniol was added. After vigorous mixing with a vortex mixer,
the sample was wrapped with aluminum foil to prevent PCDA
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polymerization by light. The sample was kept at room temperature,
whereupon it became a homogeneous pink gel. When this gel (0.1 g)
was diluted with excess water (10 g), tubules were formed in the
sample. The pH of this sample was around 9. The diluted sample was
wrapped with aluminum foil and placed in a 40 °C water bath until
use.

Optical (Light) Microscopy. A Zeiss Axiovert 135TV inverted
light microscope equipped with the Motic ImagePlus imaging system
was used for high-quality transmission microscopy. To investigate the
in situ formation of tubules, the diluted sample from above was loaded
in a rectangular glass capillary with an inner thickness of 0.3 mm, and
this was mounted onto the microscope. A hot stage linked to a
Physitemp TS-4 ER temperature controller was used to control the
temperature of the capillary while imaging. The temperature of the hot
stage was maintained at 40 °C.

Rheological Studies. Steady and dynamic rheological experiments
were performed on a Rheometrics RDA III strain-controlled
rheometer. A cone-and-plate geometry of 25 mm diameter and 0.04
rad cone angle was used. Dynamic frequency spectra were obtained in
the linear viscoelastic regime of the samples, as determined by dynamic
strain sweep experiments.

Transmission Electron Microscope (TEM). TEM was conducted
on a Jeol JEM 2100 microscope at 80 KeV with negative staining using
uranyl acetate. Two hundred mesh Formvar-coated copper grids were
dipped into the sample and then dried for about 2 h. One percent
uranyl acetate was added to the sample and dried again overnight in a
fume hood before imaging.

Scanning Electron Microscope (SEM). The surface of a tubule
was investigated using SEM (Hitachi SU-70) at S kV. Sample was
dropped on a glass slide and freeze dried. The sample-deposited glass
slide was coated by carbon with a Balzer MEDO10 carbon coater
before SEM imaging.

Dynamic Light Scattering (DLS). To measure the sizes of
vesicles, a Photocor-FC light scattering instrument was used at a
scattering angle of 90°. The instrument was equipped with a 5 mW
laser source at 633 nm and a logarithmic correlator. From the
autocorrelation function, an average diffusion coefficient was extracted,
and from this, the hydrodynamic size was calculated through the
Stokes—Einstein relationship.

B ASSOCIATED CONTENT
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Data from rheology, TEM, and additional images from light
microscopy. This material is available free of charge via the
Internet at http://pubs.acs.org.
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