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ABSTRACT: In Langmuir monolayers of heneicosanoic acid
(C21H42O2), at low temperature, in the L′2 and CS crystalline
phases, a blinking phenomenon occurs at the same positions of the
monolayer, which is called localized oscillations (LO), but its origin
has not been clarified. In this study, the LO phenomenon was
correlated with the ejection of material out of the monolayer which
was analyzed to understand this phenomenon. The techniques used
for this purpose were pressure−area isotherms on a Langmuir
balance and simultaneous observation of the monolayer by
Brewster angle microscopy (BAM). Subsequently, using the
Langmuir−Blodgett technique, the monolayers were transferred
using freshly cleaved mica substrates for analysis by atomic force
microscopy (AFM). Our results showed that the origin of the LO is
related to a spontaneous formation of micelles and vesicles, since in AFM images these structures were observed in a size range from
4 to 16 nm. In addition, the AFM images showed that the difference between the heights of the L′2 and CS crystalline phases ranges
from 13 to 15 Å.

1. INTRODUCTION
Fatty acids (FAs) are amphiphilic molecules that consist of a
carboxylic acid group and a saturated hydrocarbon chain or
with different degrees of unsaturation.1 They are the building
blocks of various lipids such as phospholipids and
sphingolipids.2−4 These lipids in turn, form part of the
structure of cell membranes and regulate diverse biochemical
processes in cells,5 in particular, lipids have an essential role in
the structure and function of the brain; they constitute around
50% of its dry weight.6 Polyunsaturated fatty acids (PUFAs)
such as arachidonic acid (AA, 20:4n-6) and docosahexaenoic
acid (DHA, 22:6n-3) are the primary fatty acids that compose
the central nervous system, they participate in the regulation of
membrane fluidity, neuronal communication through synaptic
vesicles, axonal growth, memory, and the anti-inflammatory
response in many diseases.7−9 On the other hand, saturated
fatty acids (SFAs) are known to reduce the elasticity of nerve
cells10 they have been associated with coronary heart disease,
inflammatory diseases and Alzheimer’s disease.11−14 Most of
the studies on SFAs have been carried out on even-chain fatty
acids because they have a high concentration in human plasma;
however, their counterpart (odd-chain SFAs or OCFAs) has
been less studied because their concentrations were thought to
be negligible in humans. For this reason, OCFAs have mainly
been used as biomarkers for dietary analysis and for some
diseases.15 Recently, OCFAs have been gaining ground in

research, as several studies have shown that dietary intake of
OCFAs has a beneficial effect on reducing the risk of coronary
heart disease, type 2 diabetes, Alzheimer’s disease, and anemia,
among other diseases.16,17 OCFAs are present in low
concentrations in dairy products, some fish and plants. In a
study conducted by Wei et al.,18 they reported for the first time
the presence of various OCFAs such as tridecanoic,
pentadecanoic, heptadecanoic, trichosanoic and heneicosanoic
acids, in coix seeds, which are widely used in Asian medicine
for their therapeutic effects in clinical cancer treatments.19,20

Ruminant-derived products are the main source of OCFAs in
the human diet,21 several studies have shown that the lipid
profile in milk is dependent on the diet ingested by the
ruminant animals; for example, supplementation with fish oils
and microalgae increases the concentrations of OCFAs in the
cow’s milk.22 Heneicosanoic Acid (C21) is an OCFA present
in low concentrations in breast milk,23 fish,24 seeds18 and as
the composition of cerebroside, a type of glycosphingolipid
that is found in the cell membranes of the nervous system.25
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The study of C21 can be used as a reference for the
understanding of cellular processes because of its ability to
form micelles and vesicles under certain conditions. It is well-
known that chemical neurotransmission is mediated by the
exocytosis of neurotransmitters stored in vesicles known as
synaptic vesicles.7 The acid C21 was previously reported to
exhibit a peculiar phenomenon known as localized oscillations
(LO) in the L′2 and CS crystalline phases in Langmuir
monolayers by Galvan et al.26 and Ramos and Castillo.27 The
authors suggest that this phenomenon may be related to a
process of matter expulsion or the formation of granules,
however, the origin of this phenomenon remains unclear.
In this work experimental data show the formation of

micelles and vesicles in L′2 and CS phases, which could explain
the origin of the LO. Brewster Angle Microscopy (BAM)
shown a monolayer filled with holes with different diameters
and Langmuir−Blodgett and atomic force microscopy (AFM)
techniques demonstrate the presence of micelles and vesicles
of a variety of sizes.

2. MATERIALS AND METHODS
2.1. Reagents. Heneicosanoic acid (C21:0) was purchased

from Sigma-Aldrich Quimica, S.A. de C.V. (99%) was used
without any further purification. The spreading solution of the
fatty acid was prepared with pure chloroform (HPLC, 99.9%,
Sigma-Aldrich) at a concentration of 1 mg/mL. Using a 100
μL Hamilton glass microsyringe, 50 μL of the Heneicosanoic
acid solution was spread gently onto the surface of the
subphase consisting of mili Q ultrapure water system (>18.3
MΩ cm−1)
2.2. Langmuir−Blodgett Trough. A Langmuir−Blodgett

trough (model 611, NIMA Technology Ltd., Coventry,
England) was used to measure the pressure−area isotherms,
using a filter paper as the Wilhelmy plate for the surface
pressure determination (with an accuracy of ±0.1 mN/m).
The trough was placed on an antivibratory table and filled with
deionized water (bioresearch grade water >18.3 MΩ cm−1 of
resistivity, Barnstead/Thermolyne, Dubuque, Iowa). The
trough is equipped with two poly(tetrafluoroethylene)
(PTFE) barriers fitted with steel bars to provide a symmetric
compression and a working area of 700 cm2. During the
experiments, the temperature was controlled at 5.4, 6.4, and 25
°C using a water recirculator bath (Neslab, United States).
Before starting each experiment, the subphase and trough
cleanliness were tested by closing the barriers and checking
that the pressure sensor readings were less than 0.1 mN/m
when the Langmuir trough barriers were fully closed (and by
the presence of a dark background only, observed by Brewster
Angle Microscopy). Using a 50 μL glass microsyringe, the fatty
acid C21 solution was gently deposited on the air/water
interface and allowed to stand for at least 30 min to allow the
chloroform evaporation before starting each experiment. The
monolayer was then compressed at 11 cm2/min. Some
monolayers were transferred using freshly cleaved mica
substrates with a dipping speed of 1 mm/min and a surface
pressure of 15 mN/m with the Langmuir−Blodgett technique.
2.3. Brewster Angle Microscopy. The images of the

monolayers, morphologies and phase transitions that character-
ize the C21 fatty acid were taken using a Brewster Angle
Microscope (BAM, Nanofilm EP4, Accurion GmbH, Ger-
many). BAM is based on the study of the intensity of a
reflected light beam coming from an interface with a
monolayer to be study on a clean subphase illuminated with

a monochromatic and p-polarized light beam.28 The main
characteristic of this beam is when the angle of incidence on
pure water is at the Brewster angle (53.15°), does not reflect
any light beam, therefore, it is used to distinguish between the
monolayer to be analyzed, as long as the monolayer has a
refractive index different to the subphase.29

2.4. Atomic Force Microscopy. For the atomic force
microscopy (AFM) observation, the monolayers were trans-
ferred using freshly cleaved mica substrates, with an extraction
speed of 1 mm/min and a surface pressure of 15 mN/m. The
measurements were performed with a MultiMode V8 SPM
NanoScope microscope (Bruker, Santa Barbara, CA) in
tapping mode at room temperature using a RTESPA silicon
cantilever (Bruker, Santa Barbara, CA) with a nominal tip
radius <10 nm and a resonance frequency of 300−400 kHz.
2.5. Experimental Process. During the execution of this

project, a variety of temperatures were studied to explore the
conditions under which the localized oscillations (LO)
phenomenon occurs. Each experiment was repeated 3 times
for each investigated temperature, allowing us to assess the
consistency of the observed phenomenon. However, the data
presented within the manuscript specifically correspond to the
temperatures where the localized oscillations were detected
(5.4 and 6.4 ± 0.5 °C, respectively). Additionally, the
temperature of 25 ± 0.5 °C, where the LO phenomenon
was not visualized, is reported. The replicates conducted
demonstrated a high reproducibility of the results, which
confirms the validity of our observations. These were carried
out according to Figure S1 of the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. L′2 and CS Crystalline Phases of Heneicosanoic

Acid (C21). C21 presents a great variety of phases despite
being a single component as has previously been reported by
Ramos and Castillo27 and Teer et al.30 in their phase diagram.
The nomenclature used for the crystalline phases of C21 is
based on the classification previously reported by Kaganer et
al.31 In their work, the liquid-expanded phase is referred to as
LE or L1, while the condensed phases, which appear at different
areas per molecule and temperatures, are called L2, L′2, L″2 or
CS. The ranges of values for each phase in our study were
taken from the C21 phase diagram proposed by Teer et al.30

This nomenclature system is widely accepted and has been
consistently adopted by other research groups to date.27,30

Ramos and co-workers reported the LO in the L″2 phase,
where the molecules are tilted, and in the crystalline CS phase.
In our investigation, we found this phenomenon in the L′2 and
the CS phases according to Teer and co-workers. The
difference between the L′2 and the CS is that the molecules
of the L′2 phase are tilted toward their nearest neighbor,31

while the CS phase has untilted chains. Figure 1 shows three
different surface pressure isotherms, where the change in slope
is due to phase transitions, and at temperatures of 5.4 and 6.4
°C is where the oscillations are observed, and at 25 °C the
oscillations do not appear. Our isotherms agree well according
to the C21 phase diagram from Teer group.30

The isotherms in Figure 1 show the presence of a
coexistence region between the gas (G) and L2 phases in
areas per molecule greater than 24.5 Å2/molecule and at
surface pressures close to 0 mN/m. As the lateral pressure of
C21 increases, the hydrocarbon chain inclination begins to
form the pure L2 phase only, between pressures of about 0 to
12.5 mN/m. However, at temperatures of 5.4 and 6.4 °C (red
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and blue isotherms in Figure 1, respectively), the crystalline
phases L′2 and CS are observed. The L′2 phase appears in both
isotherms between surface pressures of approximately 12.5 to
22 mN/m. At surface pressures close to 22 mN/m, there is a
new phase transition from the L′2 phase to the CS phase.
However, at a temperature of 25 °C (black isotherm in Figure

1), a different phase is observed, namely the LS, and the L2 is
still present.
Figure 2 shows BAM images obtained in the L′2 and CS

phases at both temperatures of 5.4 and 6.4 °C. A homogeneous
layer of C21 is observed (Figure 2a), which appears as a dark
gray tone, corresponding to the crystalline L′2 phase. In
addition, there are lighter gray tones forming a mosaic of
elongated irregular domains which represents the CS phase.
The contrast between these two shades is attributed to the
variation in the inclination of the C21 hydrocarbon chain
within the phase and therefore, each shade of gray corresponds
to a different direction of tilt of the hydrocarbon chain.27 In
the same way, black holes and white clusters with a series of
rings around them can be observed within the CS crystalline
phase. The rings are known as Newton rings and are
interference patterns that appear in monolayers as concentric
circles alternating between bright and dark.32 Newton’s rings
are formed due to a type of multilayer defect and are common
in the condensed phases of monolayers.26,27 When a second
compression is performed on the same monolayer (Figure 2b),
a network of holes is observed in the C21 monolayer. It is
important to mention that in this place (holes) the LO appear
and disappear rapidly. This phenomenon is described in the
next section. Similarly, in Figure 2a,c,d you can see light and
dark horizontal stripes; these are an artifact caused by the
optics of the microscope (BAM). However, this is not
considered within the monolayer analysis and therefore does
not affect the measurements made.

Figure 1. C21 isotherms at three different temperatures conditions
showing a variety of phases. The oscillations are observed only at 5.4
and 6.4 °C, while they are not observed at 25 °C.

Figure 2. Brewster Angle Microscopy (BAM) images of the L′2 and CS phases of C21 at low temperatures. (a, b) First and second compressions at
5.4 °C, respectively. (c, d) First and second compressions at 6.4 °C, respectively.
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Figure S2 of the Supporting Information shows the BAM
images obtained along the isotherms studied and shows the
different C21 phases. The BAM images obtained for the 25 °C
isotherm did not show the LO phenomenon despite the
similarity in the morphology of the lower temperature phase.
3.2. Localized Oscillations (LO). In addition to the

structures detailed above for low-temperature isotherms, the
LO of C21 could be observed. It has been reported that LO are

visible only in the L′2 and CS crystalline phases within a
temperature range between 2−6 °C.27 In this work, it was
possible to observe LO around 22 mN/m, and they increased
with the compression of the monolayer. According to the
isotherms in Figure 1, the LO began upon reaching the CS
phase and within the elongated light gray irregular domains
shown in Figure 2a. The particularity of the LO is that they
appear and disappear rapidly throughout the monolayer and in

Figure 3. Atomic Force Microscopy images of C21. (a) L′2 and CS coexisting phases at low temperatures together with the micelles and vesicles
formation in defect zones of CS phase. (b) Cross-sectional graph to determine the size of the ejected material. (c) Higher resolution AFM height
image that provide a better visualization of the spherical structures, (d) the blue and red lines correspond to the height profile of these structures.
(e) The amplitude error and (f) the 3D-AFM images allow us to identify vesicles in the sample.
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the same position as the clusters and holes described above. In
the Supporting Information file, there are several links to some
videos acquired in real time and along the isotherms at
different temperatures where the LOs were observed. Here we
can see that the LO phenomenon is found throughout the
monolayer appearing and disappearing at high speed. This
phenomenon has been previously studied by the group of
Ramos and Castillo,27 and they conclude that this process is
better known as blinking. The authors deduce that the ring
patterns observed as LO are airy patterns due to Fraunhofer
diffraction produced by the light reflected from the multilayer
granules. In addition, they suggest that the LO could be due to
a successive process of expulsion of matter, granule formation
and discontinuous growth, reusing the expelled material, and
giving a possible origin to the blinking. However, the origin of
this phenomenon is still unknown. The LO are related to stress
and energy in areas of the monolayer with a high concentration
of defects. Galvan et al. mention that it is a different way of
starting the formation of multilayers, where material is expelled
from the monolayer before reaching the collapse pressure.26

When a second compression is performed on the same
monolayer (Figure 2b−d), a network of holes is observed to
form in the C21 monolayer. To observe the behavior of the
C21 monolayer under pressure changes in the L2′ phase, the
surface compressibility modulus (Cs1−) was calculated. The
results are presented in Figure S3 of the Supporting
Information. This figure shows that in the L2 phase region at
25 °C, the monolayer compressibility remains stable. However,
this behavior changes in the L2′ region at lower temperatures
(5.4 and 6.4 °C), where the compressibility modulus exhibits
fluctuations and decreasing values. These results suggest
unusual behavior of the monolayer, indicating it is in a region
of instability or phase transition.33 In an unstable state, any
additional compression can produce the monolayer collapse or
its molecules to become disorganized.34 Compressing the C21
monolayer with the mobile barriers of the Langmuir Trough
introduces additional force, causing the monolayer to fluctuate
along the surface, promoting the formation of localized
oscillations (LO) throughout the monolayer. These oscilla-
tions result in the expulsion of material into the subphase,
facilitating the formation of micelles and vesicles.
3.3. Morphological Observation of Spherical Struc-

tures. To validate our hypothesis, a series of measurements

using atomic force microscopy (AFM) were performed within
the region where LO’s were detected. Monolayers of C21 acid
were transferred to freshly cleaved mica substrates using the
Langmuir−Blodgett technique. This process required bringing
the isotherm to its equilibrium pressure while maintaining
stability for 2 h. Subsequently, the transfer was carried out
ensuring a constant pressure and a transfer speed of 1 mm/
min. The transfer occurred at a pressure of 15 mN/m and a
temperature of 5.4 °C, ensuring the presence of the L2′ phase.
The AFM image (Figure 3) shows morphologies that resemble
those observed in the images obtained through BAM.
In Figure 3a, a mosaic pattern consisting of irregular

domains in two different shades is observed. The background
has a dark brown tone, corresponding to the L′2 phase, while a
lighter brown color represents the crystalline phase CS. It is
important to highlight that in the interfacial zone of the CS
phase, cumulus with a white spherical shape are also observed.
Because of their size, these structures correspond mostly to
vesicles formation. The height profile shown in Figure 3b
represents the cross-sectional graph (white line of Figure 3a).
Here, it is seen that these structures have sizes between 4 and
16 nm. Our deduction of vesicles shapes was determined not
only by the size, but also by the morphology observed by the
characteristic shown in the height profile, which closely aligns
with profiles reported in the visualization of vesicles by AFM
measurements.35,36

Additionally, in Figure 3c, we also see different structures in
our system, but only the ones that show the typical flattened
round shape (blue and red lines) were considered for our
statistics. The profile curves of the blue and red lines in Figure
3d, show that the diameter of our spherical structures is much
larger than the height (6−16 nm), and this is related to the
adsorption process to the mica.37 We can notice with more
detail the irregular shapes that are present in our transferred
monolayers in Figure 3e,f. We believe that these objects could
be due to interactions between vesicles, fusion events, or the
presence of multilamellar structures.38 More details of the
analysis carried out by AFM can be found in Figures S4 and S5
of the Supporting Information.
Some research groups have demonstrated the formation of

vesicles in phospholipid monolayers. For example, Gopal et
al.39,40 examined a phospholipid mixture of dipalmitoylphos-
phatidylcholine and palmitoyloleoylphosphatidylglycerol

Figure 4. Estimation of micelle and vesicles formation size by Rubber stretching method. (a) Length of C21, (b) micelle size, (c) unilamellar
vesicle, (d) oligolamellar vesicle and (e) multilamellar vesicle.
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(DPPC:POPG) using Langmuir monolayers and fluorescence
microscopy. In this study, they analyzed how the monolayer
collapses over a temperature range of 20 to 40 °C and
determined that at temperatures below 28 °C, the monolayer is
biphasic and collapses, forming folds. On the other hand, when
the temperature is above 33.5 °C, the monolayer becomes
homogeneous and collapses, forming micrometer-scale vesic-
ular structures characterized by globular or tubular shapes. In
another study by Ridsdale et al.,41 DPPC films were analyzed
at the air-buffer interface. Transmission electron microscopy
(TEM) was used to examine the film, revealing the presence of
folds on the film’s surface as well as the formation of vesicular
structures. In another study performed by Hatta,42 he found
vesicle formation in Langmuir monolayers in octadecanoic acid
(C18). The experiments were carried out in a pH range of 6 to
8 and analyzed by phase contrast microscopy. Apparently, the
formation of the vesicles is due to the presence of defects in the
monolayers, where the lipid material start solubilizing into the
subphase. For all these reasons, our results show that the LO
are a consequence of the formation and expulsion of micelles
and vesicles.
At the same time and within Figure 3b, we can also see the

height between the L′2 (red arrows) and CS (blue arrows)
phases. It is around 13 to 15 Å. Previous studies performed by
Chi et al.43 determined the phases of stearic acid (C18) and
observed a height difference of approximately 15 to 20 Å
between the liquid-condensed (LC) and liquid-expanded (LE)
phases, similar to our results. C21 and C18 share similarities, as
both are saturated fatty acids. To distinguish between the
height of a monolayer and a vesicle is that the monolayer
usually has a plateau-shaped distribution.44,45

3.4. Estimation of Micelles and Vesicles Sizes. To
estimate the size distribution of the micelles and vesicles
formed by the C21 fatty acid, the stretching Rubber method
was used.46,47 The results are shown in Figure 4, were we used
a C21 length of 27 Å.48 The temperatures and pressures were
considered in the range of 5.4 to 6.4 °C and 12.5 to 22 mN/m,
respectively.
The estimated diameters for C21 micelles are between

5.38−5.46 nm, as can be seen in Figure 4b. However, due to
the spontaneous nature of LO, we can have a variety of sizes in
the vesicular formations. If we consider the minimum micelle

size, various vesicles species can be identified. Unilamellar
vesicles (Figure 4c) have an estimated diameter of 10.76 to
16.13 nm, while oligolamellar vesicles (Figure 4d) have
diameters of 16.13 to 16.37 nm. Additionally, multilamellar
vesicles (Figure 4e) have diameters sizes greater than 21.51
nm. These results align perfectly with the vesicle sizes
distributions determined through AFM measurements (Figures
3 and 5).
Analysis of the size distribution (Figure 5a) demonstrates

the presence of micelles and vesicles with a range of sizes
between 4 and 16 nm. By performing a fit with a Gaussian
function, we can determine that the average size of the vesicles
formed was 9.16 ± 2.8 nm. These vesicular formations fall
within the estimation of unilamellar vesicles (Figure 4c) and
can be classified as small unilamellar vesicles (SUVs). On the
other hand, and within Figure 2b, where black holes were
observed in the C21 monolayer by BAM images, it can be seen
that the origin of these SUVs comes from the formation of
larger vesicles. Analysis of the size distribution of the black
holes revealed dimensions between 2 to 8 μm with an average
of 4.8 ± 1.4 μm. These sizes correspond to multivesicular
vesicles (MVVs). It is known that during the formation of
MVVs or MLVs, their size can be reduced to the formation of
large and small unilamellar vesicles (LUVs and SUVs,
respectively) due to mechanical forces during their formation
process, either by extrusion and/or sonication.49 In our case,
the mechanical force generated by the mobile barriers of the
Langmuir balance can be considered as the external force to
achieve this reduction. In this work we do not discard the
possibility of MVVs formation. We believe that this type of
vesicles could have been expelled into the subphase, however
due to technical difficulties, the subphase could not be
analyzed to measure this type of vesicle formations. Never-
theless, in this work we detected and analyzed SUVs that were
detached due to this phenomenon and were trapped at the
air−water interface.
Langmuir monolayers and liposomes are both utilized as

models for biological membranes and explore processes related
to them. Langmuir monolayers, which primarily focus on
analyzing conformational changes and interactions of mem-
branes with pharmacological substances and biologically
relevant materials, also serve as models to understand the

Figure 5. Vesicle size distribution histograms measured by (a) AFM height images (n = 50) and (b) hole size distribution measured by BAM
images (n = 120). The blue solid curve corresponds to the log-normal distribution fit.
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behavior of lipids at the air−water interface. These studies
provide crucial insights into the organization and dynamics of
lipid bilayers, which constitute the structural basis of
liposomes. The latter, on the other hand, stand out for their
utility as drug carriers, thanks to their ability to encapsulate
both hydrophilic and hydrophobic compounds.50,51

The localized oscillations observed in C21 monolayers may
be related to the self-assembly and disassembly processes of
lipid structures. These processes are fundamental in the
controlled release of drugs, where the organization and
disorganization of lipid structures can control the release of
the active substance. On the other hand, the compressibility
modulus of the monolayers and the fluctuations observed in
the L′2 phase at low temperatures suggest a state of instability
or phase transition. In drug delivery systems, these phase
transitions can be exploited to control drug release in response
to changes in the environment, such as pH or temperature.52,53

4. CONCLUSIONS
In this work, we carried out experimental approaches to
investigate the localized oscillations of heneicosanoic acid
within the L′2 and CS phases. Langmuir monolayer and
Brewster angle microscopy (BAM) experiments demonstrated
the presence of black holes along the C21 monolayer
suggesting the expulsion of material into the subphase. Analysis
of the hole size distribution within the monolayer indicates
that these formations could be due to the formation of
multivesicular vesicles (MVVs) with averages around 4.5 μm.
On the other hand, by the Langmuir−Blodgett technique we
transferred samples onto mica, and AFM images of the samples
were obtained. These images showed the presence of micelles
and small unilamellar vesicles (SUVs) trapped at the air−water
interface along with the monolayer, ranging in size from 4 to
16 nm. Additionally, AFM analysis reveals that the height
between the L′2 and CS crystalline phases is between 13 to 15
Å. Therefore, we conclude that localized oscillations
phenomenon is caused for the formation and expulsion of
micelles and vesicles of different sizes.
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