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A B S T R A C T

Formation of unilamellae of fully hydrated dipalmitoylphosphatidylcholine (DPPC) was induced by a horn 
sonicator from multilamellar vesicles and followed by time-resolved synchrotron small angle X-ray scattering and 
direct visual morphological investigations by the means of transmission electron-microscopy combined with 
freeze-fracture. Without incubation the ultrasonication causes continuous increasing in temperature and trans
formation from the gel to rippled gel structures, then reaching the main transition, the formfactor of unilamellar 
structure appeared. The ultrasonication resulted in different layer formations at the characteristic temperatures 
of the gel (20 ◦C), rippled gel (38 ◦C), and liquid crystalline (45 ◦C) phases of the system. At 20 ◦C irregular stacks 
of multi and oligolamellar lamellae were shaped even after three hours of ultrasonication. At 38 and 45 ◦C the 
ultrasound induced dominantly unilamellar vesicles (ULVs) in a short time (10 and 3 – 5 min, respectively, under 
typical ultrasound treatments in the general laboratory practice). After the end of the ultrasonication, irregular 
layer formations with defects structures increased when the temperature of sonication was above the chain 
melting temperature of the hydrated DPPC system, underlining the importance of optimized sonication 
processes.

1. Introduction

Unilamellar vesicles (ULVs) are of great importance in several 
fundamental and technological areas connecting to biology, medicine, 
pharmaceutics, and food technologies [1–6]. However, lipids self- 
assemble spontaneously into multilamellar vesicles (MLVs) upon hy
dration, which need to be subsequently transformed into ULVs [7]. This 
is typically achieved by ultrasonication [8–13], as well as other well- 
known methods such as extrusion [14], detergent dialysis [15], 
alcohol injection [16], microfluidic method [17], and supercritical fluid 
assisted technology [18].

Ultrasonication of the lipid suspension results in acoustic cavitation, 
producing micro-bubbles [19]. The implosion of these causes high local 
temperatures and pressures, and creates free hydroxyl and hydrogen 
radicals [20]. Although the high temperature also accelerates the hy
drolysis of phospholipids, this effect is typically negligible. It was found 
that only 1.6 % of the lipids hydrolysed during a prolonged, 24 h in
cubation at 50 ◦C [21]. The typical degradation products of natural 
lecithins are lysolecithins, fatty acids, glyceryl phosphorylcholine, 

phosphorylcholine [22].
Ultrasound treatment destroys the integrity of multilamellae, form

ing temporary products, the so-called bilayered phospholipid fragments 
(BLFs) [23]. These subsequently rearrange mostly into unilamellar 
forms.

The dipalmitoyl-lecithin DPPC (1,2-dipalmitoyl-sn-glycero-3-phos
phocholine) is not a typical lipid component of systems which are 
generally subjected to ultrasonication in industry. However, it has a 
well-established and − studied thermotropic behaviour, with obvious 
morphological and nano-structural characteristics (for a summary, see 
Section 1 of the Supporting Information to this article). Additionally, 
DPPC is a widespread biological model membrane-constituent used in 
biochemical and biophysical studies, and it is a significantly more 
resistant artificial lipid against ultrasonication than other lipids or lipid 
mixtures with biological origins [24].

The effectiveness of ultrasonication in turning MLVs into ULVs is 
generally investigated by the means of dynamic light scattering (DLS), 
although this method, reporting only an overall size of the vesicles, is 
clearly unable to describe their lamellar structure [9,10,25]. Imaging 
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techniques such as cryo-electron microscopy (Cryo-EM) [26], trans
mission electron-microscopy combined with freeze-fracturing sample 
preparation (FF-TEM) [27] and atomic force microscopy (AFM) [28]
provide direct and detailed visual information about the morphology of 
the entirety of vesicles and their shell structures. Apart from the fact that 
invasive sample preparation procedures are required which can induce 
significant structural changes, the statistical relevance of these single- 
particle methods, however, is generally low and prone to human bias. 
On the other hand, these methods, especially FF-TEM, offer unique in
sights, whereby local structural changes caused by sonication can be 
inspected during the whole course of the transformation from MLV to 
ULV [29,30]. Small-angle X-ray and neutron scattering (SAXS and 
SANS) methods provide reliable characterization of shape, size and 
other nanostructural features, but since the experimental results are in 
reciprocal space, advanced analysis techniques and modelling is often 
required [31,32]. Fortunately, the small-angle scattering of MLVs and 
ULVs is highly different, therefore an easy differentiation between the 
multilamellar and unilamellar forms becomes possible at first glance. In 
contrast to visible light scattering, here the inner lamellar structure of 
vesicles can also be deduced, not only their overall size [33].

Another, frequently neglected aspect of ultrasonication is tempera
ture. The consequences of the thermotropic phase behaviour of lipid 
suspensions are often not taken into account. Temperature control is 
reported in the literature in a diverse manner. Some authors performed 
sonication of hydrated phosphatidylcholines, especially dipalmitoyl
phosphatidylcholine, at the characteristic temperature of the gel phase 
(25 ◦C) [34]. Others conducted their measurement in a wide tempera
ture range (“between 25–40 ◦C”, covering the pretransition range) [9]. 
Yet others only avoid high temperatures (“below 50 ◦C”, allowing the 
chain melting transition) [10]. Some papers conclude that the phase 
state of the system (gel or liquid crystalline phase) is not the driving 
factor of the rapid small unilamellar vesicle formation [11].

In this work we performed an in operando study of the ultrasonication 
process of multilamellar vesicles using an in-line experimental setup 
where the ultrasonicated lipid suspension is studied with synchrotron 
small-angle X-ray scattering (SAXS) over the whole course of the ultra
sound treatment. As a non-destructive method, SAXS can give unam
biguous information on the lamellarity of the lipid vesicles, without any 
unwanted structural changes due to additional sample preparation 
steps. The originally observable, several orders of equidistant Bragg 
reflections that are characteristic for the periodic arrangement of the 
bilayers in MLVs, transform into a single broad peak, the so-called form 
factor of a single bilayer, over the course of the ultrasound treatment. 
Because the small-angle scattering of MLVs carries information also on 
the thermotropic phases the lipid suspension is in, our experimental set- 
up, extended with a precise temperature control, and also enabled us to 
devise the role of the gel or liquid crystalline phases in ultrasound- 
induced unilamellarization. Thereby, we intend to show how thermal 
circumstances influence the lamellarity of the vesicles under typical 
ultrasound treatments in the general laboratory practice [10].

2. Material and methods

2.1. Chemicals

DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) was purchased 
from Avanti Polar Lipids (United States) and were used without further 
purification. In preparing the MLVs, first a small amount of water was 
added dropwise to the lipid, yielding a homogeneous, concentrated 
suspension, approximately 15 w/w %. This form was frequently vor
texed and homogenised by repeating a heating (50 ◦C) and cooling 
(4 ◦C) cycle twenty times. Finaly, this form was diluted to the desired 
1.5 w/w % concentration.

Physiological salt solution (9 g NaCl solved in 991 g Millipore water) 
was used for erythrocyte isolation and purification. Their membranes 
were prepared in hypotonic TRIS buffer medium (5.0 mM TRIS, pH: 

7.6). The final haemoglobin free erythrocyte membrane, known as 
ghost, was stored in PBS buffer (10 mM; 8 g NaCl, 0.2 g KCl, 1.8 g 
Na2HPO4⋅2H2O, 0.312 g NaH2PO4⋅2H2O for 1 L PBS solution, the final 
pH = 7.4 value was adjusted by HCl). All listed salts were purchased 
from Sigma Aldrich.

2.2. Preparation of erythrocyte ghost and nanoerythrosomes

Freshly collected anticoagulated blood was donated by healthy vol
unteers, 18 ml from one donor at a time using 6 ml K3EDTA tubes 
(Vacuette, Greiner Bio-One, Austria). The use of human blood samples 
was approved by the Scientific Ethics Committee of the Hungarian 
Health Scientific Council (ETT TUKEB 6449-2/2019).

Cellular components were sedimented from whole blood by centri
fugation (2200 × g, 15 min, swing-out rotor, 14 mL Eppendorf tube, 
Hermle Z327 K centrifuge, Germany). The plasma and the white blood 
cell containing buffy coat were removed and the erythrocyte pellet was 
suspended in physiological NaCl solution and washed three times. After 
the last sedimentation, the red blood cells were lysed in hypotonic 5 mM 
TRIS buffer, stirred in 40 × buffer volume at 4 ◦C. The erythrocyte ghost 
membrane was sedimented with a Beckman Avanti J-25 I centrifuge, US 
(JA-20 rotor, average 34000xg, 30 min, 4 ◦C). To achieve haemoglobin- 
free ghosts, the membrane pellet was resuspended in hypotonic TRIS 
buffer again, and centrifuged. Afterwards it was washed in PBS buffer 
two times and centrifuged (Beckman, Avanti J-25 I centrifuge centri
fuge, US, average 34000x g, 30 min, 16 ◦C).

The final ghost membrane pellet was suspended in PBS, its protein 
content was determined by Bradford protein assay and was used as a 
stock solution for nanoerythrosome preparation. The ghost membrane 
aliquots were rapidly frozen in liquid nitrogen and stored at approx. 
− 80 ◦C.

The haemoglobin-free ghost was the starting material for nano
erythrosome preparation. The membrane suspension was put in a bath 
sonicator (Elmasonic S10, 30 W) in glass vial for 10 s, with pre-set power 
level and continuous operation (37 kHz, in 1.5 ml glass vial, sample 
volume 200 µl). This gently sonicated ghost suspension was mixed with 
an amount of DPPC ULVs to reach a final 5:1 DPPC to ghost mass ratio. 
The mixture was vortexed and sonicated (Elmasonic bath sonicator, 20 
s) and extruded using Mini Extruder (Avanti Lipids, Al, US) sequentially 
through membranes of pore sizes 1000, 400, 200 and finally, 100 nm.

2.3. In situ small-angle X-ray scattering (SAXS)

SAXS measurements were performed at the Austrian SAXS beamline 
of the Elettra synchrotron (Trieste, Italy) in transmission geometry [35]. 
For the in-situ study, a special sample environment was constructed, the 
schema of which is shown in Fig. 1.

6 mL of the lipid suspension was situated in a continuous flow tank 
reactor, a covered but not closed cylindrical glass vial (diameter 23 mm 
and height 40 mm), into which the 3.8 mm stepped micro titanium tip of 
an ultrasonic homogenizer (Model 150VT, 150 Watt, Biologics, Inc., 
United States) was dipped in a way that the tip was in the rotational axis 
of the vial. The ultrasound source was driven at 20 kHz, at 35 % of its 
maximal 150 W power, and set to 25 % duty cycle with a cycle length of 
2 s. The timer was set to 15 min. At 38 and 45 ◦C, shorter sonication 
times were already efficient within 15 min. At 20 ◦C (gel phase of hy
drated DPPC) 12 × 15 min (three hours) of sonication were applied. 
After every 15 min, a rapid visual control was taken about the proper 
function of the experimental setup and the next sonication was started 
immediately. In the case without thermal incubation, 3 × 15 min of 
sonication was necessary to reach the expected structural changes and 
observe them with synchrotron small-angle X-ray scattering.

Two alternative setups were used, one where the sonicated sample 
was not thermally controlled (Fig. 1, left side) and another where the 
ultrasonication process was carried out in incubated condition, with the 
thermostatically controlled sonication cell and the X-ray capillary 
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(Fig. 1, right side). In the latter one, the experiments were executed at 
different temperatures which are relevant to the thermotropic phases of 
the DPPC/water system: 20 ◦C (gel phase), 38 ◦C (rippled gel phase), and 
46 ◦C (liquid crystalline phase) [36–39].

Measurements were done using monochromatized and collimated 
radiation of 8 keV photon energy. The scattering patterns were recorded 
in the range of 0.1–5 nm− 1 in terms of the scattering variable, q (defined 
as q = 4π

λ sinθ, where 2θ is the scattering angle and λ is the X-ray 
wavelength), using a Pilatus 1 M two-dimensional positive sensitive 
CMOS hybrid pixel detector (Dectris Ltd, Baden, Switzerland). To be 
able to assess sample stability during the experiment, twenty exposures, 
each 1 s long, were made and repeated for each sample. The relevant 
aqueous medium was measured before and after the measurement se
ries. The individual exposures were corrected for beam flux, geometric 
effects. The background scattering curve was subtracted in the case of 
the measurements of nanoerythrosomes. The corrected scattering pat
terns were azimuthally averaged to yield one-dimensional scattering 
curves for each sample.

2.4. Transmission electron microscopy combined with freeze fracture (FF- 
TEM)

For the FF-TEM measurements, the sample was first ultrasonicated at 
the desired temperature. Then a single droplet, approximately 1 μL, was 
pipetted onto a golden sample holder and rapidly frozen in liquid freon 
[40]. Three samples, coming from the different temperatures, were put, 
together with their sample holders onto the freeze fracture sample 
holder block, under liquid nitrogen at − 195.8 ◦C. The sample holder 
block was finally placed into the freeze-fracture device (BAF 400D, 
Balzers AG, Liechtenstein), where the fracturing was performed at 
− 100 ◦C under high vacuum. After a short etching (approx. 20 sec) the 
fractured surfaces of the samples were covered with vaporized platinum, 
producing the surface masks, and then coated with vaporized carbon to 
create a continuous supporting film on the stacked platinum masks. 
Taken out from the vacuum chamber, the replicas were cleaned from the 
remainders of the samples with distilled water and transferred sepa
rately to copper grids (200 mesh) for examination in a transmission 
electron microscope operating at 80 kV (MORGAGNI 268D, FEI, The 
Netherlands).

2.5. Dynamic light scattering (DLS)

The average size and size distribution of the samples was measured 
with a W130i dynamic light scattering apparatus (AvidNano, United 

Kingdom) [41]. 5 μL of the sample was diluted with 75 μL MQ water and 
measured in a microcuvette at 20 ◦C. The analysis of the measurement 
data was performed with the i-Size software supplied with the 
apparatus.

3. Results and Discussion

3.1. Structural changes induced by ultrasonication without temperature 
control

The first measurement series, modelling typical laboratory condi
tions, was carried out at room temperature (cca. 20 ◦C), without tem
perature control. The glass cell used for ultrasonication was not isolated 
from its environment – it was fixed to a laboratory stand holder –, but 
the sonication produced a monotonous increase in the temperature of 
the DPPC suspension up to approx. 46 ◦C, which was reached in 25 min. 
The increasing temperature of the sample induced remarkable changes 
in the SAXS patterns of the system as it can be followed in Fig. 2 A, B. The 
SAXS curves show the characteristic nanostructures and transitional 
states thereof, corresponding to the thermotropic behaviour of the hy
drated DPPC multilamellar system in the temperature domains of the gel 
(Lβ’) and rippled gel (Pβ’) phases [30,38,39,42,43]. As the temperature 
increased above the main transition, the form factor of the unilamellar 
structure appeared, instead of the scattering signal of the multilamellar 
liquid crystalline (Lα) phase.

Under closer inspection, further details can also be revealed from the 
scattering curves. At the beginning of the ultrasonication (near 20 ◦C), 
sharp, equidistant Bragg reflections are detectable, corresponding to the 
lattice spacing (d = 6.35 nm) of the gel phase (Lβ’) via Bragg’s equation: 

d =
2π
qn

n,

where n, an integer, is the order of the peak, qn is the position of its 
centre, and d is the periodic repeat distance. As time progresses and 
temperature increases, the nanostructural signals of thermally adjacent 
phases appear. First the gel and then the rippled gel (Pβ’) phases are 
observable, with some transient behaviour between them. Finally, 
ultrasonication results in a general destruction of the regular layer 
packing of MLVs. Even in the temperature domain of Lβ’, a remarkable 
loss in multilamellar correlation can be observed, through the disap
pearance of higher order Bragg reflections, showing a second kind of 
layer defects which affect the relative organization of the lipid bilayers 
with respect to each other. Above the so-called pre-transition (between 
the Lβ’ and Pβ’ phases), the Pβ’ phase also did not assume its regular, 

Fig. 1. Scheme of the experimental arrangements. The DPPC suspension was ultrasonicated in the glass tank reactor and circulated through an X-ray capillary by 
using a peristaltic pump. The sample during the sonication was without incubation (left, tank reactor:1, sonicator tip:2, flow capillary set in metal block:3, X-ray:4, 
characteristic 2D scattering pattern of MLVs:5, peristaltic pump:6, tube with circulating sample:7) and with incubation (right, tank reactor:1, sonicator tip:2, double- 
walled vessel for incubation:3, water as intermediary medium:4, temperature control of intermediary medium:5, incubated liquid of the thermostat, inlet:6, incu
bated liquid of the thermostat, outlet:7, incubated flow capillary set in metal block:8, X-ray:9, characteristic 2D scattering pattern of ULVs:10, peristaltic pump:11, 
tube with circulating sample:12).
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multilamellar form. The impact of ultrasound seems to be accumulated 
and caused more extended alterations in this inherently more mobile 
phase. The Bragg reflections appeared only in two orders, witnessing a 
further loss in lamellarity. Comparing this “dynamic” SAXS pattern of 
the Pβ’ phase to that of the steady state at 38 ◦C (measured separately) in 
Fig. 2C, a difference between the shapes of scattering curves appears, 
indicating the effect of ultrasound. The diffraction peaks of the Pβ’ phase 
are complex, and this behaviour is the consequence of the two- 
dimensional surface pattern of the ripple-gel phase, shown in the Sup
plementary material 1. It is noteworthy that in case of the sonicated 
sample, the Bragg peaks, located at approx. q = 0.88 and 1.00 nm− 1, 
respectively, are sharper and definitely more separated than those of the 
“true” Pβ’ phase, achieved without ultrasonication (bottom and upper 
curves in Fig. 2C)[44,45]. At the same time, an increased baseline is 
observable in the whole q-range for the sonicated sample, indicating the 
scattering of uncorrelated layers. Based on the FF-TEM results sonication 
breaks up the MLVs already in the early stages of the treatment, pro
ducing a significant amount of stand-alone bilayers and weakly corre
lated layers of stacks of these. The remaining MLVs however remain 
rather regularly packed. This finding is in full agreement with earlier 
experimental observations of Zasadzinski (1986), obtained in a model 
liposomal system by FF-TEM [29]. With increasing temperature, first the 
second order peak of the Pβ’ phase disappears, then the broadened first 
one dwindles away, giving place to the continuously forming broad, 
hump-like signal, corresponding to the form factor of the single lipid 
bilayer of ULVs (Fig. 2A). Due to sonication, the characteristic Bragg 
reflections of the liquid crystalline phase did not appear. Following the 
structural changes for 20 mins after the end of ultrasound treatment, a 
slight but continuous change in the SAXS pattern can be observed, while 
the sample was cooled down to approx. 25 ◦C. A small excess, diffuse 
diffraction signal, centred at the expected position of the Lβ’ diffraction, 
also appears over the bilayer form factor, indicating a partial recombi
nation into a multilamellar arrangement (upper curve in Fig. 2B).

The performed measurements showed that the primary effect of the 
sonication was the increase in temperature. ULVs were only formed in 
the higher temperature domain, indicating that the MLV to ULV trans
formation required a more mobile phase than the rigid gel phase. To 
observe the impact of ultrasound treatment in distinct phases, further 
measurements were carried out with temperature control at 20, 38, and 
45 ◦C, which are characteristic for the gel, rippled gel, and liquid crys
talline phases of the hydrated DPPC system, respectively [30,39,43].

3.2. Changes of MLVs in gel phase (20 ◦C)

Fig. 3 shows the effect of sonication onto the multilamellar 
arrangement of the gel phase (Lβ’) at 20 ◦C. In the beginning, the char
acteristic Bragg reflections appeared in five orders (three is shown in the 
Figure), similarly to the previous case where no incubation was used. 
The position of the first Bragg peaks does not change, not even at pro
longed/sustained sonication as it is observable in Fig. 3A. Only the 
number of the equidistant Bragg peaks is reduced and peaks up to the 
second order, in form of a shoulder, would be observed after three hours 
of sonication, indicating a severe loss in correlation and the reduction of 
the number of layers inside the multilamellar stacks. The changes in the 
SAXS profiles are highlighted in Fig. 3B, where the starting, a transi
tional and the final scattering curves are shown. The final SAXS curve 
indicates extremely weakly correlated MLVs, but the coexistence with 
ULVs also cannot be precluded.

The FF-TEM pictures (Fig. 4) provide direct visual information about 
the morphology formed at 20 ◦C and altered by ultrasonication. In the 
beginning, the steady state of the DPPC-water system shows large, in 
some parts onion-like, multilamellar vesicles, where the lamellae exhibit 
closely packed regular arrangements corresponding to the high number 
of equidistant Bragg reflections found in the SAXS pattern. Though the 
lipid concentration is small (1.5 w/w %), complete and relatively large 
vesicles appear in the aqueous medium. Their size range extends from 
0.5 to several µm. The fractured surface morphologies of the vesicles 
show positive (Fig. 4A) and negative (Fig. 4B) curvatures of the lipid 
bilayers. In these cases, the fractures occurred in the upper and bottom 
parts of the embedded vesicles, respectively. In the latter case the closely 
and regularly packed stacks of bilayer can be observed, giving a 
picturesque explanation for the series of sharp Bragg reflections. Three 
hours of sonication induced dramatic changes in the morphology of the 
lipid-water system (Fig. 4C). Laterally extended anisotropic stacks of 
lamellae, which seem to be bilayered phospholipid fragments, appear 
dominantly in the electron-micrographs. Their size lies approximately 
between 200 and 400 nm, while their thicknesses vary between 100 – 
200 nm. Some stacks contain layers in reduced numbers, between two 
and four, gaps popping up between them, giving explanation for the 
weak layer correlation observed by the SAXS method. The occurrence of 
small vesicles is infrequent, suggesting that the formation of closed en
tities is hindered. The polydisperse particle size distribution profile, 
obtained by DLS measurement is in line with these observations 
(Fig. 4D). The shape of the distribution shows a bimodal character, 
consisting of a relatively sharp peak in the range from 180 until 350 nm, 

Fig. 2. Changes of the one-dimensional SAXS profiles of hydrated DPPC system (1.5 w/w%) during the sonication process without incubation. The whole course of 
transformation (A, patterns signed with asterisk are shown in B). Representative SAXS patterns (B). Comparison of the steady state (upper) and dynamic (bottom) 
forms of Pβ’ phase (C).
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and smaller but broadener one, from 0.9 to 3 µm. The PDI values are 
0.45 and 0.73, respectively. The second high PDI value indicates that the 
larger objects probably are not suitable for DLS characterization.

Fig. 3. Changes of the one-dimensional SAXS profiles of hydrated DPPC system (1.5 w/w%) during the sonication process at 20 ◦C. The whole course of trans
formation (A, patterns signed with asterisk are shown in B). Representative SAXS patterns (B).

Fig. 4. Surface morphology of the DPPC suspension at 20 ◦C without ultrasonication (A, B) after ultrasonication (C) and size distribution of the ultrasonicated 
suspension (D).

Fig. 5. Changes of the one-dimensional SAXS profiles of hydrated DPPC system (1.5 w/w%) during the sonication process at 38 ◦C. The whole course of trans
formation (A, patterns signed with asterisk are shown in B). Representative SAXS patterns (B).
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3.3. ULV formation in rippled gel (38 ◦C) and liquid crystalline (45 ◦C) 
phases

In situ ultrasonication measurements performed at 38 ◦C show 
remarkably different changes in the nanostructure. At the very begin
ning, the regular SAXS pattern of the rippled gel (Pβ’) phase is detectable 
(Fig. 5). The (10) reflection is dominant in the complex first Bragg peaks, 
corresponding to a 7.16 nm layer periodicity of the Pβ’ phase. The second 
peak, consisting of (20) and (21) reflections, is broad and gets smeared 
out in a short time. In 10 min only the broad form factors of ULVs 
appeared, as it is shown separately in Fig. 5B. Extending the SAXS 
measurement without ultrasonication to 30 min, the shape of the scat
tering curve changed slightly, because a minor broad peak emerges at q 
= 0.8 nm− 1, indicating the appearance of a small amount of multi
lamellae beside the ULV forms.

SAXS experiments at 45 ◦C showed rapid structural reformations, as 
it can be observed in Fig. 6. Here, the shape of the regular profile of the 
liquid crystalline phase altered in a very short time, approx. 2 min. Af
terwards, the Bragg peaks vanished, and the shape of the scattering 
curve continuously turned into the form factor of ULVs in approx. 3–5 
min. The ultrasonication was in progress for 10 min., similarly to the 
previous experiment at 38 ◦C.

The SAXS measurement was continued for 30 min without ultra
sonication. The scattering curves showed small, but tendentious changes 
in their profiles. Similar to the experiment performed at 38 ◦C, beside 
the apparently constant ULV form factor, a small broad Bragg reflection 
appeared at approx. q = 0.8 nm− 1 at the end of the measurement series 
(see the separately displayed final scattering curve in Fig. 6B). Notably, 
this additional peak appears in a more expressed form than that at 38 ◦C, 
indicating further, unexpected structural formations. Indeed, the FF- 
TEM method revealed that beside the dominant small particles, large 
entities also occur occasionally (Fig. 7). After 10 min sonication at 45 ◦C 
and 30 min relaxation, the quenched sample contains spherical particles 
with typical diameters between 50–100 nm (Fig. 7A). The morpholog
ical features in the domains with negative curvature of the fractured 
surface, where vesicles are broken entirely through, give a direct visual 
information about the existence of unilamellar creations. Beside these 
small, spherical and apparently ULVs forms, several deviations from 
unilamellar formations are also revealed: fusions between ULVs, double 
or oligolamellar creations, small lamellar fragments packed closely to 
each other, or even more rarely, whole larger spherical vesicles 
(Fig. 7B). As the deviation from the ULV form factor is increasing with 
the progress of sonication (Fig. 6A), the independent FF-TEM 

observations indicate that prolonged ultrasonication (10 min. instead 
of 3–5 min.) may result in further unregular formations with defective 
structures during the observed relaxation time (30 min.). Consequently, 
the scattering contribution of these irregular formations renders the 
differentiation of the bilayer form factors in the different (gel, rippled 
gel, and liquid crystalline) phases impossible. DLS, as a further inde
pendent method also witnesses the polydisperse character of the particle 
size distribution of the sonicated sample, as it can be observed in Fig. 7C. 
The measured size distribution profile is bimodal, consisting of a sharp 
peak around 62.2 nm mean value, and a broad one around 649 nm in a 
98 to 2 mass ratio having 0.23 and 0.52 PDI values.

3.4. Example for Applications of ULV formations of hydrated DPPC 
system

The previously described (section 3.3), freshly prepared ULVs of 
hydrated DPPC system, are typically used as precursors in the produc
tion of nanoerythrosomes. Nanoerythrosomes are promising drug- 
delivery systems [46,47]. When the ULVs of DPPC (formed at 45 ◦C 
under sonication) are mixed with ghost membranes prepared from 
human red blood cells, unilamellar vesicle-like objects, the so-called 
nanoerythrosomes are formed, as shown in Fig. 8 A, B, C.

The freshly prepared ghost was gently sonicated, but instead of a 
horn sonicator tip, a bath sonicator was used to avoid the destruction of 
this sensitive system. This treatment results in the fragmentation of 
ghost membranes into smaller parts of several hundred nm (Fig. 8B), 
favoring the formation of unilamellar nanoerythrosomes. These ghost 
fragments were mixed with the previously prepared DPPC ULVs 
(Fig. 8A) were extruded through porous membranes of decreasing pore 
size after homogenization and sonication. The FF-TEM image shows the 
characteristic unilamellar morphology, indicating that the ghost frag
ments have coated the DPPC ULVs (Fig. 8C). The scattering form factor 
of unilamellar constructs can be witnessed in the small-angle X-ray 
scattering curve of the nanoerythrosome system as a broad maximum in 
the q-range from 0.5 to 2 nm-1, as well as the two subsequent, lesser 
maxima (Fig. 8D). The decreasing, power law baseline of the scattering 
curve is the consequence of the small size fractions of nanoerythrosomes 
(which can already be observed among the precursor DPPC ULVs, 
Fig. 8A). Generally, the nanoerythrosomes exhibit similar SAXS curves, 
provided that those have similar lipid and ghost contents. The detailed 
inspection of the formfactors of nanoerythrosomes revealed that they 
have a complex unilamellar structure and the layer thickness is signifi
cantly wider than that of DPPC bilayers [48].

Fig. 6. Changes of the one-dimensional SAXS profiles of hydrated DPPC system (1.5 w/w%) during the sonication process at 45 ◦C. The whole course of trans
formation (A, patterns signed with asterisk are shown in B). Representative SAXS patterns (B).
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4. Conclusion

MLVs of hydrated DPPC system, exposed to ultrasound, undergo 
severe structural destruction which is accompanied with the reduction 
of the number of bilayers in the multilayer stacks and a diminishing of 
the lateral size of fractured layers. In the gel phase, ensured by incu
bation below the pre-transition (e.g. at 20 ◦C), unilamellar vesicles 
cannot be formed. Although dynamic light scattering exhibits a relative 
narrow size distribution profile in the 200–300 nm range, the SAXS and 
FF-TEM methods revealed that bilayered phospholipid fragments are 
created. The formation of ULVs requires the existence of more mobile 
states than it is possible in the gel phase. At 38 ◦C, the characteristic 
temperatures of the thermally adjacent phases, e.g. the rippled gel and 
the liquid crystalline phases, are close to each other, and a minor ther
mal effect of ultrasound can induce main transition locally, whereby the 
conditions for ULV-formation comes possible. Here we found that the 
ultrasonication generate further structural alterations above the main 
transition. Although, the differentiation in the electron-micrographs is 
not possible which are in beginning or ending states, but the tendentious 
changes in SAXS pattern at 45 ◦C indicate that the accumulated struc
tural defects carrying additional energy prone to create metastable 

creations with undesirable behaviours. Consequently, the parameters of 
the ultrasonication (power, time, temperature) should be carefully 
optimized and the prolonged ultrasonication should also be avoid. The 
ultrasonication, above the chain-melting transition, seems to be less 
advantageous than in the vicinity, but below the phase transition. As the 
ultrasonication without incubation may cause both the phase-transitions 
e.g. pre- and main transitions in the temperature domain of the gel phase 
which accompanied with the formations of severe structural defects and 
a complex prehistory, described earlier as a “memory” effect can be 
occurred [30]. By ultrasonication or mechanical stress induced defect 
structures can influence the thermotropic behaviours of the hydrated 
DPPC system, therefore the impact of the ultrasonication can be ex
pected as it found recently [49]. During ultrasonication, the MLVs are 
influenced by localized high-pressure and − temperature zones, which 
induces the destruction of MLVs along their structural defects and lipid 
bilayer fragments (LBFs) are formed. Only the vicinity of the chain 
melting temperature (reached by the accumulated heat of sonication, or 
in a more appropriate and controllable way, through thermal incuba
tion) assure the higher fluidity of the lipids and higher diffusion of the 
whole LBFs whereby ULVs can be formed, indicating the decisive role of 
the sonication temperature in the transformation of MLVs to ULVs, in 

Fig. 7. Morphological changes in hydrated DPPC system (1.5 w/w%) after 10 min ultrasonication (45 ◦C). Nearly monodisperse ULVs (A). Beside small ULVs, 
irregular lamellar fragments, packed closely to each other, and polydisperse vesicle formations (B). Bimodal particle size distribution with a dominant sharp and a 
satellite small peak corresponding to small ULVs and large irregular creations, respectively (C).

Fig. 8. Application of DPPC MLVs for nanoerythrosome-preparation. ULVs of hydrated DPPC suspension (10 min sonication, at 45 ◦C, A), ghost fragments (10 
seconds sonication bath, B), nanoerythrosomes (20 second ultrasonication, after that extrusion through 100 nm pore size, C), SAXS pattern of ghost suspension, D).
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case of pure hydrated lipid systems.
The present SAXS results, combined with freeze-fractured electron- 

micrographs indicate that the formation of ULVs occur from MLVs 
through the forming and folding of LBFs, while the alternative process of 
budding from the outer surface of MLVs seems not to be likely.
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