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The importance of using biomimicking membranes for various biological applications is
rising, as such models are relevant for imitating real organisms. In addition, biomimicking
membranes are usually much more repeatable in preparation and easier to handle during
analysis than real organisms or biological membranes. In this work, we developed a
method for the adsorption of intact small unilamellar Escherichia coli (E. coli) vesicles
(Z-average size of 73 nm) on SiO2 substrate material. We describe the adsorption
process based on the use of two surface sensitive techniques, i.e., nanoplasmonic
sensing (NPS) and quartz crystal microbalance (QCM). The acquired data show that the
adsorption follows a two-step process. The first step is a slow adsorption of E. coli vesicle
aggregates held together by 5 mM of calcium (Z-average size of 531 nm). The Z-average
of the aggregates decreased almost three times when the calcium concentration was
decreased to 0.1 mM. This suggests that the aggregates were disassembling to some
extent when calcium was removed from the system. With both techniques, i.e., NPS and
QCM, we observed a second rapid adsorption step after the solution was changed to
deionized water. In this second step, the aggregates started to fall apart as the calcium
concentration dropped, and the released vesicles started to adsorb onto unoccupied
spots at the SiO2 surface of the sensors. Extensive release of mass from the surface
was confirmed by QCM, where it was reflected by a sharp increase of frequency, while
NPS, due to its lower sensing depth of a few tens of nanometers, did not record such a
change. Taken together, we have developed a protocol to form a supported vesicle layer
(SVL) of E. coli vesicles on SiO2 surface using sodium 4-(2-hydroxyethyl)piperazine-1ethanesulfonate buffer, thus enabling the preparation of E. coli biomimicking SVLs for
interaction studies of compounds of interest. The immobilization happens via a two-step
adsorption process.
Keywords: aggregation, biomembrane, Escherichia coli, nanoplasmonic sensing, vesicles, quartz crystal
microbalance
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INTRODUCTION

acid (70%) was obtained from Sigma (Darmstadt, Germany).
Calcium chloride, ethylene glycol, HEPES, and HPLC-grade
methanol were from VWR International Oy (Espoo, Finland).
The pH calibration solutions (7.0 and 10.0) were obtained
from Merck (Darmstadt, Germany). Distilled water was further
purified with a Millipore water purification system (Millipore,
Molsheim, France).

Reconstruction of membranes from lipids, which are extracted
from real organisms, provides a useful tool for studying
interactions of biomimicking membranes and xenobiotics of
high biological relevance. To investigate such interactions, new
methodologies are required to immobilize membranes on the
surface of a particular sensor material. We present a new
methodology, in which we utilize lipid vesicles composed of
Escherichia coli (E. coli) total lipid extract as the biomimicking
agent. E. coli vesicles immobilize on the utilized SiO2 sensor
surface as a supported vesicle layer (SVL). The immobilization
happens via a reversible aggregation mechanism, controlled by
the concentration of calcium ion.
Recently, we developed a method for the immobilization of
egg phosphatidylcholine (PC) onto SiO2 nanoplasmonic sensing
(NPS) sensor surfaces as supported lipid bilayers (SLBs) and
SVLs (Duša et al., 2018). However, the phosphatidyl choline
mixture from chicken egg is substantially different from the
rather complex E. coli total lipid extract. According to the
manufacturer, 24.9% of the total mass of E. coli extract is
composed of negatively charged phosphatidylglycerol and doubly
negatively charged cardiolipin. Since the net surface charge of a
SiO2 coated sensor is negative at pH 7.4, the adsorption of highly
negatively charged E. coli vesicles to SiO2 surface is prevented
by electrostatic repulsion. It has previously been shown that
cardiolipin is an important lipid in the membrane composition
of E. coli lipid extracts (Lopes et al., 2010) and its content has a
major effect on the membrane structure and dynamics (Unsay
et al., 2013). Macdonald and Seelig showed that there is an excess
of calcium ions on a surface of biomembranes composed of
mixed cardiolipin and PC (Macdonald and Seelig, 1987). Even
a very low concentration of calcium (<2 mM) is able to shift
the membrane surface potential from highly negative to positive
values. Moreover, it could be well-anticipated that the total
extract of lipids from E. coli incorporates lipopolysaccharides
(LPS), which form the outer leaflet of the outer membrane in vivo
(Lind et al., 2015). Therefore, LPS are also very important in
mimicking the E. coli biomembrane system (Clifton et al., 2015;
Lind et al., 2015). Clifton et al. found that divalent cations, such
as calcium and magnesium, are able to form a stable cross-link
with negatively charged LPS (Clifton et al., 2015). Lind et al.
recently presented a method for the preparation of E. coli total
lipid extract SLB on a SiO2 surface using TRIS buffer containing
CaCl2 (Lind et al., 2015). However, to the best of our knowledge,
there is no published method describing the formation of SVL
from E. coli total lipid extracts on a SiO2 surface. The aim
of this study is to describe the immobilization mechanism of
E. coli vesicles modulated by the presence of calcium in 4-(2hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer,
using data from the surface sensing techniques, NPS and quartz
crystal microbalance (QCM).

Buffer Preparation
HEPES acid concentration along with the concentration of
NaOH were calculated with the Peakmaster 5.3 program
(available for free at http://web.natur.cuni.cz/gas/) to reach a pH
of 7.4 and an ionic strength of 10 mM. The resulting solution
prepared from the calculated masses of HEPES and NaOH was
checked by a pH meter to confirm that the pH of the buffer was
within the range of pH 7.4 ± 0.05. A stock solution of 500 mM
of CaCl2 was used for dilution into sodium HEPES buffer with
or without liposomes to obtain a final concentration of 5 mM
of CaCl2 in the buffer. All solutions were filtered through a
polytetrafluoroethylene syringe filter with a 0.45 µm pore size
(Gelman Sciences, Ann Arbor, MI, USA).

Vesicle Preparation
The vesicles were prepared in the same manner as described in
our previous study (Duša et al., 2018). Briefly, the calculated
amount of 32.46 mM stock solution of E. coli total lipid extract
dissolved in chloroform was transferred to a glass vial. A thin
film of lipids was produced by evaporating chloroform under a
gentle stream of air. Traces of chloroform were further removed
by overnight evacuation in a desiccator. Subsequently, lipids were
rehydrated in HEPES buffer at 60◦ C for 60 min and continuously
shaken to produce an E. coli multilamellar vesicle (MLV)
dispersion with 4 mM lipid concentration. Small unilamellar
vesicles (SUV) were prepared from the MLV dispersion by
20 min sonication at 37 kHz and 100% power in an ultrasonic
bath ELMASONIC P 30 H (Elma, Singen, Germany). After
sonication, the lipid dispersion was filtered through a syringe
filter of 0.45 µm pore size to remove any dust particles. The size
distribution of the SUVs was routinely checked by dynamic light
scattering (DLS) with a Zetasizer Nano ZS instrument (Malvern
Instruments, Malvern, UK).

Nanoplasmonic Sensing Measurements
NPS measurements based on localized surface plasmon
resonance were conducted in optical transmission mode on
SiO2 coated (∼10 nm) golden nanodisks supported on glass
sensor chips. An Insplorion XNano II instrument (Insplorion
AB, Gothenburg, Sweden) (Jackman et al., 2014) with a 1 Hz
signal recording frequency was used for all NPS measurements.
New sensors were cleaned by UV ozonization (UVC-1014
NanoBioAnalytics, Berlin, Germany) prior to their first use.
The bulk refractive index (RI) sensitivity of a new sensor
was checked by increasing concentrations of ethylene glycol
diluted in water. The sensor cleaning process after every
analysis consisted of gentle sonication in methanol at 80 kHz
and 30% power in sweep mode for 5 min. All experiments were
performed under continuous flow of 100 µL/min, controlled by a
REGLO Digital peristaltic pump (Ismatec, Wertheim, Germany)

MATERIALS AND METHODS
Chemicals
E. coli total lipid extract (PN 100500) in chloroform was
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Nitric
Frontiers in Materials | www.frontiersin.org
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at 25◦ C (thermostated temperature). Data was collected with
the Insplorer version 1.2 software (Insplorion AB, Gothenburg,
Sweden). OriginPro 8.6 software (OriginLab, Northampton, MA,
USA) was used for evaluation of the acquired data.

eggPC. The rate of fusion increased with increasing calcium
concentration (Wilschut et al., 1982). Moreover, polymorphisms
were found to be induced in a biomembrane composed
of cardiolipin/eggPC upon interaction with calcium (Unsay
et al., 2013). Furthermore, Lemmin et al. performed computer
simulations and demonstrated that cations were able to neutralize
most of the negative charges of cardiolipin-rich biomembranes
(Lemmin et al., 2013). Fusion of vesicles is generally an
irreversible process when vesicles of a larger hydrodynamic
diameter are produced (Ohki and Arnold, 2000). However,
we were able to see a certain level of reversibility, when
the calcium concentration was decreased in the solution. The
dilution of 5 mM calcium in HEPES with 0.15 mM of E. coli
vesicles was done with either water or HEPES buffer. The final
concentration of calcium was 0.1 mM and the concentration
of vesicles was 3 µM (50 times dilution). With both diluting
solutions the Z-average dropped to 182.8 nm and 156.4 nm
using water or HEPES buffer, respectively. This finding suggests
that even though fusion of vesicles might be present during
the aggregation process, the major part of the aggregation
mechanism is reversible. Therefore, we speculate that SUVs
form aggregates held together by bidental calcium cations.
However, the interaction can be disrupted by decreasing the
concentration of calcium when the aggregates disassemble back
into SUVs. Considering a maximum packing sphere density
occupying 74% of the available volume, one spherical 500 nm
aggregate could encompass more than two thousands 35 nm
E. coli vesicles. The structure and formation kinetics of vesicle
aggregates are complicated, and therefore sophisticated methods
and models have to be employed to reveal the actual structure
(Roldán-Vargas et al., 2009).
The presence of LPS in the E. coli total extract might also
play a role in the aggregation process as 17.6% of the total
lipid mass was not identified by the producer. A previous study
has shown that the LPS outer leaflet of the outer membrane
lost its ordered structure when the divalent cations (5 mM
calcium) were removed by the addition of 3 mM EDTA and
substituted with sodium cations (Clifton et al., 2015). The content
of LPS in E. coli total extract membrane of SUVs was probably
too low to form a compact leaflet and, as a result, the LPS
molecules were scarcely distributed in both leaflets of the vesicle
membrane. However, the addition of calcium could induce a
reverse mechanism to the one described in Clifton et al. (2015).
Flip-flop of LPS molecules to the outer leaflet and migration
in membrane would form LPS-rich regions on the outer leaflet
of the SUV membrane. This could in turn enable connection
between LPS of two or more different SUVs, forming aggregates.
It should be noted that the disaggregation observed in our
study started after simple dilution of calcium concentration
compared to the addition of EDTA to the system shown in
Clifton et al. (2015).
The applied buffer in the immobilization might also play a
major role in the aggregation process. Aggregation of E. coli
vesicles was not observed when 2 mM MgCl2 was introduced to
the vesicle dispersion (White et al., 2000), as the authors used a
phosphate buffer system in contrast to Na-HEPES buffer used for
dilution in this study. In addition, the original vesicle dispersion

Quartz Crystal Microbalance
Measurements
A QCM unit with a polytetrafluorethylene flow cell (KEVA,
Brno, Czech Republic) was used for analysis. 10 MHz quartz
crystals (International crystal manufacturing, Oklahoma City,
OK, USA) with golden electrodes coated by 50 nm of SiO2 were
used and the signal collection rate was 10 Hz. The cell was
thermostated to 25◦ C and a REGLO digital peristaltic pump,
interfaced with an RS232 port to a PC, was used for maintaining
the flow rate at 100 µL/min. At the inlet side the peristaltic
pump tubing was connected to a 10-port selector valve (VICI
AG International, Schenkon, Switzerland), which was operated
by a Cole-Parmer Data Acquisition Module 18200-00 (ColeParmer, Vernon Hills, IL, USA). The fluidic setup and QCM data
acquisition was further controlled by a custom designed Labview
program (National Instruments, Austin, TX, USA). OriginPro
8.6 software (OriginLab, Northampton, MA, USA) was used for
evaluation of the acquired data.

RESULTS AND DISCUSSION
Vesicle Size and Aggregation
After multiple sonication steps of MLV dispersions of E.
coli extract vesicles, we observed a change of the dispersion
from opalescent to clear. This suggests formation of SUVs.
However, determination of the vesicle size showed that there
were two different coexisting size populations. The size volume
distribution demonstrated that ∼90% of the vesicles had an
average size of 35 nm with a Z-average of 73.1 ± 1.7 nm.
In our recent study, eggPC vesicles diluted in sodium HEPES
buffer (Na-HEPES) formed a SVL on a SiO2 sensor surface after
treatment of the surface with 2 M HNO3 . In contrast, eggPC
SLB was formed on the same surface using Na-HEPES buffer
containing 5 mM CaCl2 (Ca-HEPES) (Duša et al., 2018). In the
case of E. coli vesicles no SVL was formed when using the same
HNO3 treatment with Na-HEPES (data not shown). However,
when Ca-HEPES was used to dilute the E. coli vesicle dispersion,
the original solution turned from clear to turbid. This unexpected
change indicated aggregation of E. coli vesicles. When this turbid
dispersion was analyzed by DLS, one well-defined peak with a
Z-average of 531.6 ± 12.0 nm was observed, proving aggregation
of E. coli vesicles. In addition, the cloudiness of the solution after
adding Ca-HEPES did not recede after sonication at 37 kHz for
10 min at 100% power setting.
The fast aggregation of E. coli vesicles was most probably
caused by a high mass fraction 9.8% of cardiolipin, which possess
two negatively charged phosphate groups. Calcium as a fusogenic
agent is strongly linked to negatively charged phospholipids,
promoting aggregation (Reviakine et al., 2000; Binder and
Zschörnig, 2002; Agafonov et al., 2003).
It has been shown that 9 mM calcium was able to fuse
vesicles made of an equimolar ratio of cardiolipin and
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to 5 mM, only a partial SLB was formed. The SLB formation
using 5 mM of calcium was very similar to that observed using
0.5 mM calcium, where also only a partial SLB was formed. It was
speculated that the effect observed upon adding 5 mM of calcium
was the sum of SLB formation and adsorption of intact vesicles on
the formed SLB. This speculation was confirmed by atomic force
microscopy analysis. The analysis showed that E. coli extracted
lipids formed a less even SLB, compared to that formed by eggPC
and phosphatidic acid in a molar ratio of 90:10 (Márquez and
Vélez, 2017). The formation of SLB was not observed in our
experiments, which can be confirmed by the absence of the
characteristic acceleration of NPS peak shift increase during the
latter part of the immobilization (Jackman et al., 2016). This
can be due to the different surface chemistry of the sensors
used in these studies. Generally, the most often used surfaces
in NPS applications include gold, SiO2 , and TiO2 surfaces. The
interaction of the lipid membranes with the mentioned surfaces
follows different adsorption pathways depending whether gold,
SiO2 , or TiO2 coating is used (Zan et al., 2014). However,
even usage of the same surface with different buffers can alter
the adsorption pathway. This was shown in our previous work
on the use of phospholipid coatings in open tubular capillary
electrochromatography (Hautala et al., 2003). Moreover, the
difference in the composition between the liposomes prepared
from total or polar lipid extracts discussed above might be
another reason why the SLB formation was not observed.
Similarly to the analyzed vesicle system in our study, it has
already been shown that polyion-induced aggregation of cationic
vesicles preserve the integrity of vesicles without fusion of the
vesicles (Bordi et al., 2006). Such clusters have the hydrodynamic
radius defined by the equilibrium of short range attraction forces
and long-range repulsion forces of polyelectrolyte-lipid clusters
(Bordi et al., 2005). The largest aggregates were found at a
1:1 ratio of polyanions vs. cationic lipids (neutralization point)
(Bordi et al., 2006). As the system presented in this study most
probably includes a polyanionic core of LPS, the radius would be
defined by the amount of calcium neutralization of the lipids and
the LPS negative charge of E. coli vesicles. This also agrees with
the finding that a decrease of calcium concentration increased the
repulsion forces. As a result, the aggregates got smaller as shown
by DLS analysis.
In a recent study conducted by Davydov et al. the aggregation
vesicles composed of PC/cardiolipin and PC/cardiolipin/Brij
58 were investigated (Davydov et al., 2010). Different
concentrations of the cationic polymer (polycation poly-Nethyl-4-vinylpyridinium bromide) were used to decrease the
net charge of the vesicles, while the size of emerging aggregates
was evaluated. The results demonstrated that when the net
charge approached zero, the diameter of the aggregates reached a
maximum value. The addition of Brij 58 to the vesicle prevented
formation of any aggregates.
Cadmium cation, which is approximately of the same
size as calcium cation, but has a higher electronegativity,
was able to rigidify a liposomal membrane composed of
negatively charged lipids with head groups composed of
either phosphatidic acid, diphosphatidylglycerol (cardiolipin),
phosphatidylglycerol, or phosphatidylserine (Kerek and

contained much bigger vesicles with hydrodynamic diameters
larger than 160 nm.

NPS Analysis of Aggregates
To confirm the reversibility of aggregation, the dynamic
interaction of calcium with vesicles was further analyzed by NPS.
At the beginning, the NPS signal of E. coli vesicle immobilization
showed no adsorption onto the SiO2 sensor (Figure 1). However,
a slow drift amounting 10.9 ± 1.7·10−3 nm/min was observed
at longer immobilization time. The total peak shift change after
65 min of solution introduction was 0.78 nm (Figure 1, red
trace). This implies a very sparse layer of supported vesicles and
also a very slow adsorption rate of E. coli vesicles using CaHEPES. Rinsing E. coli aggregates with Na-HEPES produced
a step in the signal, but no other change was observed with
continual rinsing. Surprisingly, upon the last rinsing step with
MilliQ water, the initial drop in the signal was in course of 20 min
substituted by a sharp increase in the peak shift (amounting 1.01
nm/min at its maximum rate). The rise of peak shift started to get
slower exponentially after the initial linear increase. This suggests
that the initial high rate of adsorption on the unoccupied surface
of the NPS sensor got gradually slower due to sterical hindrance
as the surface got more densely covered with vesicles. It is very
important to note that no vesicles were introduced to the system
with the water rinse step. This is also clear from the maximum
extinction in Figure 1 (gray and light pink), which increased due
to scattering of light by aggregates. However, after a change of the
rinsed solution to Na-HEPES or water the maximum extinction
returned to the starting level. Therefore, the increase of the NPS
signal at this water rinsing step had to be due to the disassembly
of the immobilized aggregates, which released E. coli vesicles
with dilution of calcium. This finding is further supported by
the already presented analysis of the hydrodynamic diameters of
the vesicles.
The kinetics of adsorption observed from the change in the
NPS signals suggest that the aggregates most probably started
to disassemble as calcium cations were rinsed off the surface.
As the aggregates fell apart, the concentration of free vesicles
near the SiO2 surface sharply increased. They started to occupy
the free space between the aggregates, which was observed as a
steep change in the peak shift. It is probable that the negative
biomembrane surface charge was still neutralized by calcium
cations. Due to the sensing depth of NPS of only a few tens
of nanometers (Jackman et al., 2017a), disassembly was not
observed by this technique. The short sensing depth is also the
reason why a considerable change in the peak shift was not
observed during adsorption of the vesicle aggregates.
A recent study has shown, that the concentration of calcium
has a very strong effect on the formation of SLB from E. coli
vesicles immobilized on a mercaptopropionic acid modified gold
surface (Márquez and Vélez, 2017). However, in that work the
authors prepared vesicles from E. coli polar lipid extracts. The
lipid composition in this case was free from non-polar lipids and
especially LPS would be removed during the extraction process.
The authors observed that E. coli vesicles formed a full SLB,
when the calcium concentration was increased from zero to
2 mM. When the concentration of calcium was further increased
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FIGURE 1 | NPS of the immobilization of E. coli lipid vesicles on a SiO2 coated sensor. Immobilization was conducted using E. coli lipid aggregates in Ca-HEPES (pH
7.4, Na-HEPES containing 5 mM of CaCl2 ) at two different immobilization times (black trace−30 min and red trace−65 min). The left axis shows the peak shift data.
Gray and light red traces are extinction maximum data respective to 30 and 65 min immobilization with the scale on the right axis. Application of different solutions is
highlighted by black and red arrows with labels.

et al., 2012) while NPS is able to detect adsorbed matter
with a different RI than the background solution. Therefore,
vesicles including the mass of the entrapped solution are
detected with QCM, which is often used for evaluation of
the type of formed lipid layer, i.e., SLB or SVL (Jackman
et al., 2017b). Additionally, QCM has roughly one order of
magnitude higher sensing depth compared to NPS, which
extends a few hundred nanometers above the sensor surface.
Scanning electron microscopy as well as atomic force microscopy
would be very suitable techniques to decipher the morphology
of the adsorbed aggregates, however, they do not provide
continual analysis data for a dynamically changing systems.
Only “snapshots” of disaggregation at particular decreasing
concentrations of calcium would be obtained with such
techniques. Based on the discussion above we decided that QCM
would be the most suitable methodology to complement the
NPS measurements.
When the vesicle aggregates reached the sizes of 500 nm it
could be well-expected that the signal change observed by QCM
would be more pronounced when aggregates were adsorbed.
Even if the sensing depth of the 10 MHz sensor reaches slightly
below 200 nm (Rodahl and Kasemo, 1996), more than half of
the aggregate is outside the sensing range. This presumption was
well-followed during the experiment (Figure 2). The adsorption
of the vesicle aggregates had again a linear character and
a change in the adsorption rate was not observed even if
the time for adsorption was prolonged from 40 to 160 min
(Figure 2). The maximum recorded change in the frequency
caused by 160 min aggregate adsorption was 1,007 Hz. The
second step of the adsorption started as soon as Na-HEPES

Prenner, 2016). Aggregates with diameters larger than 100 nm
were observed only with phosphatidylserine, which was
detected at the highest analyzed cadmium concentration of
2.0 mM. The kinetics of formation and structure of calciumphosphatidylserine aggregates was investigated by DLS. It
was found that at a concentration region of 5–7 mM, the
aggregation followed a limiting regime of rapid diffusion-limited
aggregation (Roldán-Vargas et al., 2007).
Calcium is known to induce higher vesicle substrate
interactions (Dacic et al., 2016) compared to the other divalent
alkaline earth cations, like Mg2+ , Sr2+ , and Ba2+ and, therefore,
one could expect that the aggregation effect would be less
pronounced with other cations. The observed aggregation could
also be a type of membrane appression, as discussed in a recent
study (Jäger and Büchel, 2018) where the role of magnesium in
the membrane stacking of thylakoids was studied. The authors
mention the interplay of van der Waal’s attraction forces,
electrostatic interaction forces, and hydrostructural forces, which
in sum determine the appression. Based on this finding, it is not
straightforward to predict if changing the cation or increasing or
decreasing the cation concentration would influence the resulting
interaction. In this work, we therefore selected only one cation
and one concentration to describe the observed aggregation
phenomenon, before investigating other factors influencing the
aggregation itself.

QCM Analysis of Aggregates
QCM was utilized to deeper investigate the adsorption process
of E. coli vesicles. This surface sensitive technique detects the
total mass of matter adsorbed on the sensor surface (Konradi
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FIGURE 2 | QCM of the immobilization of E. coli lipid vesicles on a 10 MHz SiO2 coated sensor. Immobilization was conducted using E. coli lipid aggregates in
Ca-HEPES (pH 7.4, Na-HEPES containing 5 mM of CaCl2 ) at three different immobilization times (black trace−40 min, red trace−80 min, and blue trace−160 min).
Application of different solutions is highlighted by black, red, and blue arrows with labels. All traces were smoothed during processing by OriginPro software using a
Savitzky-Golay method (500 points) to remove subtle interferences from the electric power grid.

was introduced to the measurement cell, evidence by a rapid
frequency increase of 801 Hz (Figure 2). This suggests that a
considerable amount of the adsorbed mass was removed from
the sensor surface. However, upon a subsequent water rinse, the
frequency started to rapidly decrease. The observed exponential
decrease of the frequency stabilized in over 100 min at a value
of −716 Hz. The higher frequency (−716 Hz) of the resulting
adsorbed system compared to adsorbed aggregates (−1017 Hz)
suggests that the thickness of the final adsorbed layer was
considerably smaller than the layer of adsorbed aggregates. It
should also be noted that the aggregate adsorption stopped
before reaching full saturation of the sensor surface. Therefore,
the frequency of the surface saturated with aggregates would
be still lower. Due to the higher risk of bubble formation
during very long QCM runs, we did not continue with longer
immobilization times.
In Figure 2, the subsequent experiments using prolonged
times of adsorption also show the dependency of the final
frequency of the vesicle layer to the aggregate immobilization
time (see Table 1). From the table it is clear that the dependency
is not linear and decreases with longer immobilization times.
The reason for that might be increased saturation of the sensor
surface with higher number of released SUV. Due to the more
pronounced competition of SUV for adsorption, a bigger part of
the released SUV is rinsed from the measurement cell. This in
turn results in a lower factor of final frequency change per minute
of aggregate immobilization.
The QCM results are in good agreement with the NPS
measurements. Both methods exhibited similar shape of the
Frontiers in Materials | www.frontiersin.org

TABLE 1 | Dependency of final frequency change of the developed supported
vesicle layer on the time of aggregate immobilization.
Aggregate
immobilization time
(min)

Total frequency
change (Hz)

Factor of frequency change
per minute of aggregate
immobilization

40

250

6.25

80

408

5.10

160

716

4.48

adsorption curve (however in mirrored direction). The QCM
data therefore complement to high extent the observed NPS data.

CONCLUSIONS
Both analysis systems (NPS and QCM) together with DLS
analysis enable to describe the adsorption mechanics of
formation of E. coli SVL from vesicle aggregates. The process,
based on the observed results and literature data, is most
probably governed by a variation of the calcium concentration.
Our results confirm that a considerable part of the lipid
aggregates disassembled or was released from the surface.
Concurrent adsorption of the released vesicles quickly occupied
the free space on the sensor surface when water was applied.
The reaction of the system to rinsing with water was immediate.
However, because most of the vesicles would be carried away
from the surface by a constant flow, the disassembly of a portion
6
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