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a b s t r a c t

The use of proteoliposomes as affinity elements in conjunction with a surface plasmon resonance sensor
is a high-sensitivity alternative for the detection of multiple analytes. However, one of the most
important aspects of these conformations is maintaining the functionality of the immobilized protein,
which is determined by the choice of lipids and surfactants employed in the reconstitutions.

Previously, we demonstrated the functionality of TLR5-proteoliposomes as screening affinity elements
of bacterial flagellin. In this new study we change the conditions of immobilization of TLR5 and evaluate
how the fluidity of the membrane and the final size of the liposomes affect the functionality of the
construct and thus increase their utility as an affinity element for design of new biosensors.

In particular, we used reconstructions into preformed liposomes composed of the lipids POPC,
POPC–DMPC and POPC–POPE mediated by the use of surfactants OG, Triton X100, and DDM, respectively.
The affinity results were evaluated by SPR technology proteoliposomes and were correlated with the
anisotropic change in the membrane status; the final sizes of the proteoliposomes were estimated.

Our results clearly show the dependence of fluidity and final size of the proteoliposomes with surface
plasmon resonance affinity measurements.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Affinity biosensors use different recognition elements that speci-
fically interact with their corresponding ligands [1]. These elements,
typically antibodies, enzymes, or genetic material, in combination
with a transducer provide the necessary sensitivity for the evaluation
of substances using biosensors [2]. However, despite their inherent
qualities of physiological function, membrane proteins are not
usually considered for use as recognition elements due to concerns
of instability and functionality maintenance [3].

Nonetheless, as there is sufficient evidence of successful immobi-
lizations and the analytical use of membrane proteins, it is possible to
develop new criteria for considering membrane proteins as recogni-
tion elements for the development of novel biosensors [3–11]. Indeed,
many disease agents and intoxicants that depend on interactions
between a ligand and a membrane protein, such ion channels

or immune recognition proteins, could be used to generate generic
or specific biosensors [12–16]. Various systems have been used as
transducers for the read-out of the biointeractionwith the ligands, and
one of the most prominents are the optical transducers based on
Surface Plasmon Resonance (SPR), which allow for the immobilization
of diverse recognition elements, including lipid formulations that
can contain membrane proteins, with greater sensitivity over other
systems [6,17–19].

Moreover, one of the most active areas in the development of
biosensors is the detection of biological contaminants in water,
particularly bacterial enteropathogens [20–23]. Outbreaks asso-
ciated with intestinal infections generate large economic losses
globally and result in massive control efforts to reduce clinical-
level notification [24]. These situations have led to numerous
investigations into generating biosensors for the detection of
bacteria, mainly from the genera Escherichia, Salmonella, Vibrio,
Clostridium, and Listeria [25–31].

A distinctive feature of these bacterial genera corresponds to
their mobility due to the presence of flagella, pathogenic compo-
nents that are detected by the host through the membrane protein
TLR5 present on several cell types [32,33]. TLR5 specifically
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interacts with flagellin, the structural protein of the flagellum
filament; this interaction triggers a series of events that results in
the activation of the adaptive immune system and the removal of
the infectious agent [34,35]. TLR5 has been shown to be useful
as an analytical recognition element for low concentrations of
flagellin, which alone represents a major immunogenic agent
[36–38]. The sensitivity of devices that use TLR5 as the recognition
element depends on the activity of the immobilized protein and
the characteristics of the transducer [37].

In this regard, testing with functional recombinant human TLR5
produced in insect cells and immobilized in proteoliposomes
has proven to be effective for detecting interactions with its ligand
using surface plasmon resonance [37]. Regardless, there is a
need to increase the sensitivity of TLR5-proteoliposomes, which
requires the further exploration of immobilized protein stability,
orientation, and dimerization in the liposome, and to determine
how the system in which the protein is immobilized affects the
sensitivity of the transducer [39].

The functionality of membrane proteins immobilized in lipid
systems depends on several factors, including the type of lipid,
type of surfactant, molar ratio of lipid/surfactant, and efficiency of
surfactant removal [40–43]. The interaction of the lipid with the
membrane protein is essential to promote the proper orientation
and dimerization, which influences the functioning of the protein,
particularly for TLR5, which also requires dimerization [43–45].

The order of the bilayer after reconstitution of the membrane
protein represents a significant parameter that affects the func-
tionality of the protein and can be measured by changes in the
anisotropy of the bilayer [46]. Moreover, the surfactant may have
an effect on the final size of the proteoliposome, which would
influence the protein functionality and capability of the transducer
when using a SPR transducer system [47,48].

To obtain a proteoliposome with a high affinity for flagellin, we
investigated the immobilization conditions of TLR5 by varying the
lipids and surfactants used in the reconstitution and how these
modifications affect the affinity of TLR5-proteoliposomes. These
results were correlated with the structural changes of the bilayer
by measuring the variations of anisotropy and the final size of each
conformation were used to obtain useful information on the
generation of a flagellin biosensor using TLR5-proteoliposomes.

2. Experimental procedures

2.1. Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and phytosphin-
gosine of the highest purified grade were purchased from Avanti
Polar Lipids Inc. (Birmingham, AL, USA). n-Dodecy-lβ-D-maltoside
(DDM) and n-octyl-β-D-glucopyranoside (OG) were purchased from
Calbiochems (San Diego, CA, USA). Triton X-100 was purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA), and SM2 Bio-Beadss
were purchased from Bio-Rad (Hercules, CA, USA). N-hydroxysucci-
nimide (NHS), 2-(N-morpholino) ethane sulfonic acid (MES) buffer,
and N-ethyl-N0-(dimethylaminopropyl) carbodiimide hydrochloride
(EDC �HCl) were purchased from Sigma-Aldrich Co. All other reagents
were obtained from commercial sources. Recombinant TLR5 and
flagellin (from Escherichia coli) were obtained using established
protocols [37,49–51].

2.2. Liposome and proteoliposome preparation

For liposome formation, three lipid conformations, POPC, POPC:
DMPC (1:1), and POPC:POPE (1:3), were used at an initial

concentration of 10 μM, formed by solubilization with a mixture
of chloroform:methanol (1:1, v/v), dried under a stream of nitro-
gen, and kept under high vacuum for 12 h. Multilamellar lipo-
somes (MLVs) were obtained after dispersion of the film in 50 mM
KPi buffer (buffer (K2PO4 1 M, KHPO4 (1 M)) (pH 7.4) and vortexing
above the transition-phase temperature (room temperature). The
MLV suspensions were sonicated in an ultrasonic bath for 30 min
and kept at 4 1C overnight to obtain unilamellar liposomes (LUVs).

For micelle (lipid–surfactant) formation, surfactants, 0.06% w/v
DDM, 2% w/v OG, or 0.2% w/v Triton X100, were added to LUVs.

TLR5 (1.5 μM) was reconstituted by agitation of the mixture of
solubilized protein with surfactant and micelles (lipids–surfac-
tants) during 30 min at 4 1C to obtain mixed micelles (TLR5–lipid–
surfactant). Proteoliposomes then were obtained by surfactant
strip phase, adding polystyrene Bio-Beads SM2 and stirring the
mixture at 25 1C for 2 h. After centrifugation at 12.000� g for 1 h,
the resulting pellet was resuspended in KPi buffer (pH 7.4), with a
controlled increase in temperature up to 37 1C [52]. The TLR5
concentration in the proteoliposomes was performed by a mod-
ified Bradford assay [53,54], the surfactant and lipids concentra-
tion were determined spectroscopically (results are expressed
as means and standard deviations of triplicate measurements)
[55–57]. The size distribution of the liposomes and proteolipo-
somes was determined by a dynamic light scattering analysis
(DLS) using a Zetasizer Nano ZS (Malvern Instruments, Worcester-
shire, UK) in triplicate at 25 1C for 60 s, with an average count rate
of 280 kcps [58].

2.3. SPR device

The SPR evaluations were done using an in-lab-designed biosen-
sor, as described elsewhere [59]. The device operates using a standard
Kretschmann configuration in which the binding events are regis-
tered in real time by evaluating the variation in the intensity of the
light reflected from a fixed angle [59]. The immobilization of the
proteoliposomes onto gold sensor chip was performed using an
in situ method [60]. Chip functionalization was done in three steps
using previously activated sensor chip. The first step involved
treatment with 40 mg/mL EDC and 10 mg/mL NHS for 10 min; the
second step was performed with 0.5 mg/mL phytosphingosine dis-
solved in DMSO and sodium acetate (pH 5.2). In the third step, the
proteoliposomes were added (total 1 mM lipid) for 25 min, followed
by washing with 50 mM NaOH for 1 min [37]. The non-specific
binding sites were blocked by adding 100 mL of 0.1 mg/mL BSA. After
each measurement, the chip was regenerated with 40 mM CHAPS for
3 min, followed by 50 mM NaOH for 1 min, allowing the chip to be
used five times [37].

2.4. SPR data analysis

The SPR results of the overall interactions were analyzed by
nonlinear fitting to a pseudo first-order reaction model given by
Eqs. (1) and (2). The interaction capture data analysis was
performed using Origin 8.0 and graphing software. In Eq. (1), Rt
is the SPR response at time t, Rt0 is the response at time t0, and kd
is the dissociation rate constant.

Rt ¼ Rt0e�kdðt� t0Þ ð1Þ
The association rate constant (ka) is determined by Eq. (2),

where Rmax is the maximum response (proportional to the amount
of immobilized ligand) and C is the concentration of analyte in
solution. The affinity constants (expressed as KD) for each system
were calculated from the ratio of kd/ka [61].

Rt ¼
kaCRmaxð1�e�ðkaCþkdÞtÞ

kaCþkd
ð2Þ
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2.5. Steady-state anisotropy experiments

Assays by fluorescence anisotropy (r) were performed with the
probe DPH (1,6-phenyl-1,3,5-hexatriene) (excitation wavelength of
350 nm and emission wavelength of 450 nm) incorporated into
the liposome (1:700). The emission fluorescence was measured
every 10 min throughout the reconstitution [62,63].

Furthermore, the transition (Tm) temperature for the liposomes
comprised of the lipids POPC and POPC–DMPC–POPE was deter-
mined by measuring the changes in fluorescence anisotropy as
a function of temperature increase using the DPH probe [64].

2.6. Statistical data analysis

For fluorescence anisotropy measurements, for a total of four
experiments for each conformation, the data were expressed by Box
plot 25.75, where a rectangular box with edges determined by the
lower and upper quartiles, the median denoted as a line segment
splitting the rectangular box into two adjoining boxes, the small
quadrate is the mean, a whisker (that is, a line segment) from Q1 (the
first quartile, the 25th percentile) to the minimum and a whisker from
Q3 (the third quartile, the 75th percentile) to the maximum. For
calculating the Pearson correlations, sizes and anisotropy measure-
ments were used from four independent experiments for each type of
proteoliposome regarding the mean SPR measurements [65].

3. Results and discussion

3.1. Structural order of bilayers in proteoliposomes: Steady-state
anisotropy experiments

The transition temperature (Tm) is a characteristic parameter
for each lipid; however, when lipids are mixed, it is necessary to
determine a new value for the mixture, which must be evaluated
prior to the formation of liposomes and proteoliposomes [66].
In this study, we determined the Tm value for the lipids configura-
tions POPE–POPC and POPC–DMPC using fluorescence anisotropy
[46,67]. By relating absolute anisotropy (r) with temperature, the
transition temperature corresponds to the midpoint of the transi-
tion between lamellar liquid-crystalline (or fluid), with low values
of anisotropy, and ordered gel phase, with high anisotropy values,
considering ΔTr as the temperature range associated with the
phase transition [68]. The results established Tm values of 20 1C
and 11 1C for the POPE:POPC and POPC:DMPC configurations,
respectively (Fig. 1).

The reconstitution of membrane proteins into preformed lipo-
somes produces perturbations in the organization of the bilayer,
and these modifications affect the degree of insertion and most
likely the formation of undesirable conglomerates in the mem-
brane [69]. The fluidity of a bilayer is a key factor in modulating
the function of membrane proteins [70,71], and the effect of TLR5
insertion reduces resistance to the mobility of membrane compo-
nents, increasing the probability that two molecules of TLR5 can
interact with each other and homodimerize, promoting the inter-
action with flagellin [72]. The degree of fluidity is estimated by
fluorescence anisotropy, a variable that is inversely related to the
fluidity and organization of a lipid bilayer, which is based on
the existence of transition moments for excitation and emission
that are oriented in specific directions in the structure of the
fluorophore. Anisotropy is affected by changes in the orientation of
the fluorescent molecules due to rotational movement [73].
Steady-state fluorescence anisotropy (r) is defined by Eq. (3):

r¼ IVV� IVHG
IVVþ2IVHG

ð3Þ

where IVV and IVH are the vertical and horizontal intensity of
polarized radiation when the excitation radiation is polarized
vertically. The parameter G is an instrumental correction factor
defined by the ratio G¼ IHV/IHH, where IHV and IHH are the vertical
and horizontal intensity of polarized radiation, when the excita-
tion radiation is polarized horizontally [73].

In agreement with other authors, our results for the variations
in anisotropy and therefore in membrane fluidity after TLR5
reconstitution showed a dependence on the lipid and type of
surfactant used [69,74]. According to Fig. 2, anisotropy decreased
sharply during the first 30 min of the reconstitution. This event
was appreciable in all of the samples and was related to the
temperature increase from 4 1C to 25 1C.

During reconstitution, the inclusion of the membrane protein
induces disorder in the continuity of the bilayer, resulting in a
decrease in anisotropy related to the degree of protein incorpora-
tion [69]. Moreover, the extraction of surfactant during the recon-
stitution process also exerts a significant impact on the anisotropy
of the bilayer, depending upon the type of surfactant and the
experimental conditions, with the temperature, molar ratio, and
effective surfactant extraction being critical [40,75,76].

In general, Fig. 2 shows that, for all samples, the anisotropy
decreases relative to the initial condition of the liposomes.
However, the changes in the order of the bilayer for the TLR5-
proteoliposome samples using surfactants DDM and Triton X100
were higher than with OG. During reconstitution, the surfactant is
removed to reduce the surfactant concentration to at least below
the critical micelle concentration (CMC), thereby forming the
proteoliposome, though the residual surfactant in the bilayer
may still interact with the lipids and TLR5 transmembrane region
[48,69]. OG possesses a higher CMC than DDM and Triton X100,
which indicates that there is likely to be a greater number of OG
molecules remaining in the bilayer after surfactant removal,
causing structural changes that favor lipid order.

The bilayer fluidity, which is inversely proportional to aniso-
tropy, is also dependent on the physico-chemical characteristics of
the lipids [42]. In our research, the proteoliposomes formed with
only POPC showed a greater ability to form proteoliposomes with
enhanced fluidity, similar to the POPC–DMPC combination; in
contrast, the anisotropy of the proteoliposomes composed of POPE
showed small variation with respect to the initial condition of
the liposomes (Fig. 2). The order of the bilayer is the result of
interactions between all of the components of the membrane, both
hydrophilic and hydrophobic [77]. In general, fluidity is favored by
the presence of lipids with short and unsaturated hydrocarbon
chains, though the interaction of polar regions also has a major
effect on the order of the bilayer. According to our findings, these
interactions might result in a slight decrease in anisotropy for the
POPE lipid, which has a lower topological polar surface area
compared to lipids with phosphocholine compounds [78].

The importance of interactions of headgroup of the phospho-
lipid lies the van der Waals interactions and hydrogen bonds
established with neighboring molecules, in this case, the incor-
poration of PE (phosphatidylethanolamine headgroup) in the PC
(phosphatidylcholine headgroup) membrane increasing the thick-
ness of membrane and provides a conformation, where PE is
located near the hydrocarbon chains of PC, where such interac-
tions are established strong van der Waals forces and hydrogen-
bonding decreasing membrane fluidity, background provided
experimentally and by molecular dynamics [79–81].

Comparing the results in the final state of the proteoliposomes
(Fig. 3), according to the surfactant used, the variations in anisotropy
were not statistically significant in various proteoliposomes types,
though a less anisotropy is shown in POPC and POPC–DMPC
proteoliposomes. In proteoliposomes containing DMPC, the lower
chain length induces a increase in the structural disorder of the
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membrane with resulting decreasing the anisotropy, generally lipids
with shorter chains are less rigid due to more susceptibility to
changes in kinetic energy and to their lower surface area, the
stabilization by van der Waals forces exerted by neighboring chains
is lower [82].

Regarding the membrane fluidity differences observed in the
formation of proteoliposomes according the surfactants used,
after reduction of detergent concentration below the CMC, the
remaining surfactants into bilayer produce modifications of fluid-
ity and permeability into proteoliposome depending on the

structural characteristics of each molecule [83–85], which are
correlated with the partition coefficient, the surface tension and
the CMC of each detergent [86], which specifically has been able to
correlate the partition coefficient and the CMC as a function of the
ability of each surfactant to interact strongly with the lipid
membranes, destabilizing the order of lipids it and consequently
increasing membrane fluidity [87,88]. In this regard, various
studies of structural analysis of the surfactants show that both
the partition coefficient as CMC depends on the length of the
alkyl chain, the shape and size of the molecule, the presence of
heteroatoms and structural complexity [89–91]. For the surfac-
tants used in this research, the values of CMC of OG (24–26 mM)
are significantly higher than those that have been determined for
DDM (0.15 mM) and Triton X100 (0.2–0.9 mM) respectively, while
the partition coefficient (XLogP3-AA) of OG is the same as DDM
(1.4) and lower than Triton X100 (4.6), these antecedents are
consistent with of structural data, wherein the OG surfactant has a
lower structural complexity and lower alkyl chain length, resulting
in a lower affinity for membrane lipids compared with Triton X100
and DDM, consequently the fluidity in the state end of the
TLR5-proteoliposomes is less when used OG in the reconstitution.

3.2. Characterization of TLR5-proteoliposome size and polydispersity

The final size of a proteoliposome is one of the important
consequences of the reconstitution process of membrane proteins
[92]. The formation of a relatively spherical bilayer includes
the adoption of a structure equal to the amount of lipids in the
outer and inner faces of the membrane; however, the inclusion
of proteins into the membrane changes this relationship and
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generates a new three-dimensional conformation to achieve
structural stability [92].

The methodology used for the removal of the surfactant also
affects the final size of the proteoliposome [93]. In general, the use
of dialysis or gel filtration to remove the surfactant produces small
proteoliposomes, unlike the case with the use of adsorbent
materials. Upon reconstitution, the orientation of the reconstituted
protein is dependent on the final size of the proteoliposome, and
several studies demonstrate this condition as a key factor in the
functionality of the transmembrane protein in the vesicle [43].

As observed in Fig. 4, the size distribution and polydispersity
results are dependent on the surfactant and lipid used. Under our
experimental conditions, the proteoliposomes resulting from the
use of the OG surfactant were larger and showed a higher
polydispersity compared to the proteoliposomes generated with
DDM and Triton X100. OG has a shorter acyl chain, a high CMC,
and binds strongly to the hydrophobic regions of the bilayer,
properties that affect removal from the mixed surfactant–lipid–
protein micelles and its relationship with the final size of the
structure, resulting in large liposomes [69,94].

The characterization of the concentration ratio of each of the
components of different proteoliposomes (Table 1) shows the
effective incorporation of TLR5 in proteoliposomes with average
percentage of 80% and varying concentrations of lipids and
surfactants, which are not be statistically correlate with the effect
on fluency, but rather to the structural characteristics of each
component.

3.3. Surface plasmon resonance experiments: Affinity tests

Numerous investigations have shown the enormous potential
and multifunctionality of surface plasmon resonance (SPR) to
detect affinity [19]. However, as with other analytical techniques,
its capacity becomes limited when used together with membrane

proteins as biological recognition elements. This is mainly due to
the technical difficulty of immobilization and the conservation of
biological activity; in most cases, protein functionality is lost when
using recombinant production systems [2].

The TLR5-proteoliposomes were immobilized on a sensor chip,
and the activity was evaluated after the addition of flagellin into
the system (100 mg/mL, extracted from E. coli) by calculating the
kinetic dissociation and equilibrium dissociation constants for
each reaction (Fig. 5).

Addition of flagellin to the immobilized proteoliposomes lead
to a positive signal in all cases tested. The specificity of this
detection system was analyzed by injecting blank (consisting only
of liposomes, formed by the same lipids used in proteoliposomes)
and control (BSA) samples showing no significant signal difference
with the baseline. This result indicates that the immobilization
approach was successful in maintaining TLR5 functionality pro-
moting the selectively interaction of TLR5-proteoliposomes
and flagellin, however with varying affinities depending on the
conformation of lipid and surfactant, as shown in Figs. 5 and 6.
Clearly, there was an effect of the surfactant used, particularly for
the conformations with OG, where by the affinities of the
proteoliposomes were lower than those using DDM and Triton
X100. Specifically, OG reconstituted proteoliposomes showed less
activity compared to the other conformations, with SPR values
reaching approximately 32% of the value measured for the
reconstituted DDM conformations and 44% for the Triton X100
conformations (Fig. 6).

Therefore, depending on the nature of the surfactant, three
mechanisms can be identified by which the surfactant association
with membrane proteins produces a functional proteoliposome:
proteins can be either inserted into detergent-saturated lipo-
somes, transferred from mixed micelles to detergent-saturated
liposomes, or detergent participatio in proteoliposome formation
during the micellar-to-lamellar transition [95]. These mechanisms
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have been implicated in the ability of each surfactant to maintain
the functional properties of the solubilized membrane proteins
and the correct insertion into the proteoliposome, moreover, a
series of record shows that surfactants mediate the mechanisms
by reconstruction occurs, optimizing the packaging of the recon-
stituted protein toward the best conformation of the proteins in
the membranes [96,97]. However, there is no consensus that these
mechanisms fully explain the behavior of the system, with the
structural characteristics of the membrane protein and lipids
affecting the characteristics of the overall conformation. Thus, it
is possible that, for certain conformations, there could be a
positive or negative effect on the reconstructions using DDM
[98,99] and Triton X100 [100] and ultimately OG, as it is believed
that chain length adversely affects interactions with membrane
proteins in the proteoliposome, decreasing the activity [101,102].

Other methodological considerations have been studied in terms
of the capability of each surfactant to saturate or solubilize
liposomes and the consequent formation of the lipid–surfactant
mixed micelles prior to incorporation of the protein [93,103].
The solubility curves supply information concerning the kinetics
of lipid–surfactant interactions, providing two important vari-
ables: the surfactant to lipid molar ratio (Re) and the normalized
bilayer/aqueous phase partition coefficient (K). Re is related to the
ability of the surfactant to be included in a bilayer, thus determin-
ing the effectiveness of solubilization, the curvature of the surface
of the liposome, and the possible difficulty of removing the
surfactant. K is related to the ability of a surfactant to form mixed
micelles with lipids [40,75,104–106]. In this regard, it is known
that the OG surfactant has a great ability to saturate and solubilize
liposomes, differing from the other surfactants used in this

Table 1
Measurements of concentrations of lipid, surfactant, and Toll-like receptor 5 (TLR5) in mixed micelles and as part of proteoliposomes.

Lipid matrix Surfactant Initial Final

Lipid (mM) TLR5 (mM) Surfactant (%w/v) Lipid (mM) TLR5 (mM) Surfactant (%w/v)

POPC:DMPC DDM 10 1.5 0.06 8.23 70.08 1.2370.04 6�10�473�10�5

OG 10 1.5 2 9.68 70.21 1.4170.06 6.6�10�377�10�4

Triton 10 1.5 0.2 9.0970.06 1.3370.14 6.7�10�377�10�4

POPC DDM 10 1.5 0.06 9.46 70.02 1.2970.06 3.9�10�477�10�5

OG 10 1.5 2 9.51 70.11 1.33 70.09 0.007976�10�4

Triton 10 1.5 0.2 9.4170.03 1.2870.23 0.004178�10�4

POPC:POPE DDM 10 1.5 0.06 8.55 70.07 1.1270.07 7.4�10�477�10�5

OG 10 1.5 2 9.78 70.23 1.3270.08 7.8�10�378�10�4

Triton 10 1.5 0.2 9.6670.08 1.2070.1 5.1�10�378�10�4

[(POPC data) With kind permission from Springer ScienceþBusiness Media: oAnalytical and Bioanalytical Chemistry, Detection of flagellin by interaction with human
recombinant TLR5 immobilized in liposomes, 405, 2013, 1276, Y. Olguin, P. Villalobos, L.G. Carrascosa, M. Young, E. Valdez, L. Lechuga, R. Galindo, Table 1].
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Fig. 5. SPR measurements of the interaction between flagellin and TLR5-proteoliposomes. Representative sensorgrams of one of the three measurements considered for each
conformation. Different configurations of the lipid matrix and surfactant. (a) POPC, (b) POPC–DMPC, and (c) POPC–POPE. Graphs (d), (e), and (f) correspond to the
amplification in the equilibrium region of graphs (a), (b), and (c), respectively. The configurations according to the surfactant used in the entire process of reconstitution are
shown with different colors: black (Triton X100), red (OG), blue (DDM), cyan (blank) and magenta (control BSA). [(a) With kind permission from Springer ScienceþBusiness
Media: oAnalytical and Bioanalytical Chemistry, Detection of flagellin by interaction with human recombinant TLR5 immobilized in liposomes, 405, 2013, 1275, Y. Olguin, P.
Villalobos, L.G. Carrascosa, M. Young, E. Valdez, L. Lechuga, R. Galindo in this figure]. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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research; this feature can contribute to explaining the differences
in affinities obtained by SPR due to increased interactions of OG
with the lipids used [107].

Furthermore, the affinity constants determined from the curves
in the sensograms (Table 2) show the highest affinity conforma-
tions for the lipids composed of POPC and POPC–DMPC, 10 times
higher than the affinity for the POPC–POPE mixture. Irrespective of
the lipid composition, the proteoliposomes reconstituted using the
lower surfactant OG show affinity constants an order of magnitude

lower compared to DDM and Triton X100, following a similar
trend as the equilibrium observed with the SPR values.

3.4. Correlations between size, anisotropy, and SPR responses

The activity of a proteoliposome is typically attributed to its
particular characteristic structure, which can influence the affinity
of the reconstituted protein. As shown in Fig. 7, the SPR responses
were negatively correlated with anisotropy and the final size of the
proteoliposome when the analysis was performed based on the
lipid used in the reconstitution. In particular, there is an almost
perfect dependence of the results for the lipid mixtures with the
SPR responses and variation final anisotropy state (Fig. 7a).

The tendency was the same when the analysis was performed
depending on the surfactant used, except for the OG surfactant; in
this case, the data did not allow discrimination, resulting in a p-
value40.05, with no statistical significance. For the same analysis
according to the surfactant used, DDM and Triton X100 showed
poor significant correlations with the SPR responses (Fig. 7b)
though with the same trend in all conformations. Although there
is evidence for a relationship between the final degree of aniso-
tropy (inversely related to the fluidity) and the functionality of
membrane proteins [76,108], increased fluidity does not necessa-
rily imply an increase in activity of the reconstituted protein,
as evidenced by the poor correlations between the affinity
and conformations with POPC. Nevertheless, the conformation
increased the affinity when complexed with the other lipids
[109,110].

According our analysis, the final size of the proteoliposomes
was strongly correlated with the affinity to flagellin. The final size
of the proteoliposomes had two effects in our experiments.
First, the structural relationship between the lipid bilayer, the
final molar ratio lipid–protein, and the curvature adopted by
the proteoliposome, which determine the particular three-
dimensional position, has a direct influence on the activity of the
protein [111]. Second, due to the characteristics of the electron
evanescent wave, which is based on surface plasmon resonance,
the distance from the gold surface where the interaction occurs
determined the sensitivity of the measurement; thus, larger
proteoliposomes provided lower SPR signals, this situation is
correlatable with the results of the reconstructions of TLR5 with
the surfactant OG, where sizes obtained are higher than those
obtained using DDM or Triton X100 [17].

Despite extensive research relating to membrane proteins, only
partial considerations of all phenomena involved in the activity
of reconstituted protein have been considered, illustrating the
uniqueness of each conformation, which is demonstrated by the
inability to establish the magnitude of the all factors affecting
activity [42,78,112–122]. In this regard, our results show the
complex relationship between methodological variables and their
impact on anisotropy and size, which are related to the affinity of

Table 2
Affinity constants determined by SPR. The affinity and dissociation constants
determined from the SPR curves according to the lipids and surfactants used in
each reconstitution are shown.

Lipid Surfactant Kd (s�1) Ka (M�1s�1) KD (M)

POPC DDM 7�10�3(78,3) 4.9�104(74,1) 1.4�10�7

OG 8�10�3(74,0) 0.58104(75,5) 14�10�7

Triton X100 9�10�3(74,5) 1.1�104(72,1) 8.2�10�7

POPC–DMPC DDM 9�10�3(74,7) 5.4�104(77,1) 1.7�10�7

OG 7.5�10�3(74,7) 0.51�104(78,8) 15�10�7

Triton X100 8.7�10�3(77,5) 1.8�104(73,1) 4.8�10�7

POPC–POPE DDM 8.1�10�3(77,6) 0.74�104(76,2) 11�10�7

OG 7.1�10�3(74,9) 0.55�104(75,9) 13�10�7

Triton X100 9�10�3(75,5) 0.77�104(77,4) 12�10�7

[(POPC data) With kind permission from Springer ScienceþBusiness Media:
oAnalytical and Bioanalytical Chemistry, Detection of flagellin by interaction with
human recombinant TLR5 immobilized in liposomes, 405, 2013, 1276, Y. Olguin,
P. Villalobos, L.G. Carrascosa, M. Young, E. Valdez, L. Lechuga, R. Galindo, Table 1].
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TLR5 to flagellin, thereby providing a basis for the establishment of
SPR biosensor-based TLR5-proteoliposomes.

Furthermore, this research demonstrates the high sensitivity of
systems based on surface plasmon resonance (SPR) as transducers
of proteoliposome interaction. The advantages of SPR systems over
other label-free systems include simplicity and field use with high
reproducibility. However, this study demonstrates a loss of sensi-
tivity depending on the size of the proteoliposomes, a situation
that could be overcome with the use of planar bilayers or
immobilization in hydrogels [123,124].

4. Conclusion

The results of our research reveal that, despite the variability in
the activity of proteoliposomes as a function of the experimental
conditions, it is possible to construct biosensors based on the
interaction of TLR5-flagellin.The activity of the resulting proteoli-
posomes can also be improved by optimizing the TLR5 reconstitu-
tion process. Using SPR biosensing, we found that the activity of
the protein in liposomes can be manipulated by changing the
lipids and surfactants used. POPC and the POPC–DMPC mixture
reconstituted with DDM showed the best results enabling detec-
tion of flagellin levels up to 100 mg/mL. Conversely, based on our
experimental conditions, OG surfactant and POPC–POPE lipid
mixture were not suitable for promoting TLR5 activity and thus
for the construction of flagellin biosensors.

Finally, the measurement of the final state of the bilayer
anisotropy proves to be an important variable but is not as
predictive of reconstituted TLR5 activity, as the measurement of
the final size of the proteoliposomes, which is closely related to
the activity of reconstituted TLR5.
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