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ABSTRACT: The mechanical properties of biological nanoparticles
play a crucial role in their interaction with the cellular membrane, in
particular for cellular uptake. This has significant implications for the
design of pharmaceutical carrier particles. In this context, liposomes
have become increasingly popular, among other reasons due to their
customizability and easily varied physicochemical properties. With
currently available methods, it is, however, not trivial to characterize
the mechanical properties of nanoscopic liposomes especially with
respect to the level of deformation induced upon their ligand−
receptor-mediated interaction with laterally fluid cellular membranes.
Here, we utilize the sensitivity of dual-wavelength surface plasmon
resonance to probe the size and shape of bound liposomes
(∼100 nm in diameter) as a means to quantify receptor-induced deformation during their interaction with a supported cell
membrane mimic. By comparing biotinylated liposomes in gel and fluid phases, we demonstrate that fluid-phase liposomes are more
prone to deformation than their gel-phase counterparts upon binding to the cell membrane mimic and that, as expected, the degree
of deformation depends on the number of ligand−receptor pairs that are engaged in the multivalent binding.

■ INTRODUCTION

The interaction of nanosize particles (∼100 nm in diameter)
with cellular lipid membranes plays an important role in vivo
(classical examples are virions1 and extracellular vesicles or, in
other words, liposomes2) and also in the context of the
development of new generations of drug and vaccine delivery
vehicles, including lipid nanoparticles3 as well as liposomes and
micelles.4 This interaction is typically multivalent, i.e.,
mediated by a large number of weak bonds, and strongly
depends on the mechanical properties of the involved
nanoparticles, the cellular membrane, and its associated
cytoskeleton.4,5 The theory predicts that in the case of rigid
nanoparticles the interplay of these factors results in the
existence of an optimal nanoparticle size (∼100 nm) for
penetration through a cellular membrane.6 In the case of
nanoparticles prone to deformation (e.g., liposomes), the
prediction is that the ligand−receptor interactions required for
their full wrapping by the cell membrane may not be sufficient
to overcome the bending energy of the cell membrane, which
can in turn result in partial membrane wrapping and trapping
of nanoparticles on the cell surface.7 Experimentally, there are,
however, conflicting results regarding the significance of
particle rigidity: for immune cells and endothelial cells, most
studies, with some notable exceptions, point toward a positive

relationship between nanoparticle rigidity and cellular
uptake;8,9 for cancer cells, on the other hand, the results are
mixed.9,10 Thus, the interplay between multivalancy and
nanoparticle rigidity for cellular internalization of biological
nanoparticles is still open for research.
In the field of drug and vaccine delivery, liposomes, i.e.,

highly customizable small lipid vesicles, are of particular
interest as efficient carriers for a vast variety of biologically
active molecules.2,3 Their mechanical properties are deter-
mined by the lipid bilayer stretching and bending rigidities,11 ks
and kb. In fact, a lipid bilayer is very tough with respect to
stretching, and the liposome surface area can be considered
constant. This means that the lipid bilayer stretching can be
neglected and that the energy of liposome deformation can be
identified primarily with the bending energy (which depends
on lipid composition) and with osmotic pressure.12
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Experimentally, the mechanical properties of lipid bilayers
are traditionally quantified by using methods such as thermal
fluctuation spectroscopy or by mechanical manipulation with
optical tweezers.13 These methods are, however, typically
applied to giant unilamellar vesicles and bilayer stacks and are
not suitable to quantify ∼100 nm diameter liposomes. This
difference in sizes is important, because there are indications
that the bending rigidity, kb, appreciably increases with
decreasing diameter down to ∼100 nm.14 More recently,
atomic force microscopy (AFM) has become popular for
characterizing surface-bound nanoscale liposomes through
their controlled deformation using tip induced indenta-
tion.15−18 In particular, the attachment of ∼100 nm diameter
biotin-modified liposomes to a streptavidin-modified sup-
ported lipid bilayer (SLB) was scrutinized.18 The correspond-
ing results differ, however, depending on the mathematical
model used. Other complications are related to limited
statistics provided by AFM.
Vesicle deformation induced upon adsorption on a solid

support has also been studied by tracking the effect of osmotic
pressure on the quartz crystal microbalance signal,12 by using
dual-wavelength measurement with a multiparametric surface
plasmon resonance (MP-SPR),19 or by employing localized
surface plasmon resonance (LSPR).20 The interplay between
liposome binding and ligand−receptor valency has been
previously investigated with QCM-D (with emphasis on
∼100 nm diameter unilamellar vesicles) and fluorescence
microscopy (with emphasis on giant unilamellar vesicles),
demonstrating that, as expected, the shape of biotin-modified
liposomes to a streptavidin-modified supported lipid bilayer
(SLB) depends not only on the streptavidin receptor
concentration in the SLB but also on the biotin ligand
concentration in the liposome21 due to redistribution of biotin
in the liposomes and SLB (see, e.g., the model calculations22).
Recently, a similar system was explored with the use of LSPR,
suggesting that at an appreciable liposome biotin ligand
concentration (>1%) the shape of 100 nm biotin-modified
liposomes depends on this concentration,14 which was used to
estimate the bending modulus. In fact, the studies in this area
are just beginning, and there are so far only a few studies
focusing on biotinylated liposomes (∼100 nm diameter
liposomes18,21 and giant vesicles21), and many aspects
concerning specific systems remain elusive.
In this SPR-based work, the binding of biotinylated

liposomes to a streptavidin-functionalized SLB is investigated
to gain further insights into this interplay by introducing
liposome rigidity as an additional measurement parameter.
Traditionally, SPR is used to analyze biomolecular interaction
kinetics by measuring the shift in either wavelength or angle of
the SPR minimum related to changes in the interfacial
refractive index within an exponentially decaying field near
(∼100 to 200 nm) the surface. These data are employed to
offer reliable information about biomolecular surface coverage
by using known relations between the biomolecular refractive
index and molecular mass.23,24 Additional information is
gained when SPR is operated at multiple wavelengths since
the interface then can be probed with different decay lengths,
which in turn enables the film thicknesses or average height of
surface-adsorbed nanoscopic particles to be determined,
assuming the mass to be uniformly distributed along the
vertical coordinate.19 With suitable extension of the
mathematical basis, this technique allows one to operate not
only with average thickness or sizes but also to quantify the

shape of nanoparticles, i.e., to take the nonuniform mass
distribution into account.19,24

Here, we have explored these features of dual-wavelength
SPR as a means to quantify the deformation of liposomes of
different membrane compositions (in gel and fluid phases)
bound to different types of supported cell membrane mimics
via ligand−receptor (biotin−streptavidin) pairs. The results
are compared with direct liposome adsorption on a solid SiO2
surface, where the deformation of fluid-phase liposomes is
sufficiently strong to induce the vesicle collapse and formation
of a planar supported lipid bilayer, while gel-phase liposomes
remain unruptured but significantly deformed. A brief
comparison with earlier studies14,18,21 focused on attachment
of biotinylated liposomes to the SLB is given as well.

■ EXPERIMENTAL SECTION
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC;

MW 786.1 Da), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC;
MW 790.1), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap
biotinyl) (DOPE-cap biotin; MW 1105.5 Da), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-
2000] (DSPE-PEG(2000)-biotin; MW 3016.8 Da), and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC; MW 760.1 Da) were
purchased from Avanti Polar Lipids Inc. (USA). Streptavidin (SA)
and glycerol were purchased from Sigma-Aldrich (Germany).

Liposome Preparation. Liposomes made to form supported lipid
bilayers (SLBs) as membrane mimics were composed of POPC and
0.5, 3, or 5 mol % DOPE-cap biotin and were produced with the use
of the lipid film rehydration and extrusion method.25 Lipid solutions
in 1:1 v/v chloroform/methanol were dried by rotary evaporation
under reduced pressure (200 mbar) into thin films in round-bottom
flasks. Trace amounts of solvent were removed by vacuum overnight.
The films were dissolved by gentle vortexing to 8 mM lipid
concentration in NaAc−NaCl buffer (10 mM sodium acetate, 150
mM NaCl, pH 5.0). The suspension was further diluted to a final lipid
concentration of 4 mM and then extruded 21 times through a 100 nm
nucleopore track-etched polycarbonate membrane (Whatman, U.K.),
by use of a miniextruder (Avanti Polar Lipids Inc., USA) and at 1 bar
pressure.

Fluid- and gel-phase liposomes (denoted DOPC-PEG-biotin and
DSPC-PEG-biotin, respectively) comprised either DOPC or DSPC as
the main lipid and 0.54 or 0.37 mol % DSPE-PEG(2000)-biotin,
respectively. The difference in DSPE-PEG(2000)-biotin content
aimed to achieve similar ligand densities, considering that gel-phase
lipids pack more densely than fluid-phase ones; DSPC lipids have
footprints of 0.497 nm2 and DOPC lipids have footprints of
0.725 nm2.26,27 DOPC-PEG-biotin liposomes were prepared as
described above, with the addition of 10 freeze−thawing cycles of
the 8 mM suspension prior to dilution and extrusion, in liquid
nitrogen and a 50 °C water bath. The lipid mixture for DSPC-PEG-
biotin liposomes was dried under a nitrogen stream, followed by
vacuum overnight. The film was dissolved to an 8 mM lipid
concentration by 10 freeze−thawing cycles in liquid nitrogen and 65
°C water bath. The suspension was then diluted to 4 mM and
extruded as previously described but at 65 °C.

Nanoparticle Tracking Analysis. The size distributions and
approximate particle numbers of the DOPC-PEG-biotin and the
DSPC-PEG-biotin liposomes were determined with nanoparticle
tracking analysis (NTA). For this, a Nanosight LM10 (Malvern,
U.K.), equipped with a Hamamatsu C11440-50B/A11893-02 camera
and a 488 nm laser, was used. Each measurement consisted of at least
five movies, each 60 s long. Analysis was done with the NTA software,
version 3.3, using camera level 11 and detection threshold 2, with
finite track length adjustment disabled.

The size distributions of the two liposome types in solution, as
determined with NTA at room temperature, were very similar, with
both having a mean hydrodynamic diameter just over 100 nm (Figure
1).

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c03096
Langmuir 2022, 38, 2550−2560

2551

pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Multiparametric Surface Plasmon Resonance (MP-SPR).
Dual-wavelength SPR measurements were performed with the use
of an MP-SPR Navi 220A NAALI (BioNavis, Finland), at 25 °C on
SPR sensors with silica-coated gold plasmon surfaces. Before each
measurement, the sensor was immersed in 10 mM sodium dodecyl
sulfate solution for at least 1 h, thoroughly rinsed with Milli-Q water,
dried with nitrogen, and UV-ozone treated for 20 min. SPR was
monitored at wavelengths 670 and 785 nm, between 40 and 78°,
where the angle of SPR minimum was observed and used as the
measurement response. Glycerol (5 wt % in Milli-Q water) was
injected at the beginning of each measurement, and the reversible
shift in SPR response, along with the response following bilayer
formation, was used for calibration purposes. SLBs with 0.5, 3, or
5 mol % biotin were formed by injection of the corresponding
liposomes at an 80 μM lipid concentration, in PBS buffer (137 mM
NaCl, 2.7 mM KCl, and 10 mM phosphate buffer solution, pH 7.4).
SA was injected at 40 μg/mL (in PBS) and was followed by a PBS
rinsing step. DOPC-PEG-biotin and DSPC-PEG-biotin were injected
at 0.5 × 1012 particles/mL (diluted in PBS). The flow speed used was
10 μL/min, except for SA injection, where the flow speed was 20 μL/
min. Measurements were repeated three times.

■ RESULTS AND DISCUSSION
To investigate how liposome rigidity affects interactions with
receptors on a laterally mobile supported lipid bilayer (SLB),
streptavidin-functionalized POPC SLBs formed on silica were
subjected to biotin-modified fluid-phase (DOPC) and gel-
phase (DSPC) liposomes and analyzed with MP-SPR. To
facilitate SLB formation, the SLB contained DOPE-cap biotin,
while the liposomes contained DSPE-PEG(2000)-biotin,
which is often used for liposomes designed for drug delivery
purposes. MP-SPR suits these investigations well, since both
receptor and liposome coverage, as well as potential liposome
deformation upon receptor interaction, can be quantified,
thereby providing information on both the mass and the
dimension of surface-bound entities.
Determination of Bound Mass Using Dual-Wave-

length SPR Measurements. Our analysis of the liposome-
related SPR signals is based on the results earlier obtained in
ref 19. In particular, we recall that in general the SPR signal can
be represented as

R R φΔ = Δ ° (1)

where ΔR° is the signal calculated in the limit when the light-
penetration depth, δ, is much larger than the size of adsorbed
nanoparticles (ΔR° is proportional to the mass of adsorbed

nanoparticles per unit area) and φ is a dimensionless factor
(≤1) taking into account that the particle size may be
comparable to, or larger than, δ. Using eq 1 with the
conventional expression for ΔR°, the ratio of the signals
measured at two wavelengths, λ1 and λ2, can be expressed as
(eq 15 in ref 19)

R

R

S n c

S n c

(d /d )

(d /d )
1

2

1 1 1 2

2 2 2 1

φ δ

φ δ
Δ
Δ

=λ

λ

λ λ λ λ

λ λ λ λ (2)

where Sλ is the sensitivity factor and (dn/dc)λ is the derivative
of the refractive index with respect to the molecular
concentration. In our case, the attached vesicles can be
represented by a sphere in the undeformed state or by a
truncated sphere with a flat basement (Figure 2) in the

deformed state (this model was earlier used in the SPR
context19 and also in the LSPR context14), and we have (see eq
S1 in ref 19 and note that we have corrected a misprint there)

a a r2 (1 exp ( ) / ) /42 2 2 1/2 2φ ρδ ρ ρ δ= [ + − {−[ + − ]} ]
(3)

where r is the liposome radius in the intact state,
ρ = (4r2 + d2)/4d is the liposome radius in the deformed
state (d is the vesicle height), and a is the corresponding
vesicle support contact radius (Figure 2). Using eq 3, we take
into account that, as mentioned in the Introduction, lipid
bilayers are very tough with respect to stretching28 and
accordingly consider that the liposome surface area is
preserved upon deformation. Note also that eq 3 implies a
uniform mass distribution in the liposomes. In our case,
liposomes contain biotin, which can be redistributed
nonuniformly upon liposome attachment to the SLB. The
biotin mass per vesicle is, however, much smaller than the lipid
mass, and accordingly the contribution of biotin to the SPR
signal can be neglected.
The refractive index increment of ∂n/∂c is known for most

types of biomolecules29 (0.146 and 0.138 mL/g30 for fluid- and
gel-phase liposomes, respectively, and 0.185 mL/g for
streptavidin), Sλ1 and Sλ2 can be estimated by calibration
measurements of ΔR upon changing the bulk refractive index,
Δnbulk, at the respective wavelengths (ΔRλ = SλΔnbulk), and the
wavelength dependence of δ can be obtained theoretically.31

For pure gold sensors, we previously measured19 Sλ and δλ and
showed good agreement with theoretically determined decay
lengths of δλ1 = 109 nm and δλ2 = 154 nm. However, since the
sensors used in this work are coated with a 10−20 nm silica
coating to enable SLB formation, the Sλ factors have to be

Figure 1. Size distribution (hydrodynamic diameter) of soft DOPC-
PEG-biotin and rigid DSPC-PEG-biotin liposomes, determined with
nanoparticle tracking analysis (NTA).

Figure 2. Liposome deformation is modeled as a sphere of radius r
transitioning to a truncated sphere of radius ρ with a basement of
radius a while the particle area is preserved. Prior to deformation, the
liposome vertical dimension is simply 2r, while it after deformation
equals d.
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adjusted to account for this difference in experimental
parameters. This can be done by measuring the SPR signals
during the SLB formation. In this case, we have d≪ δ and eq 2
can be approximated as

R

R

S n c

S n c

(d /d )

(d /d )
1

2

1 1 2

2 2 1

δ
δ

Δ
Δ

=λ

λ

λ λ λ

λ λ λ (4)

Since (dn/dc)λ and δλ are known and since SLBs fulfill the thin
film approximation (d ∼ 5 nm), each sensor was calibrated
based on the ΔRλ1 and ΔRλ2 responses upon SLB formation

(see below), resulting in an estimated reduction of the (sensor
specific) Sλ1/Sλ2 ratio of ∼1%. In fact, this correction is nearly

negligible.
These parameters were subsequently employed to generate

reference curves (Figure 3) by using eqs 2 and 3, from which
the height, d, of vesicles was determined.

Liposome Binding Data. A representative liposome
binding experiment is shown in Figure 4, starting with the
injection of 5 wt % glycerol for initial verification of the
sensitivity constants Sλ1 and Sλ2; the bulk refractive index of the
5 wt % glycerol solution is obtained from the simultaneously
measured shift in total internal reflection (TIR) angle obtained
from the MP-SPR data, as described previously.32 Thereafter,
addition of POPC-based liposomes was used to form an SLB
containing 5 mol % DOPE-cap biotin (the SPR response
acquired in this step was used to adjust the Sλ factors by ∼1%
as discussed above), followed by addition of streptavidin, and,
finally, addition of biotin-modified liposomes (in this example
fluid-phase DOPC containing 0.54 mol % PEG-biotin lipids
which translates to ∼480 PEG-biotin per liposome). The
bound mass obtained using the procedure described above is
for each step indicated in the legend of Figure 4.
The fluid-phase DOPC liposomes and gel-phase DSPC

liposomes (made to contain an average of ∼480 PEG-biotin

Figure 3. Ratio of SPR responses, Rλ1/Rλ2, with λ1 and λ2 of 670 and 785 nm, respectively, plotted versus liposome height, d, according to eqs 2 and
3 for (A) undeformed and (B) 105 nm size liposomes in the deformed state, and representative parameters for the silica-coated MP-SPR chips used
in this study.

Figure 4. Illustration of a typical dual-wavelength SPR measurement. The angle of the SPR minimum is observed with (i) injection of 5 wt %
glycerol for verification of the sensitivity constants, (ii) injection of liposomes and formation of an SLB containing 5 mol % DOPE-cap biotin (ΔΓ
∼ 345 ng/cm2), (iii) binding of SA (ΔΓ ∼ 120 ng/cm2), and (iv) binding of DOPC-PEG-biotin (ΔΓ ∼ 1100 ng/cm2, d ∼ 77 nm). The inset
shows the Rλ1/Rλ2 ratio upon SLB formation plotted versus time used to calibrate the decay lengths.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c03096
Langmuir 2022, 38, 2550−2560

2553

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lipids per liposome (0.54 and 0.37 mol % PEG-lipids,
respectively) used in this study were bound to SLBs with
different coverages of streptavidin and analyzed in terms of
their surface coverage and deformation as a function of SLB
receptor concentration. The different streptavidin coverages on
the SLBs were obtained by using compositions with either 0.5,
3, or 5% DOPE-cap biotin (subjected to a streptavidin solution
until saturated binding). Figure 5 shows representative SPR
responses for these measurements as well as reference data for
the direct binding of the liposomes to silica-coated SPR
sensors.
Estimation of Streptavidin and Liposome Coverage.

The mass of SLBs on the different sensor chips was on average
∼345 ng/cm2, which is in good agreement with previous mass
uptake estimates using SPR.33,34 The surface coverage of
streptavidin at 0.5 and 5% DOPE-cap biotin was ∼28 and
120 ng/cm2, respectively, which with a molecular weight of 60

kDa for streptavidin converts to protein coverages of ∼2.8 ×
103 and 12 × 103 μm−2, respectively. The mass uptake of
streptavidin on a 3% DOPE-cap biotin SLB was essentially the
same as that for the 5% DOPE-cap biotin case, which shows
that this coverage corresponds to the upper limit of
streptavidin binding for this assay. A summary of the measured
streptavidin coverage values and other main results of this
study can be found in Table 1.
In order to interpret the SPR response upon liposome

binding to the streptavidin-coated SLBs in terms of number of
bound entities per unit area, values for the mass per vesicle
need to be estimated. These values were obtained from the
lipid molar mass (see the Experimental Section) and the
number of lipids per respective liposome (Nlipids), approxi-
mated using geometrical considerations as follows:

Figure 5. Dual-wavelength SPR sensograms for subsequent injections of (A) 5 wt % glycerol, POPC-0.5 mol % DOPE-cap biotin (forming an
SLB), streptavidin (SA), and DOPC-PEG-biotin (top) or DSPC-PEG-biotin (below); (B) 5 wt % glycerol, POPC-5 mol % cap biotin (forming an
SLB), streptavidin (SA), and DOPC-PEG-biotin (top) or DSPC-PEG-biotin (below); and (C) 5 wt % glycerol and DOPC-PEG-biotin (top) or
DSPC-PEG-biotin (below) directly on silica.

Table 1. Summary of Parameters of the Investigated SLB−Liposome Systems as Interpreted from the Measured Dual-
Wavelength SPR Dataa

DOPC-PEG-biotin on 0.5%
biotin SLB

DOPC-PEG-biotin on 5%
biotin SLB

DSPC-PEG-biotin on 0.5%
biotin SLB

DSPC-PEG-biotin on 5%
biotin SLB

SA coverage 2.8 × 103 μm−2 12 × 103 μm−2 2.8 × 103 μm−2 12 × 103 μm−2

liposome coverage 28 μm−2 63 μm−2 50 μm−2 82 μm−2

liposome height after binding 90 nm 75 nm 105 nm 93 nm
contact area 4595 nm2 8370 nm2 805 nm2 3600 nm2

no. SA/liposome−SLB
contact area

∼100 ∼184 ∼56 ∼79

aThe SA coverage and liposome coverage values are based on the SPR response interpreted as mass bound to the sensor surface during sample
injection. The liposome heights after binding values, i.e., the liposome vertical dimensions, are based on the SPR response ratio for the two
observed wavelengths, according to eqs 2 and 3 (the heights prior to binding are ∼105 nm). The contact area values are based on the measured
liposome height combined with geometrical considerations according to eq 6 or, in the case of DSPC-PEG-biotin on 0.5% biotin bilayer, eq 7. Note
that these contact area values assume no wrapping of the SLB around the liposomes. The no. SA/liposome−SLB contact area values are for the
0.5% biotin SLB cases, in which case all SA molecules are engaged in the liposome binding, estimated from the ratio between the SA and liposome
coverages. Since not all SA molecules are engaged in liposome binding in the 5% biotin SLB cases, it is instead based on the measured contact area
with a local SA coverage assumed to be equal to the measured SA coverage in the case of DOPC-PEG-biotin liposomes at 0.5% DOPE-cap biotin-
SLB, i.e. ∼22 × 103 μm−2.
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where Aliposome is the surface area of a liposome with outer
radius r and bilayer thickness t; Alipid is the footprint of a single
lipid. Using ADOPC = 0.725 nm26 and ADSPC = 0.497 nm27 and
bilayer thicknesses of 3.7 and 4.8 nm for DOPC and DSPC,
respectively,26,27 the mass values for a fluid-phase liposome and
a gel-phase liposome with a diameter of 105 nm become
1.18 × 10−7 and 1.69 × 10−7 ng, respectively.
Considering first liposome binding to SLBs containing a low

amount, 0.5 mol %, of DOPE-cap biotin, the mass uptakes of
fluid- and gel-phase liposomes were ∼330 and 840 ng/cm2,
respectively, which translate to coverages of 28 and 50
liposomes μm−2, respectively. The DLVO-type (Derjaguin−
Landau−Verwey−Overbeek theory) interaction between
adsorbed vesicles takes place on a length scale much shorter
than their size35 and they are usually immobile, and
accordingly, their maximum coverage can be estimated by
using the conventional model of random sequential adsorption
as ∼54%, which for liposomes with a radius of 52.5 nm as used
in this work (Figure 1) corresponds to ∼62 liposomes μm−2.
This means that the liposome coverage is lower than the
jamming limit upon irreversible adsorption of immobile
spheres, suggesting that in both cases (DOPC-PEG-biotin
and DSPC-PEG-biotin liposomes), all available streptavidin
molecules are engaged in liposome binding. The fact that the
coverage of streptavidin in terms of bound entities per surface
area is significantly higher than that of liposomes (∼2.8 × 103

μm−2 versus 28 and 50 μm−2) and the appreciable value of the
biotin−streptavidin interaction suggest that the fluid nature of
the SLB leads to accumulation (harvesting) of all streptavidin
molecules into the contact area between the liposome and the
SLB surface. The number of streptavidin molecules accumu-
lated in the contact zone of each bound liposome would then
correspond to ∼100 and 56 streptavidin molecules for DOPC-
PEG-biotin and DSPC-PEG-biotin, respectively. Assuming
close packing of streptavidin (and an area of ≃29 nm2 per
streptavidin molecule36), these numbers correspond to contact
areas of ∼2900 and 1624 nm2, respectively.
Considering liposome binding to SLBs containing a

relatively high amount, 5 mol %, of DOPE-cap biotin, and
streptavidin coverage of ∼12 × 103 μm−2, the mass uptakes of
fluid- and gel-phase liposomes were ∼740 and 1390 ng/cm2,
respectively, which convert to liposome coverages of 63 and 82
liposomes μm−2 (Figure 6). Liposome coverages close to, or
higher than, the jamming limit of 62 μm−2, and higher than the
coverage reached upon DSPC-PEG-biotin adsorption directly
on highly adhesive SiO2 (Figure 5C), suggest that (i) liposome
binding is, in this regime, limited not by the availability of
streptavidin but rather by geometric constrains and/or (ii) the
liposomes retain sufficient mobility for rearrangement into a
more compact surface coverage than predicted by the jamming
limit for random adsorption. In order to elucidate the viability
of this interpretation, the contact area between the liposomes
and the SLB needs to be compared to the streptavidin
coverage. This, in turn, requires consideration of the liposome
deformation upon binding.
Analysis of Liposome Deformation. The liposome

coverage values obtained above are based on the liposome
height values as calculated from the Rλ1/Rλ2 ratios (Figure 7A−
C) using eq 2. In addition, information about liposome height

(deformation) can be used to calculate and compare contact
areas between the liposome and the SLB and to compare these
values with the available number of streptavidin molecules in
the contact zone with the number of biotin ligands present on
the liposomes. In the low streptavidin coverage regime
(0.5 mol % DOPE-cap biotin SLB), the gel-phase (DSPC-
PEG-biotin) liposome layer thickness was measured to be
∼105 nm, which is close to the liposome diameter of ∼105 nm
as observed in NTA. This suggests that the gel-phase (DSPC-
PEG-biotin) liposomes exhibit negligible deformation and that
their measured height of 105 nm can serve as reference for the
liposome diameter prior to deformation for both the DSPC-
PEG-biotin and DOPC-PEG-biotin liposomes, since they were
prepared to have identical diameters in suspension (Figure 1).
The fluid-phase (DOPC-PEG-biotin) liposome height was
measured to be 90 nm upon binding in the low streptavidin
coverage regime (0.5 mol % DOPE-cap biotin SLB). These
liposomes were thus deformed to this (average) value from
their initial diameter of 105 nm according to the interpretation
above. Under the assumption that the spherical liposomes
adopt a truncated sphere geometry upon deformation, the area
in contact with the underlying substrate, Acontact, can be
expressed as

A r
d

2
2contact

2
2i

k
jjjj

y
{
zzzzπ= −

(6)

The fluid-phase DOPC-PEG-biotin liposomes that adhered
to the low biotin coverage SLB were on average deformed from
a spherical shape with a diameter of 105 nm to a height of
90 nm, which with the use of eq 6 converts to a contact area of
4595 nm2. With on average 100 streptavidin molecules being
engaged in the binding of each DOPC-PEG-biotin liposome at
0.5% biotin-SLB (see above), the local streptavidin coverage in
the contact zone corresponds to ∼22 × 103 μm−2. This
number is significantly higher than the maximum streptavidin
coverage of ∼12 × 103 μm−2 obtained on the flat SLBs (at 3
and 5% DOPE-biotin-cap), which supports that the binding
involves a process of receptor harvesting into the contact zone
between the liposomes and the SLB and that this, in the low-
coverage regime, is the limiting factor for the extent of
liposome binding and deformation. This streptavidin coverage
agrees well with the value obtained for the theoretical jamming
limit upon random sequential adsorption of immobile spheres

Figure 6. Surface concentration of liposomes per square micrometer
as a function of streptavidin coverage on the SLB. Error bars show
standard deviation.
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(i.e., a model for streptavidin), which assumes a 54% maximum
coverage.
To calculate the contact area between the nondeformed gel-

phase DSPC-PEG-biotin liposomes and the underlying SLB,
which, as discussed above, appear to contain ∼56 streptavidin
molecules per liposome, one should recall that the liposomes
were modified by means of biotin-modified PEG with a
molecular weight of 2 kDa, which is expected to provide a
flexible polymer brush surrounding the liposomes. At the
concentrations used in this work, the PEG would assume a
mushroom conformation extending ∼4 nm from the bilayer;37

however, high ligand density or external forces can almost
double that length.38 If the PEG molecules at the edge of the
contact zone between the SLB and the liposome are fully
extended, the corresponding disk-shaped contact area between
the SLB and the polymer brush can, from simple geometrical
considerations, be expressed as

A l r l lr(2 ) 2disk π π= Δ − Δ ≃ Δ (7)

where Δl is the increase in the length of the PEG chain from its
relaxed Flory radius to its fully extended form. Assuming a
change in length of the PEG from 4 to 6.5 nm,38 this
corresponds to a disk area of ∼805 nm2, which is 2% of the
total liposome area, 4π(105/2)2 nm2. If we assume that the
biotin ligands are immobile due to the gel-phase environment
and are evenly distributed on the liposome surface, 2% of the
∼240 ligands per liposome corresponds to just ∼5 PEG-biotin
in the contact zone, an unreasonably low number considering
the measured 56 SA molecules bound. This suggests that the
ligands on DSPC-PEG-biotin are indeed mobile on these short

length scales, or unevenly distributed. Alternatively, the
underlying bilayer undergoes restructuring and partial
encapsulation of the rigid liposomes, which was previously
observed for streptavidin-modified SLBs upon binding of gold
nanoparticles modified with PEG-biotin.39

Turning to the high streptavidin (and liposome) coverage
regime, contraction from ∼105 nm to heights of 75 and 93 nm
was observed for fluid- and gel-phase liposomes, respectively
(Figure 7D), which for truncated sphere geometries convert
(using eq 7) to contact areas of 8370 and 3600 nm2,
respectively. Under the assumption that the local coverage in
the contact zone can reach that estimated for the case of
DOPC-PEG-biotin liposomes at 0.5% DOPE-cap biotin-SLB
streptavidin coverage, i.e., ∼22 × 103 μm−2, this corresponds to
∼184 and ∼79 streptavidin molecules being engaged for
binding of a DOPC-PEG-biotin liposome and a DSPC-PEG-
biotin liposome, respectively. It should further be noted that,
for the DOPC-PEG-biotin case, the total liposome coverage
(∼63 μm−2) multiplied by the number of streptavidin
molecules in the contact zone (∼184) is fairly close to the
total number of available streptavidin molecules (∼12 × 103

μm−2), suggesting that, similarly to the 0.5% biotin-SLB case,
the degree of deformation is limited by the streptavidin
available to harvest into the contact zone. In contrast, the
deformation of DSPC-PEG-biotin appears to be limited by the
stiffness of the liposome membrane. It cannot be excluded,
though, that the overall structural changes observed also
involve SLB restructuring and liposome encapsulation. That
phenomenon has previously been proposed to explain
clustering of norovirus-like particles upon binding to

Figure 7. Plots of Rλ1/Rλ2 ratio versus time, visualizing DOPC-PEG-biotin and DSPC-PEG-biotin deformation upon binding to (A) SLB with 0.5
mol % cap biotin and low streptavidin coverage, (B) 5 mol % cap biotin and high streptavidin coverage, and (C) silica-coated MP-SPR sensor. (D)
Film thickness/liposome height (d) versus biotin coverage, where 100% corresponds to adsorption directly on silica.
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glycosphingolipid receptor-modified SLBs.40 This interpreta-
tion is further supported by the liposome deformation
observed upon adsorption of both liposome types to silica,
in which case the lipid−surface interaction, rather than the
ligand−receptor interaction, controls the adhesion strength.
On silica, the gel-phase liposomes deform to a film thickness of
d ≈ 30 nm, while for fluid-phase liposomes the interaction is
sufficiently strong to cause liposome collapse and SLB
formation (Figure 7D). The observed degree of deformation
for the gel-phase liposomes is somewhat larger than that
recently obtained for similar liposomes using AFM,41 which is
likely attributed to slight differences in vesicle preparation,
surface cleaning, and buffer conditions. Hence, it appears likely
that on the SLB, which served to mimic a cellular membrane,
deformation of fluid-phase liposomes is limited by the number
of available ligand−receptor bonds while membrane stiffness
seems to play a significant role in limiting the deformation of
gel-phase liposomes.
The higher than expected number of streptavidin molecules

involved in DSPC-PEG-biotin suggests a heterogeneous
distribution of the PEG-biotin ligands over the surface of the
liposome. Indeed, phosphocholine-based gel-phase liposomes
have previously been observed to have highly disordered grain
boundaries between ordered gel-phase facets.42 Considering
the difference in critical packing parameter (lipid geometry)
between DSPC and DSPE-PEG(2000)-biotin, it is not unlikely
that the PEGylated lipids would cluster in the disordered
boundary regions, giving rise to high local ligand concen-
trations. It is noteworthy that such clustering, in either the
grain boundaries of gel-phase liposomes or in the contact zone
underneath, could cause local enrichment of PEG-lipids to an
extent that induces the conformational transition from
mushroom to brush conformation. Thus, the thickness of the
PEG layer is a point of uncertainty, which may lead to
overestimation of the liposome dimension judged from MP-
SPR data.
To put these results in the context of previous work, it is

worthwhile to note that recently, as already noted in the
Introduction, similar studies aimed at fluid-phase liposomes
have been performed by using other approaches including
LSPR,14 AFM,18 and QCM-D.21 A brief summary of the results
obtained in our study and in refs 14 and 21 is given in Table 2
(the results reported in ref 18 are not included due to its
dissimilarities in liposome composition and surface chemistry).
The first general conclusion from these data is that the
deformation of liposomes is modest in all cases. Another
conclusion is that the biotin concentration in the SLB
seemingly plays a nearly negligible role for the deformation
of the 70 nm liposomes,14 whereas its role in our study of the
105 nm liposomes is somewhat more appreciable. This
difference may be related to the liposome coverage. In
particular, the quantitative results for 70 nm liposomes14

were obtained primarily at appreciably lower coverages than
those in our case.
Concerning more specific details, it is clear that the liposome

deformation process is governed by multiple parameters,
including (i) the number and strength of ligand−receptor
bonds, (ii) the membrane bending constant, kb, (iii) osmotic
pressure, and (iv) the size and composition influencing (i) and
(ii). The interplay between these factors is important to
consider. In general, the formation of the ligand−receptor pairs
is energetically favorable and should eventually be counter-
posed by other factors. It is of interest that, despite a similar

scale of deformation of gel-phase liposomes, the earlier
conclusions concerning this factor are different and imply
membrane bending14 with a high value of kb (∼700kBT) and
high adhesion-induced osmotic pressure (∼0.5 MPa) in
combination with kb = 10−30kBT (Figure 4a in ref 18; note
that the liposomes used in that work are not biotinylated). In
our case, the number of biotin−streptavidin complexes is
∼56−184, the binding energy per complex is ∼12 kcal/mol,14

i.e., around 20kBT, and, accordingly, the total binding energy is
on the order of 2 × 103kBT. The osmotic pressure is
determined primarily by NaCl, and its scale is Pos = 2ΔckBT,
where Δc = 150 − 137 = 13 mM is the difference of the NaCl
concentrations during the preparation of and experiments with
liposomes. The deformation of liposomes is modest, and the
corresponding scale of the change of the osmotic pressure
related energy can be estimated as

E P V c Vk T2op os BΔ = Δ = Δ Δ (8)

where ΔV is the scale of the change of the liposome volume.
With Δc = 13 mM and ΔV = 0.1V0 = 5 × 10−17 cm3 (V0 is the
liposome volume in the undeformed state), we have
ΔEop ∼ 800kBT. This energy is smaller that the above-
estimated total binding energy by a factor of 3. This factor is
not large, and accordingly we cannot exclude the osmotic

Table 2. Compilation of Results Concerning the
Deformation (Here Quantified as the Ratio d/2r, i.e.,
between the Liposome Vertical Dimension and the Initial
Diameter) of Biotinylated Liposomes of Different Main
Constituting Lipids, Phases, and Molar Fractions of
Biotinylated Lipids, Attached to Streptavidin-
Functionalized SLB of Different Molar Fractions of
Biotinylated Lipidsa

T S θ1 θSLB C 2r [nm] d/2r ref

DOPC F 0.0054 0.005 S 105 0.857 b
DSPC G 0.0037 0.005 S 105 1 b
DOPC F 0.0054 0.05 S 105 0.714 b
DSPC G 0.0037 0.05 S 105 0.886 b
DOPC F 0.00125 0.01 I 70 0.970 14
DOPC F 0.0025 0.01 I 70 0.896 14
DOPC F 0.005 0.01 I 70 0.810 14
DOPC F 0.01 0.01 I 70 0.795 14
DOPC F 0.02 0.01 I 70 0.825 14
DOPC F 0.01 0.00125 I 70 0.810 14
DOPC F 0.01 0.0025 I 70 0.780 14
DOPC F 0.01 0.005 I 70 0.745 14
DOPC F 0.01 0.01 I 70 0.795 14
DOPC F 0.01 0.02 I 70 0.754 14
DOPC F 0.004 0.006 S 100 0.872c 21
DOPC F 0.02 0.006 S 100 0.872c 21

aMain constituting lipids, T; phase, S; molar fraction of biotinylated
lipids, θ1; streptavidin-functionalized SLB of different molar fractions
of biotinylated lipids, θSLB. The deformation was investigated in
different kinetic phases of the liposome attachment C: S (close to
saturation) or I (during the initial phase). The d/2r values provided
here are based on the liposome−SLB contact area values supplied in
the respective references and recalculated using eq 6. bResults
presented in this article. cThe liposome vertical thickness value d is
based on the contact area value claimed in the reference, but in order
to be consistent with the other table values, the contact area was
recalculated by using a 29 nm2 area per streptavidin molecule instead
of the 25 nm2 used in the reference.
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pressure. The high value of the membrane bending constant, kb
∼ 700kBT, cannot be excluded either.

■ CONCLUSION

The dual-wavelength SPR approach presented in this work
offers the possibility to investigate the interplay between
affinity, avidity, and particle rigidity in the context of
nanoparticle adhesion and deformation on supported lipid
bilayers, providing results not easily obtained using alternative
means. In this way, we successfully investigated the
deformation of fluid- and gel-phase liposomes and how it
relates to the valency of the interaction between liposomes and
cell membrane mimics. It is worth pointing out that we varied
the rigidity of the nanoparticles while keeping the ligand
density constant at a number typical in the context of vaccine
and drug delivery formulations.43−45 In many applications,
literature data suggest that rigid nanoparticles are ideal for
optimal cellular uptake.9,10,46−48 The same holds true for
particles with high avidity,49,50 which suggests that, in future
investigations, the ligand density should also be systematically
varied and correlated with liposome deformation for different
membrane compositions. In fact, systematic variation of the
ligand density and liposome dimension, in combination with
theoretical modeling, might enable determination of the
bending rigidity of the lipid bilayer in small liposomes. This
is possible provided that the binding energy of ligand−receptor
pairs can be accurately determined, experimentally or
theoretically. Vice versa, the binding energy can be estimated
provided the bending rigidity is known. Thus, in the future, the
dual-wavelength SPR approach has the potential to be used to
address these questions for a variety of different nanoparticles,
including pharmaceutical carriers, as well as biological particles
such as exosomes and viruses. Additionally, the possibilities to
alter the nature of the supported cell-membrane mimic are
virtually endless and offer opportunities to study interactions
ranging from the specific and well-defined, e.g., particular
receptor−ligand pairs of interest, to the more complex, but
biologically more relevant, situation obtained utilizing native
cell-derived SLBs.51

■ AUTHOR INFORMATION

Corresponding Authors
Fredrik Höök − Division of Nano and Biophysics, Department
of Physics, Chalmers University of Technology, 412 96
Gothenburg, Sweden; orcid.org/0000-0003-1994-5015;
Email: fredrik.hook@chalmers.se

Nagma Parveen − Division of Nano and Biophysics,
Department of Physics, Chalmers University of Technology,
412 96 Gothenburg, Sweden; Present Address: Department
of Chemistry, Indian Institute of Technology Kanpur,
208016 Kanpur, India; orcid.org/0000-0003-4577-
7721; Email: nagma@iitk.ac.in

Authors
Karin Norling − Division of Nano and Biophysics,
Department of Physics, Chalmers University of Technology,
412 96 Gothenburg, Sweden; Present Address: Division of
Chemical Biology, Department of Biology and Biological
Engineering, Chalmers University of Technology, 412 96
Gothenburg, Sweden; orcid.org/0000-0002-1311-4707

Mattias Sjöberg − Division of Nano and Biophysics,
Department of Physics, Chalmers University of Technology,

412 96 Gothenburg, Sweden; orcid.org/0000-0003-3753-
2564

Marta Bally − Department of Clinical Microbiology and
Wallenberg Centre for Molecular Medicine, Umeå University,
901 85 Umeå, Sweden; orcid.org/0000-0002-5865-8302

Vladimir P. Zhdanov − Division of Nano and Biophysics,
Department of Physics, Chalmers University of Technology,
412 96 Gothenburg, Sweden; Boreskov Institute of Catalysis,
Russian Academy of Sciences, Novosibirsk 630090, Russia;
orcid.org/0000-0002-0167-8783

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.1c03096

Author Contributions
#K.N. and M.S. contributed equally to this work. The
manuscript was written through contributions of all authors.
All authors have given approval to the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the Swedish Foundation for
Strategic Research funded research center FoRmulaEx
(IRC15-0065), The Swedish Research Council (No. 2018-
04900), and The Knut and Alice Wallenberg Foundation (No.
2019-0577). This work was performed in part at the Chalmers
Material Analysis Laboratory, CMAL.

■ ABBREVIATIONS
DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPC-
PEG-biotin, biotinylated DOPC-based liposomes; DSPC, 1,2-
distearoyl-sn-glycero-3-phosphocholine; DSPC-PEG-biotin, bi-
otinylated DSPC-based liposomes; DOPE-cap biotin, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl);
DSPE-PEG(2000)-biotin, 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[biotinyl(polyethylene glycol)-2000];
MP-SPR, multiparametric surface plasmon resonance; NTA,
nanoparticle tracking analysis; POPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine; QCM-D, quartz crystal micro-
balance with dissipation monitoring; SA, streptavidin

■ REFERENCES
(1) Helenius, A. Virus Entry: Looking Back and Moving Forward. J.
Mol. Biol. 2018, 430 (13), 1853−1862.
(2) Zhang, Y.; Liu, Y.; Liu, H.; Tang, W. H. Exosomes: Biogenesis,
Biologic Function and Clinical Potential. Cell Biosci. 2019, 9 (1), 1−
18.
(3) Mitchell, M. J.; Billingsley, M. M.; Haley, R. M.; Wechsler, M. E.;
Peppas, N. A.; Langer, R. Engineering Precision Nanoparticles for
Drug Delivery. Nat. Rev. Drug Discovery 2021, 20 (2), 101−124.
(4) Fasting, C.; Schalley, C. A.; Weber, M.; Seitz, O.; Hecht, S.;
Koksch, B.; Dernedde, J.; Graf, C.; Knapp, E. W.; Haag, R.
Multivalency as a Chemical Organization and Action Principle.
Angew. Chemie - Int. Ed. 2012, 51 (42), 10472−10498.
(5) Zhdanov, V. P. Multivalent Ligand-Receptor-Mediated Inter-
action of Small Filled Vesicles with a Cellular Membrane. Phys. Rev. E
2017, 96 (1), 1−10.
(6) Gao, H.; Shi, W.; Freund, L. B. Mechanics of Receptor-Mediated
Endocytosis. Proc. Natl. Acad. Sci. U. S. A. 2005, 102 (27), 9469−
9474.
(7) Sun, J.; Zhang, L.; Wang, J.; Feng, Q.; Liu, D.; Yin, Q.; Xu, D.;
Wei, Y.; Ding, B.; Shi, X.; Jiang, X. Tunable Rigidity of (Polymeric

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c03096
Langmuir 2022, 38, 2550−2560

2558

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fredrik+Ho%CC%88o%CC%88k"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1994-5015
mailto:fredrik.hook@chalmers.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nagma+Parveen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4577-7721
https://orcid.org/0000-0003-4577-7721
mailto:nagma@iitk.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karin+Norling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1311-4707
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mattias+Sjo%CC%88berg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3753-2564
https://orcid.org/0000-0003-3753-2564
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Bally"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5865-8302
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+P.+Zhdanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0167-8783
https://orcid.org/0000-0002-0167-8783
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03096?ref=pdf
https://doi.org/10.1016/j.jmb.2018.03.034
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1002/anie.201201114
https://doi.org/10.1103/PhysRevE.96.012408
https://doi.org/10.1103/PhysRevE.96.012408
https://doi.org/10.1073/pnas.0503879102
https://doi.org/10.1073/pnas.0503879102
https://doi.org/10.1002/adma.201404788
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Core)-(Lipid Shell) Nanoparticles for Regulated Cellular Uptake.
Adv. Mater. 2015, 27 (8), 1402−1407.
(8) Beningo, K. A.; Wang, Y. Fc-Receptor-Mediated Phagocytosis Is
Regulated by Mechanical Properties of the Target. J. Cell Sci. 2002,
115 (4), 849−856.
(9) Anselmo, A. C.; Mitragotri, S. Impact of Particle Elasticity on
Particle-Based Drug Delivery Systems. Adv. Drug Delivery Rev. 2017,
108, 51−67.
(10) Benne, N.; van Duijn, J.; Kuiper, J.; Jiskoot, W.; Slütter, B.
Orchestrating Immune Responses: How Size, Shape and Rigidity
Affect the Immunogenicity of Particulate Vaccines. J. Controlled
Release 2016, 234, 124−134.
(11) Seifert, U. Configurations of Fluid Membranes and Vesicles.
Adv. Phys. 1997, 46, 13.
(12) Jackman, J. A.; Choi, J. H.; Zhdanov, V. P.; Cho, N. J. Influence
of Osmotic Pressure on Adhesion of Lipid Vesicles to Solid Supports.
Langmuir 2013, 29 (36), 11375−11384.
(13) Dimova, R. Recent Developments in the Field of Bending
Rigidity Measurements on Membranes. Adv. Colloid Interface Sci.
2014, 208, 225−234.
(14) Park, H.; Sut, T. N.; Yoon, B. K.; Zhdanov, V. P.; Cho, N.-J.;
Jackman, J. A. Unraveling How Multivalency Triggers Shape
Deformation of Sub-100 Nm Lipid Vesicles. J. Phys. Chem. Lett.
2021, 12 (28), 6722−6729.
(15) Vorselen, D.; Mackintosh, F. C.; Roos, W. H.; Wuite, G. J. L.
Competition between Bending and Internal Pressure Governs the
Mechanics of Fluid Nanovesicles. ACS Nano 2017, 11 (3), 2628−
2636.
(16) Alqabandi, M.; de Franceschi, N.; Maity, S.; Miguet, N.; Bally,
M.; Roos, W. H.; Weissenhorn, W.; Bassereau, P.; Mangenot, S. The
ESCRT-III Isoforms CHMP2A and CHMP2B Display Different
Effects on Membranes upon Polymerization. BMC Biol. 2021, 19 (1),
1−18.
(17) Benne, N.; Leboux, R. J. T.; Glandrup, M.; van Duijn, J.;
Lozano Vigario, F.; Neustrup, M. A.; Romeijn, S.; Galli, F.; Kuiper, J.;
Jiskoot, W.; Slütter, B. Atomic Force Microscopy Measurements of
Anionic Liposomes Reveal the Effect of Liposomal Rigidity on
Antigen-Specific Regulatory T Cell Responses. J. Controlled Release
2020, 318, 246−255.
(18) Ye, S.; Li, W.; Wang, H.; Zhu, L.; Wang, C.; Yang, Y.
Quantitative Nanomechanical Analysis of Small Extracellular Vesicles
for Tumor Malignancy Indication. Adv. Sci. 2021, 8, 2100825.
(19) Rupert, D. L. M.; Shelke, G. V.; Emilsson, G.; Claudio, V.;
Block, S.; Lässer, C.; Dahlin, A.; Lötvall, J. O.; Bally, M.; Zhdanov, V.
P.; Höök, F. Dual-Wavelength Surface Plasmon Resonance for
Determining the Size and Concentration of Sub-Populations of
Extracellular Vesicles. Anal. Chem. 2016, 88 (20), 9980−9988.
(20) Jackman, J. A.; Yorulmaz Avsar, S.; Ferhan, A. R.; Li, D.; Park, J.
H.; Zhdanov, V. P.; Cho, N. J. Quantitative Profiling of Nanoscale
Liposome Deformation by a Localized Surface Plasmon Resonance
Sensor. Anal. Chem. 2017, 89 (2), 1102−1109.
(21) Di Iorio, D.; Lu, Y.; Meulman, J.; Huskens, J. Recruitment of
Receptors at Supported Lipid Bilayers Promoted by the Multivalent
Binding of Ligand-Modified Unilamellar Vesicles. Chem. Sci. 2020, 11
(12), 3307−3315.
(22) Zhdanov, V. P.; Dimitrievski, K.; Kasemo, B. Adsorption and
Spontaneous Rupture of Vesicles Composed of Two Types of Lipids.
Langmuir 2006, 22 (8), 3477−3480.
(23) Liedberg, B.; Lundström, I.; Stenberg, E. Principles of
Biosensing with an Extended Coupling Matrix and Surface Plasmon
Resonance. Sensors Actuators B. Chem. 1993, 11 (1−3), 63−72.
(24) Jung, L. S.; Campbell, C. T.; Chinowsky, T. M.; Mar, M. N.;
Yee, S. S. Quantitative Interpretation of the Response of Surface
Plasmon Resonance Sensors to Adsorbed Films. Langmuir 1998, 14
(19), 5636−5648.
(25) Olson, F.; Hunt, C.; Szoka, F.; Vail, W.; Papahadjopoulos, D.
Preparation of Liposomes of Defined Size Distribution by Extrusion
through Polycarbonate Membranes. Biochim. Biophys. Acta 1979, 557,
9−23.

(26) Nagle, J. F.; Tristram-Nagle, S. Structure of Lipid Bilayers.
Biochim. Biophys. Acta - Rev. Biomembr. 2000, 1469 (3), 159−195.
(27) Hartkamp, R.; Moore, T. C.; Iacovella, C. R.; Thompson, M.
A.; Bulsara, P. A.; Moore, D. J.; McCabe, C. Investigating the
Structure of Multicomponent Gel-Phase Lipid Bilayers. Biophys. J.
2016, 111 (4), 813−823.
(28) Hallett, F. R.; Marsh, J.; Nickel, B. G.; Wood, J. M. Mechanical
Properties of Vesicles. II. A Model for Osmotic Swelling and Lysis.
Biophys. J. 1993, 64 (2), 435−442.
(29) Tumolo, T.; Angnes, L.; Baptista, M. S. Determination of the
Refractive Index Increment (Dn/Dc) of Molecule and Macro-
molecule Solutions by Surface Plasmon Resonance. Anal. Biochem.
2004, 333 (2), 273−279.
(30) Erbe, A.; Sigel, R. Tilt Angle of Lipid Acyl Chains in
Unilamellar Vesicles Determined by Ellipsometric Light Scattering.
Eur. Phys. J. E 2007, 22 (4), 303−309.
(31) Perlmann, G. E.; Longsworth, L. G. The Specific Refractive
Increment of Some Purified Proteins. J. Am. Chem. Soc. 1948, 70 (8),
2719−2724.
(32) Ferrand-Drake Del Castillo, G.; Emilsson, G.; Dahlin, A.
Quantitative Analysis of Thickness and PH Actuation of Weak
Polyelectrolyte Brushes. J. Phys. Chem. C 2018, 122 (48), 27516−
27527.
(33) Larsson, C.; Rodahl, M.; Höök, F. Characterization of DNA
Immobilization and Subsequent Hybridization on a 2D Arrangement
of Streptavidin on a Biotin-Modified Lipid Bilayer Supported on
SiO2. Anal. Chem. 2003, 75 (19), 5080−5087.
(34) Reimhult, E.; Larsson, C.; Kasemo, B.; Höök, F. Simultaneous
Surface Plasmon Resonance and Quartz Crystal Microbalance with
Dissipation Monitoring Measurements of Biomolecular Adsorption
Events Involving Structural Transformations and Variations in
Coupled Water. Anal. Chem. 2004, 76 (24), 7211−7220.
(35) Ohki, S.; Ohshima, H. Interaction and Aggregation of Lipid
Vesicles (DLVO Theory versus Modified DLVO Theory). Colloids
Surfaces B Biointerfaces 1999, 14 (1−4), 27−45.
(36) Yatcilla, M. T.; Robertson, C. R.; Gast, A. P. Influence of PH on
Two-Dimensional Streptavidin Crystals. Langmuir 1998, 14 (2),
497−503.
(37) Kenworthy, A. K.; Hristova, K.; Needham, D.; McIntosh, T. J.
Range and Magnitude of the Steric Pressure between Bilayers
Containing Phospholipids with Covalently Attached Poly(Ethylene
Glycol). Biophys. J. 1995, 68 (5), 1921−1936.
(38) Emilsson, G.; Schoch, R. L.; Feuz, L.; Höök, F.; Lim, R. Y. H.;
Dahlin, A. B. Strongly Stretched Protein Resistant Poly(Ethylene
Glycol) Brushes Prepared by Grafting-To. ACS Appl. Mater. Interfaces
2015, 7 (14), 7505−7515.
(39) Lundgren, A.; Agnarsson, B.; Zirbs, R.; Zhdanov, V. P.;
Reimhult, E.; Höök, F. Nonspecific Colloidal-Type Interaction
Explains Size-Dependent Specific Binding of Membrane-Targeted
Nanoparticles. ACS Nano 2016, 10 (11), 9974−9982.
(40) Parveen, N.; Rimkute, I.; Block, S.; Rydell, G. E.; Midtvedt, D.;
Larson, G.; Hytönen, V. P.; Zhdanov, V. P.; Lundgren, A.; Höök, F.
Membrane Deformation Induces Clustering of Norovirus Bound to
Glycosphingolipids in a Supported Cell-Membrane Mimic. J. Phys.
Chem. Lett. 2018, 9 (9), 2278−2284.
(41) Ridolfi, A.; Caselli, L.; Baldoni, M.; Montis, C.; Mercuri, F.;
Berti, D.; Valle, F.; Brucale, M. Stiffness of Fluid and Gel Phase Lipid
Nanovesicles: Weighting the Contributions of Membrane Bending
Modulus and Luminal Pressurization. Langmuir 2021, 37 (41),
12027−12037.
(42) Ickenstein, L. M.; Arfvidsson, M. C.; Needham, D.; Mayer, L.
D.; Edwards, K. Disc Formation in Cholesterol-Free Liposomes
during Phase Transition. Biochim. Biophys. Acta - Biomembr. 2003,
1614 (2), 135−138.
(43) Bernasconi, V.; Norling, K.; Bally, M.; Höök, F.; Lycke, N. Y.
Mucosal Vaccine Development Based on Liposome Technology. J.
Immunol. Res. 2016, 2016, 5482087 (Figure 1)..
(44) Norling, K.; Bernasconi, V.; Agmo Hernández, V.; Parveen, N.;
Edwards, K.; Lycke, N. Y.; Hoök, F.; Bally, M. Gel Phase 1,2-

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c03096
Langmuir 2022, 38, 2550−2560

2559

https://doi.org/10.1002/adma.201404788
https://doi.org/10.1242/jcs.115.4.849
https://doi.org/10.1242/jcs.115.4.849
https://doi.org/10.1016/j.addr.2016.01.007
https://doi.org/10.1016/j.addr.2016.01.007
https://doi.org/10.1016/j.jconrel.2016.05.033
https://doi.org/10.1016/j.jconrel.2016.05.033
https://doi.org/10.1080/00018739700101488
https://doi.org/10.1021/la4017992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la4017992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cis.2014.03.003
https://doi.org/10.1016/j.cis.2014.03.003
https://doi.org/10.1021/acs.jpclett.1c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c01510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b07302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b07302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s12915-021-00983-9
https://doi.org/10.1186/s12915-021-00983-9
https://doi.org/10.1186/s12915-021-00983-9
https://doi.org/10.1016/j.jconrel.2019.12.003
https://doi.org/10.1016/j.jconrel.2019.12.003
https://doi.org/10.1016/j.jconrel.2019.12.003
https://doi.org/10.1002/advs.202100825
https://doi.org/10.1002/advs.202100825
https://doi.org/10.1021/acs.analchem.6b01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b02532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b02532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.6b02532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC00518E
https://doi.org/10.1039/D0SC00518E
https://doi.org/10.1039/D0SC00518E
https://doi.org/10.1021/la053163f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la053163f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0925-4005(93)85239-7
https://doi.org/10.1016/0925-4005(93)85239-7
https://doi.org/10.1016/0925-4005(93)85239-7
https://doi.org/10.1021/la971228b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la971228b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0005-2736(79)90085-3
https://doi.org/10.1016/0005-2736(79)90085-3
https://doi.org/10.1016/S0304-4157(00)00016-2
https://doi.org/10.1016/j.bpj.2016.07.016
https://doi.org/10.1016/j.bpj.2016.07.016
https://doi.org/10.1016/S0006-3495(93)81384-5
https://doi.org/10.1016/S0006-3495(93)81384-5
https://doi.org/10.1016/j.ab.2004.06.010
https://doi.org/10.1016/j.ab.2004.06.010
https://doi.org/10.1016/j.ab.2004.06.010
https://doi.org/10.1140/epje/e2007-00038-5
https://doi.org/10.1140/epje/e2007-00038-5
https://doi.org/10.1021/ja01188a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01188a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034269n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034269n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034269n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac034269n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0492970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0492970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0492970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0492970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0492970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0927-7765(99)00022-3
https://doi.org/10.1016/S0927-7765(99)00022-3
https://doi.org/10.1021/la970237h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la970237h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0006-3495(95)80369-3
https://doi.org/10.1016/S0006-3495(95)80369-3
https://doi.org/10.1016/S0006-3495(95)80369-3
https://doi.org/10.1021/acsami.5b01590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b01590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b04160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00433?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0005-2736(03)00196-2
https://doi.org/10.1016/S0005-2736(03)00196-2
https://doi.org/10.1155/2016/5482087
https://doi.org/10.1021/acsinfecdis.9b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Distearoyl-Sn-Glycero-3-Phosphocholine-Based Liposomes Are Supe-
rior to Fluid Phase Liposomes at Augmenting Both Antigen
Presentation on Major Histocompatibility Complex Class II and
Costimulatory Molecule Display by Dendritic Cells in Vitro. ACS
Infect. Dis. 2019, 5 (11), 1867−1878.
(45) Yoo, J.; Park, C.; Yi, G.; Lee, D.; Koo, H. Active Targeting
Strategies Using Biological Ligands for Nanoparticle Drug Delivery
Systems. Cancers (Basel). 2019, 11 (5), 640.
(46) Yi, X.; Shi, X.; Gao, H. Cellular Uptake of Elastic Nanoparticles.
Phys. Rev. Lett. 2011, 107 (9), 1−5.
(47) Yi, X.; Gao, H. Incorporation of Soft Particles into Lipid
Vesicles: Effects of Particle Size and Elasticity. Langmuir 2016, 32
(49), 13252−13260.
(48) Sun, J.; Zhang, L.; Wang, J.; Feng, Q.; Liu, D.; Yin, Q.; Xu, D.;
et al. Tunable Rigidity of (Polymeric Core)-(Lipid Shell) Nano-
particles for Regulated Cellular Uptake. Adv. Mater. 2015, 27, 1402−
1407.
(49) Moradi, E.; Vllasaliu, D.; Garnett, M.; Falcone, F.; Stolnik, S.
Ligand Density and Clustering Effects on Endocytosis of Folate
Modified Nanoparticles. RSC Adv. 2012, 2 (7), 3025−3033.
(50) Jiang, W.; Kim, B. Y. S.; Rutka, J. T.; Chan, W. C. W.
Nanoparticle-Mediated Cellular Response Is Size-Dependent. Nat.
Nanotechnol. 2008, 3 (3), 145−150.
(51) Tanaka, M.; Rossetti, F. F.; Kaufmann, S. Native Supported
Membranes: Creation of Two-Dimensional Cell Membranes on
Polymer Supports (Review). Biointerphases 2008, 3 (2), FA12−FA16.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c03096
Langmuir 2022, 38, 2550−2560

2560

https://doi.org/10.1021/acsinfecdis.9b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/cancers11050640
https://doi.org/10.3390/cancers11050640
https://doi.org/10.3390/cancers11050640
https://doi.org/10.1103/PhysRevLett.107.098101
https://doi.org/10.1021/acs.langmuir.6b03184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b03184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201404788
https://doi.org/10.1002/adma.201404788
https://doi.org/10.1039/c2ra01168a
https://doi.org/10.1039/c2ra01168a
https://doi.org/10.1038/nnano.2008.30
https://doi.org/10.1116/1.2905233
https://doi.org/10.1116/1.2905233
https://doi.org/10.1116/1.2905233
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

