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Biomechanics as driver of aggregation of tethers
in adherent membranes†
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Cell adhesion is an important cellular process and is mediated by adhesion proteins residing on the cell

membrane. Sometimes, two types of linker proteins are involved in adhesion, and they can segregate to

form domains through a poorly understood size-exclusion process. We present an experimental and

theoretical study of adhesion via linkers of two different sizes, realised in a mimetic model-system,

based on giant unilamellar vesicles interacting with supported lipid bilayers. Here, adhesion is mediated

by DNA linkers with two different lengths, but with the same binding enthalpy. We study the

organisation of these linkers into domains as a function of relative fraction of long and short DNA

constructs. Experimentally, we find that, irrespective of the composition, the adhesion domains are

uniform with coexisting DNA bridge types, despite their relative difference in length of 9 nm. However,

simulations suggest formation of nanodomains of the minority fraction at short length scales, which is

below the optical resolution of the microscope. The nano-aggregation is more significant for long

bridges, which are also more stable.

1 Introduction

Cell adhesion is a fundamental biological process that relies on
the formation of complex macromolecular assemblies,
involving a number of proteins with different binding affinities,
elastic properties and lengths.1,2 These proteins may mediate
adhesion in either a sequential manner, as it is in the case of
weak selectin adhesion preceding strong integrin adhesion in
rolling leukocytes,3–5 or simultaneously, for example during the
formation of immune synapses or in the regulation of the
inhibitory and activating signals.2 In this case, T-cell receptors
and integrins segregate,6–10 presumably because of the
differences in the length of their respective adhesive
constructs.11 However, the full understanding of the length-
induced separation is still missing.

One proven approach to study these mechanisms is using
cell mimetic systems consisting of functionalised GUVs
adhering to SLBs. So far, most mimetic adhesion systems
involved only one protein pair, or mixtures between binders
and repellers,12–14 while the design of systems consisting of
more than one binding pair is still challenging, and an active
field of studies.15,16 Typically, the linkers would segregate, with
repellers either forming small domains,12 or being expelled
from the area of contact.13 For systems with two linkers,
complex behavior not exclusively showing segregation of the
linker types was reported to depend on the buffer conditions
and linkers themselves.15

Constructing theoretical models from first principles and
understanding the interplay between multiple binding pairs
during adhesion has been equally demanding. The difficulty
here is to accurately capture membrane-mediated interactions
over the large span of time and length scales involved in the
nucleation and growth of adhesions. Over the last decades, the
evolution of large domains, with the two binding pairs fully
separated, were theoretically discussed extensively.11,17–19 More
recently, small stable domains, as well as adhesion structures
in which more than one type of bridge coexists, were reported
in simulations,20 where the organisation of the linkers (ligand–
receptor bonds) was found to depend on both membrane and
protein biomechanical parameters, including the bond length
and stiffness as well as the elasticity, the fluctuation amplitude
and the separation between membranes.20 Surprisingly, it was
suggested that differences in length of about 10 nm may not be
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sufficient to induce macroscopic segregation, if linkers or the
membrane are not particularly stiff.

Here we present a synergistic experimental and theoretical
effort to address this regime. Building on our previous work on
mimetic systems13 and the organisation of equal length DNA
strands,21 we functionalise the GUV and the SLB with a binary
mixture of DNA constructs that can bridge the two membranes
and mediate adhesion. Such DNA constructs are particularly
attractive because their length, flexibility and binding strength
can be readily modified.15,21–32 We support our experimental
advances with modeling efforts by extending the recently
developed Monte Carlo scheme for modeling adhesion with
multiple types of ligand–receptor pairs,20 to modeling the
formation of DNA bridges of different lengths. We system-
atically change the relative concentration of short and long
DNA constructs and observe a continuous change in the
average height of a densely packed adhesion domain, both
experimentally and in simulations, with no clear self-
segregation. This shows that adhesion structures with bridges
of significantly different length may coexist in equilibrium.

2 Experimental model system

The present experiments with mixed DNA constructs follows
the procedure that was established and thoroughly tested in the
pure system with one construct-type alone.21 The DNA con-
structs were made from short custom-made single-stranded
DNA–oligomers from Eurogentech, Belgium. The short tethers
used here are double-stranded (ds) and they were constructed
from single-stranded (ss) DNA sequences as described in Kamal
et al.21 The long tethers were built from two ss-DNA strands of
N = 57 and N = 65 base pairs out of which, after hybridisation,
the surplus of 10 base pairs builds a 3 nm long sticky end on
one strand, while on the other strand, a terminus is formed by a
spacer with 4 base pairs attached to a cholesterol moiety
(Fig. 1C).

The received lyophilised ss-DNA was dissolved in PBS to
make 100 mM stock solution and stored at �20 1C. Prior to use,
a working solution of 1 mM was prepared in PBS. To form the
ds-DNA strands, the ss-DNA strands were mixed with the
complementary backbone strand in B5% excess. The mixture
was heated to 60 1C and held at that temperature for about
5 minutes before allowing to cool down slowly to room
temperature. In addition to hybridization with the complementary
strand to form ds-DNA, the identical strands combine at the sticky
end to make a tether twice as long. This makes short and long DNA
constructs with length of 11 nm and 39 nm respectively, counting
the sticky end once, and the cholesterol moieties at each end
(Fig. 1C).

GUV (98 mol% SOPC and 2 mol% DSPE-PEG2000) were
prepared by electroswelling in 260 mOsm glucose solution, as
described previously.21 The SLBs were prepared with a film
balance (Nima, Coventry, UK) applying the Langmuir–Blodgett
Langmuir–Schäfer technique,33 at transfer pressure of
20 mN m�1. SLBs consisted of pure SOPC in the proximal layer,

while the distal layer facing the vesicles was formed by SOPC
with 2 mol% DSPE-PEG 2000 and 1 mol% NBD-PE. About 480
mL of the appropriately diluted solution with ds-DNA strands
was introduced into the observation chamber containing the
SLB immersed in PBS (300 mOsm). Concomitantly, 20 mL of
the GUV solution was introduced into the chamber such that
the GUV were deflated, and functionalised by the ds-DNA
constructs. The final concentration of DNA in the chamber
was 6 nM, comprising binary mixture of short and long ds-DNA
linkers. The whole system was allowed to equilibrate at room
temperature for at least two hours before observation.

Because of the strong affinity of cholesterol for the lipid
membrane, the DNA constructs spontaneously adsorbs on the

Fig. 1 (A) GUV and SLB functionalised with ligands and receptors,
respectively. When a GUV approaches, the contact zone with the SLB
forms, where the membranes, in the absence of bridges, adopt a distance
h0 of 50–100 nanometers due to the presence of a weak potential
produced by various nonspecific interactions. (B) Flexible membrane (thick
line) hovering in a non-specific potential over a flat and rigid adherent
surface deforms upon the formation of bridges by the linkers. DNA
constructs of a length li are modelled as elastic springs of stiffness li

(drawn to scale). When a DNA linker swaps from an intra-membrane to an
inter-membrane configuration, a bridge is formed. Consequently, the GUV
membrane deforms adopting a mean height %h, while its fluctuation
amplitude s is suppressed. (C) Nucleotide sequence building the short
and the long DNA linkers.
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SLB and the GUV. Adhesion happens when the linker translo-
cates one of the cholesterol moieties from the GUV to the SLB
membrane or vice versa, or if it adsorbs directly from the
solution with one cholesterol in each membrane (Fig. 1A).

The adhesion zone between the GUV and the SLB was
imaged using RICM, following the usual practice.13 With this
technique it is possible to determine the absolute membrane
height with about 4 nm resolution and relative separations with
about 2 nm resolution. To ensure correct reconstruction of
height (Fig. 2), the refractive indices of the vesicle solution and
the outer buffer were measured for each experiment with an
Abbé Refractometer (Kruss, Germany). No adhesion was
observed in the control samples without DNA-linkers.

In adhesion assays, the GUV always adopted a uniform
contact zone (insets in Fig. 2), with a roughness of about
4 nm, which is comparable to the background noise at these
intensities.34 This small roughness suggests that the linkers are
relatively densely distributed. However, the dynamics of
growth, as well as systematically disc-shaped contact areas
between GUV and the SLB suggest that the linkers, even in
bridge configuration, maintain certain lateral mobility, which
indicates that close packing of DNA linkers is not achieved.
In adhered areas at the population level we did not observe
the formation of patches as evaluated by visual inspection. In
histograms of membrane height (separation), patch formation
was expected to show up either as appearance of two peaks or
as a broadening of the one peak. Nonetheless, no change in the
distribution was observed even several hours upon bringing
GUV into contact with the SLB, which is consistent with no
ongoing restructuring, and the full equilibration of the system.

After averaging over a large number of vesicles (72 and 51 for
exclusively short or long DNA-linkers, respectively), we
find the associated GUV-SLB separation hhpopi of about
10 and 18 nm (see Fig. 2). These measurements show that there
is a significant difference in the ratio between the contour length

(proportional to the number of nucleotides in the chain) and the
effective length of the linkers, in the bound state. Notably how-
ever, the DNA constructs can be regarded as two rigid rods
connected by flexible joints. In the case of the long DNA linker,
its stretching into a completely extended state is associated with a
higher entropic cost compared to the short linker, since it
possesses a larger fluctuation volume that is being constrained
in the inter-membrane configuration. The short DNA linker is also
likely to be more extended than the long one due to the balance of
the membrane and the linker deformation cost. Both these effects
are reflected in the discussed ratio.

As a binary mixture is introduced with the ratio of short :
long = 85 : 15 (58 vesicles), or 80 : 20 (70 vesicles), the GUV-SLB
separation gradually changes to about 10 nm and 14 nm, with
no change of roughness or uniformity of the contact area
(see Fig. 2 and 3(C)). This is consistent with no self-aggregation
of the long and short DNA-linkers despite the B9 nm difference
in the length of the bridges, as estimated from adhesion of
vesicles with only one DNA-linker type (Fig. 3(C)).

3 Kinetic Monte Carlo simulations

To understand these findings, we simulate the equilibrium
organisation of multiple binding pairs in the adhesion zone.
This is achieved by adapting the recently developed Monte
Carlo scheme for modeling adhesion by ligand–receptor
pairs.20,37 In short (see ESI† for further details), both the GUV
and the SLB surfaces are discretised into a series of square
lattices with the lattice constant a containing N sites. A fraction
of these sites are decorated with DNA constructs, each occupying
a single site on one membrane, with insertion energy Ei§
regulating the ratio of inter- and intra-membrane constructs.

Fig. 2 GUV-SLB adhesion mediated a binary mixture of long and short ds-DNA (11 nm : 39 nm) at fixed concentration of 6 nM. Representative RICM
image (inset) of the adhesion zone between the GUVs and the SLB, corresponding height map together with height histograms at different compositions
of the binary mixtures of ds-DNA. Scale bar: 5 mm.

§ Due to common design of the sticky ends, Ei is identical for the short and long
linker.
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This approximation may result in overestimated density of intra-
membrane constructs relative to the inter-membrane bridges in
the equilibrium state, due to entropic considerations that
have not been accounted for at this stage. However, this
approximation should not affect the overall organisation of
bridges of different lengths within adhesion domains themselves
as long as the sticky ends are treated equivalently, which is indeed
the case. In addition, since the effective binding rate of B10 base
pairs duplexes is much larger than its off rate,38 the irreversible
sticky end hybridisation is assumed in simulations. Notably,
however, while this approximation could have a small impact
on the dynamics of the system (and the average concentration
of cis and trans constructs), it cannot affect their relative
organisation, which is an equilibrium property.

The obtained equilibrium depends on the stiffness of both
DNA linkers, which is here assumed to be the same because of
the similar structure of their flexible joints (see Fig. 1(C)), as
discussed above. Furthermore, the equilibrium configuration
will depend on the fluctuation amplitude and the average

height (h0) at which the membrane resides prior to the
establishment of the bridges,37,39 both of which measured on
multiple occasions for the lipid compositions of the SLB-GUV
system.13,35 These parameters, together with the length and
stiffness of the DNA linkers (Table 1) are used to parameterise
the simulations, upon which the links between the membrane
form spontaneously, and the organisation emerges without any
interventions – in essence, there are no free parameters used to
match the experimental data. As such, the equilibrium organi-
sation of linkers is uniquely determined by the biomechanical
properties of the membrane and linkers which self-organise in
the contact zone.20 Of course, the true equilibrium phase
behaviour of the linkers, as discussed here is independent of
the protocol to generate the equilibrium state and dynamic
parameters including the diffusion constants, the rates of
hybridisation and insertion or the velocity of the GUV spreading.
Notably, however, interplay of dynamic parameters may yield
long-living meta-stable states,35 not studied herein.

4 Discussion and conclusions

A series of simulations (Fig. 3) were performed with varying
relative concentrations of two types of DNA constructs in a
mixture. The total number of linkers and all other parameters
were kept fixed, to mimic the measuring conditions. Similarly
to experimental observations, we find that both short and long
linkers alone develop a homogeneous adhesion domain covering
the entire contact zone where the bridges are uniformly distributed
(Fig. 3A), in agreement with previous findings.21

In our experiments changing the relative concentrations of
the binary mixture does not affect the nature of adhesion
domains in terms of their shape and roughness. In experiments,
this suggests mixing of the two DNA-linkers in bridge configura-
tions, a fact that could be verified in simulations. By increasing the
fraction of short DNA linkers, the presence of short bridges in the
contact zone also becomes dominant (Fig. 3B). This is naturally
reflected in the average height of the GUV membrane in the contact
zone, which gradually changes from 10 nm to 17 nm (Fig. 3C).

Fig. 3 (A) Images of the (upper) contact zone and (lower) respective local
domain at t = 7812 s from two series of simulations with two types of DNA
linkers. Shorter bridges are displayed in red and longer bridges in blue, free
linkers are not shown. Initial relative amounts of two types of free
linkers inside contact zone (red/blue) are displayed on horizontal axes.
The gray colour marks the unbound region between GUV and SLB.
(B) Concentration of long and short bridges, %Cb, in the contact zone.
The standard deviation is around 0.003. (C) Average separation distance
between the GUV and the SLB membrane, hhi. The standard deviation of
separation distance between the GUV and the SLB membrane is in the
order of 2 nm. (D) The excess coordination number, e, as a function of
the binary mixture composition, showing the propensity of bridges to self-
segregate. The standard deviation is around 0.003.

Table 1 Symbols and values of parameters defining the equilibrium state
of simulations with DNA linkers. Simulation parameters relevant to the
dynamics of the system can be found in the ESI

Quantity Symbol Value

System parameters
Lattice constant a 10 nm
Number of cells N 80 � 80
Temperature T 300 K

Unbound membrane parameters
Average height h0 50 nm13,35

Fluctuation amplitude s0 7 nm13,35

DNA linker parameters
Elastic moduli lS, lL 3 � 104 kBT/mm2 21

Rest lengths lS 8 nm21

lL 15 nm21

Insertion energy Ei 6 kBT36

Interaction range aS = aL 1 nm37
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However, as both linkers have about the same enthalpy of inser-
tion, and because the energetic penalty for deforming the
membrane is larger for short DNA bridges, the ratio at which the
two linkers are present at the same configuration is shifted towards
mixtures with smaller concentration of long linkers (Fig. 3B), which
are effectively more likely.

From the more general perspective, the organisation of
tethers in domains depends primarily on their lateral inter-
actions. The latter is either set by a direct interaction potential
(the so-called cis interaction), or by membrane mediated forces.
In the current experiments and simulations, we deal with
systems where, besides short range repulsion, the cis inter-
actions are not present by design, and only membrane-mediated
forces are at work. These forces can be significant, particularly in
the case of strong deformations of the membranes (short and
relatively rigid linkers). Actually, it was shown in multiple
systems that these forces are able to drive the formation of
domains even of a single linker species.13,35

The two linkers are, furthermore, not symmetric, even if
their insertion energy is equivalent (as it is here). Namely, they
will be associated with stronger or lesser deformation, with the
former one typically promoting stronger interactions between
two linkers of the same type. If the linkers are of equivalent
stiffness (as in the current case) the shorter linkers will
introduce a stronger membrane deformation and consequently
stronger lateral interactions. The later have been evaluated
analytically for bonds of equal length,40 and bonds of different
lengths.2,20 These potentials, denoted as Vxy

2 (r) for the inter-
action between a linker x and a linker y tethering the
membranes (see Section S1, ESI†) are functions of the tethers
and the membrane mechanical properties.

These potentials were used to calculate the associated second
virial coefficients B

xy
2 ðTÞ ¼ p

Ð1
0

1� exp �Vxy
2 ðrÞ=ðkBTÞ

� �� �
rdr

� �
,

which provide a measure of the attractiveness of Vxy
2 (r), indicated

by the negative sign of Bxy
2 . For example, for the parameters of

the simulations (Table 1), little deformation induced by long
linkers gives Bll

2 E �3.8 � 106 nm2, the interaction between the
long and the short provides Bls

2 E �8.5 � 106 nm2, Bss
2 E �2.7 �

107 nm2 shows that indeed the interaction between the two short
linkers, strongly deforming the membrane is the most attractive
in the current case.

As shown in a recent work,20 this may have significant
consequence. More specifically, these virial coefficients can
be cast together into an order parameter defined as

x ¼ Bsl
2B

ll
2

Bss
2

� �2: (1)

The superscripts l and s denote tethers introducing a lesser or
stronger deformation in the system. Consequently, Bll

2 is always
smaller than as Bss

2 . Within the caveat that the interactions are
attractive (both linkers displace the membrane in the same
direction as is indeed the case), the order parameter is bound to
be below or equal to 1. Macroscopic segregation is only possible
if the attraction between two s linkers dominates the attraction
between an s and an l linker (Bls

2 /Bss
2 o 1) and/or the attraction

between two l tethers. As discussed in our previous work,20 this
is captured by small values of the order parameters (x { 1, and
specifically, following empirical evidence, for x B 5 � 10�3).
For larger x the attractions between different linker types is too
similar, and the linkers mix.

In the current simulations we find that x E 4.4 � 10�2.
Consequently, on the lengths scales of optical resolution, we do
not observe phase separation. This is consistent with the
relatively large value of x, which is still an order of magnitude
too large – the asymmetry between long and short DNA
constructs is not sufficiently large as to induce large scale
macroscopic domain formation. This is seen in both the
simulations (Fig. 3) as well as in the experiments (Fig. 2).
On length scales beyond 100 nm, which is the lateral resolution
of RICM, the roughness of the domains is similar in mixed and
pure systems. Furthermore, both modeling and measurements
show a gradual change in the average height (Fig. 3C),
confirming the actual nature of the domains.

These results clearly show that the length difference in
tethers is not a sufficient criterion for phase separation. It is
the combination of the biomechanical parameters comprised
in x that determines if the system of membrane tethers is going
to segregate. As such it is possible that stiff linkers with 10 nm
difference in length separate (as observed experimentally
in more than one occasion), while the softer ones mix.
Demonstrating this fact required a linker design that does
not differentiate with respect to complexation probability,
membrane insertion probability, and stiffness. While this is
difficult to achieve with proteins, the DNA technology as
applied here permits us to unambiguously establish this result.

It is furthermore interesting to use simulations to discuss
the tether organisation below the optical resolution. This
information is condensed in the so-called excess coordination
number eb, which evaluates the probability to find a nearest
neighbour of the same type compared to a random distribution
of bridges at the equivalent density. We thus define

eb ¼
nbh i � neb

neb
; (2)

as the relative deviation of the average coordination number
hnbi from the expected coordination number ne

b, with the sub-
script b denoting short or long tethers. Specifically, hnbi is
calculated as the number of first neighbours of the same type,
and is averaged over all sites in the contact zone omitting sites
at edge which only have three first neighbours. The expected
coordination number ne

b is the average number of neighbours
of the same type around any bond in a system where Nb bonds
of this type have been placed on A lattice sites, making
the contact zone. It reads ne

b = 4(Nb � 1)/(A � 1), as appropriate
for a square lattice with four equivalent first neighbour sites
(see ESI† for details).

The related analysis shows that on the length scale of one
DNA linker, the immediate neighbourhood of a tether is more
likely populated by the tethers of the same type (Fig. 3D).
Interestingly, this effect is stronger for tethers that are present
in smaller concentrations, irrespective of the length. Consistently,
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the nanostructuring is more pronounced with decreasing density
of a minority fraction. Unfortunately, this nano-organisation is
well-below the optical resolution of the RICM and therefore could
not be observed in our experimental system. On the other hand,
pure phases show no excess coordination. Consistently with the
experiments, this suggests that for both long and short DNA
constructs, the self-attraction is not sufficient to drive the
formation of highly packed domains. The latter were observed
in experiments and simulations in systems with typically, stiffer
proteins.13

In conclusions, in a joint experimental and theoretical
study, we present a mimetic system showing adhesion domains
containing two bridge types that are fully mixed on the length
scales of optical resolution despite a 9 nm difference in their
length. Using simulations, we find that demixing takes place on
length scales of few neighbours. As the direct forces between
two bridges are most likely dominated by steric repulsion, the
demixing on short length scales must be membrane-mediated.
Namely the elastic coupling provided by the GUV bilayer is the
only source of attractive, albeit weak, lateral attractions.
These results demonstrate that despite a significant difference
in length, no structural domains of one bridge type are found,
presumably because both linkers independently form a lattice
gas of bridges within the contact area, and an even larger
difference in height would be necessary to introduce macro-
scopic domains with segregated bridges of one type. As
observed in other systems,15 these results point to the fact that
there are regimes of parameters where the length difference is
not the sufficient condition for the phase separation, implying
this separation is possibly driven by the combined biomechanical
properties of the membrane (lateral correlation length, initial
separation) and the two linkers (stiffness and length).
Consequently, a more detailed analysis of the interplay between
molecular and membrane biomechanics needs to be performed
to fully understand the formation of domains in membranes.
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40 J. A. Janeš, H. Stumpf, D. Schmidt, U. Seifert and
A.-S. Smith, Biophys. J., 2019, 116, 283–295.

Soft Matter Paper

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ita
t E

rl
an

ge
n 

N
ur

nb
er

g 
on

 1
1/

1/
20

21
 3

:2
8:

27
 P

M
. 

View Article Online

https://doi.org/10.1039/d1sm00921d



