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Combinatorial entropy behaviour leads to range
selective binding in ligand-receptor interactions
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From viruses to nanoparticles, constructs functionalized with multiple ligands display peculiar

binding properties that only arise from multivalent effects. Using statistical mechanical

modelling, we describe here how multivalency can be exploited to achieve what we dub range

selectivity, that is, binding only to targets bearing a number of receptors within a specified

range. We use our model to characterise the region in parameter space where one can expect

range selective targeting to occur, and provide experimental support for this phenomenon.

Overall, range selectivity represents a potential path to increase the targeting selectivity of

multivalent constructs.
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In nature, binding occurs with an exquisite selectivity that we
are still striving to achieve in synthetic systems. For example,
some viruses can attach to specific cell types without infecting

others, a mechanism that is already being exploited for the
development of more selective cancer therapy1. Similarly, anti-
bodies recognise, i.e. bind, particular epitopes with very high
strengths, yet tiny molecular-level variations can make them
completely ineffective, which is why every year we need to
develop new vaccines against influenza, for example. In many
cases, binding in these biological entities occurs by the formation
of multiple bonds between their ligands and complementary
receptors on the target, typically referred to as multivalent
binding.

That nature uses this binding modality to achieve high selec-
tivity should not come as a surprise. In fact, various studies have
unravelled the way binding selectivity can be enhanced by mul-
tivalency2–11. In particular, in the last decade so-called multi-
valent super-selectivity has arisen as a hot topic for the
development of targeted drug delivery as well as biosensing12.
More precisely, super-selectivity refers to the ability of multi-
valent construct to have a much sharper response to gradients in
receptor density compared to monovalent ones and can be used
to obtain an (almost) perfect on-off behaviour, where binding
occurs exclusively above a certain number of receptors. One of
the earliest, if not the earliest, experimental proofs of this concept
was given in the seminal paper of Carlson et al.2, which showed
that cancer cells overexpressing receptors, a typical occurrence in
various types of malignancies, can be better discriminated com-
pared to healthy ones using multivalent rather than monovalent
binding. In 2011, the microscopic origins of this behaviour have
been explained by Martinez–Veracoecha and Frenkel6, using an
analysis rooted in statistical mechanics that highlighted the
importance of the combinatorial binding entropy due to the
various binding patterns achievable when multiple ligands and
receptors are present. These results have now been validated
several times, both by Monte Carlo calculations as well as by
experimental data on different multivalent systems, thereby
highlighting their generality2,4–6,9–11.

In recent years, also thanks to advances in formulating a
general theory of ligand–receptor mediated interactions13–18, we
have been able to uncover other potential benefits of multivalent
targeting, as well as drawbacks7, considering more general sce-
narios including multiple receptor types19 and the effect of
spurious, off-target interactions7. In this article, using a combi-
nation of theory, numerical modelling and experiments, we pre-
sent a qualitatively different type of selective targeting which
arises in systems where attraction is dominated by the formation
of ligand–receptor bonds: the ability, under appropriate condi-
tions, to only bind to targets where the receptor density is within
a certain range, but not below nor above. We dub this phe-
nomenon range selectivity.

Results
The basic theoretical model. As an archetypal example, we
consider here the case of a solution containing multivalent
nanoparticles that can adsorb on a surface. The nanoparticles are
coated by both targeting ligands complementary to the receptors
on the surface and a protective polymer brush, e.g. poly-ethylene
glycol (see Fig. 1). This is a design commonly found in nano-
carriers for drug delivery, where the polymer brush is mainly used
to avoid protein adsorption9,20. This latter circumstance, in fact,
can lead to either removal of the nanoparticle from the blood
stream, an immune reaction or simply loss of targeting by
shielding the ligands21. In the system depicted in Fig. 1, nano-
particle adsorption is driven by the formation of bonds between

its ligands and receptors on the surface. The simple question we
ask is the following: how does the probability of the nanoparticle
binding to the surface change as a function of the number of
receptors? As previously shown6,7,10, this adsorption probability θ
can be described via a Langmuir-like expression:

θ ¼ zq NL;NR; βΔGð Þ
1þ zq NL;NR; βΔGð Þ
� �

NX

: ð1Þ

where NX=L,R is the number of ligands and receptors, respectively,
and ΔG is the bond free-energy. Throughout the paper,
β ¼ kBT

�1, where kB is Boltzmann’s constant and T temperature,
hence β is the inverse thermal energy. With the angle brackets 〈〉
we indicate an average over a Poisson distribution. This average is
taken to account for inhomogeneities in the spatial distribution of
receptors and / or ligands, which can be related either to the
grafting procedure or to binder mobility on the surface. It should
be noted that the exact form of this distribution is not important
for the appearance of the effects we describe. In fact, the same
trends are observed if using a Gaussian rather than a Poisson
distribution, or even without any averaging at all. Finally, z is the
nanoparticles’ activity in the bulk solution, which for homo-
geneously coated nanoparticles and dilute solutions can be taken
equal to their number density6.

The central quantity in Eq. (1) to describe this problem is q, the
partition function of the nanoparticle in the bound state, which
depends on the number of ligands and receptors available for
binding, as well as on the strength of their bond. This partition
function can be written as10 q ¼ vbind expð�βFtotÞ where vbind=
πR2L is the binding volume of the adsorption site, R being the
radius of the nanoparticle (including any contribution from an
eventual protective polymer coating) and L the range of distances
at which the particle can form bonds, which we can set to be
equal to roughly the gyration radius of the ligand’s tether Rg (see
the Supplementary Notes I), and Ftot= Fatt+ Frep is the free-
energy of adsorption.

Fig. 1 Schematic representation of our system. A nanoparticle coated with
ligands (green tethers and orange spheres) interacts with a receptor-coated
surface (green funnels). The attractive interaction arises from the formation
of ligand–receptor bonds. The presence of excluded volume interactions
(here schematically represented as blue arrows), e.g. due to interaction
between the receptor and the nanoparticle coating (red tethers), or
between the ligands and the grafting surface of the cell (here shown as a
lipid bilayer), provides an additional repulsive interaction. Crucially, the
scaling of the two with respect to the number of ligands and receptors is
different, giving rise to what we dub here range selectivity.
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The attractive and repulsive contributions of ligands and
receptors. In this system, there are two contributions to Ftot. On
the one side, we have an attractive contribution Fatt, generated by
the formation of ligand–receptor bonds. On the other side, we
must consider that both receptors and ligands also provide a
repulsion Frep, due to the excluded volume interactions that arise
in the crowded environment of the binding region (see Fig. 1 and
Supplementary Fig. 6 in the Supplementary Notes I for clarity).
For example, in the typical case of polymer-coated nanoparticles
approaching the cell surface, receptors will feel the repulsion due
to compression of the polymer brush upon binding9. Similarly,
ligands can feel excluded volume interactions due to the cell
glycocalyx, the ubiquitous polymer layer present on the surface of
cells22, as well as due to the cell membrane on which the glyco-
calyx is grafted.

Besides the single-bond energy, the attractive part Fatt crucially
depends on the number of binding configurations available13,14,
which, in turn, depends on the exact spatial distribution of both
ligands and receptors. What is important to show our point is
that the magnitude of this contribution is bound between a lower
and an upper value, given by the following formulas, respec-
tively17:

βFatt ¼ �ln 1þ NRNL expð�βΔGÞ½ � � �ln ðNRÞ � ln ðNLÞ þ βΔG

ð2Þ
and

βFatt ¼ �ln
XminðNL;NRÞ

Nϕ¼0

NL

Nϕ

 !
NR

Nϕ

 !
Nϕ! exp �NϕβΔG

� �2
4

3
5;
ð3Þ

where Nϕ is the number of bonds between the ligands on the
nanoparticle and surface receptors, NL(NR) is the number of
interacting ligands (receptors) and ΔG the free-energy for the
formation of a single bond. Although not crucial for the
arguments outlined here, we notice that in both writing Eq. (2)
and Eq. (3) we calculate the binding energy for a fixed orientation
of the particle, and that NL and NR should be interpreted as the
number of ligands and receptors, respectively, in the contact
region between the nanoparticle and the binding site. In other
words, these are the ligands and receptors that, given a certain
nanoparticle orientation, can form bonds, and not their total
number on the nanoparticle or adsorption site (see details in the
Supplementary Notes I and II). Let us now discuss the origin of
the two different formulas for the binding energy Fatt. The first
form, Eq. (2), is derived under the assumption that at any given
time only a single ligand can be bound to a receptor on the
surface17. This is the case, where a multivalent particle has an
interligand distance larger than both its radius and its ligands’
average length, a scenario first called by Kitov and Bundle as the
indifferent binding scenario17. The second expression is instead
calculated in the opposite case, the radial binding regime17, where
potentially all NL ligands can bind all the NR receptors. However,
it should be noted that even in this case two receptors cannot be
bound to the same ligand at the same time (and vice versa), i.e.
the valence-limited condition of ligand–receptor interactions is
correctly preserved14. In practice, these two cases represent the
minimum and maximum possible gain in multivalent binding
and all other possible binding scenarios will provide Fatt values in
between these two.

Having described the attractive contribution in the system, we
now turn to consider the second part, the repulsive term arising
from excluded volume interactions between the receptor and the
polymer brush protecting the nanoparticle. To provide a possible
approximation, we use a model first derived in9, built by

combining previous results from Halperin23 and Zhulina24,25,
to calculate the repulsive free-energy to insert an object in a
polymer brush on a curved surface (details of the derivation can
be found in the original paper, i.e. ref. 9). Within this model, we
obtain for the contribution of the receptors to the repulsive
energy:

βFrec
rep ¼ AðzÞNR ð4Þ

AðzÞ ¼ VR σ0 1þ δðzÞ 1þ ðγþ 2ÞN
3Rnp

νa2

3σ0

� �1
3

 ! 3
γþ2

� 1

2
4

3
5

0
@

1
A

γ�1
2
64

3
75
�3

2

1� δðzÞ2� 	9
4

ð5Þ
where VR is the volume of the receptor, σ0 the average area per
polymer chain, δ= (z/h0) ∈ [0, 1] the distance between the
nanoparticle and the surface scaled by the average brush height

h0 ¼ Nðνa2=3σ0Þ1=3 when grafted on a planar surface, N the
degree of polymerisation, ν= a3 the volume of a monomer of size
a and finally γ is a parameter that depends on the radius of the
nanoparticle core Rnp with respect to the brush height, and is γ=
3 for h0=Rnp>

ffiffiffi
3

p � 1
� 	

and γ ¼ ð1þ h0=RnpÞ2 otherwise.
For generality, a repulsive contribution from ligands should

also be included, for which we would thus have:

βFlig
rep ¼ BNL: ð6Þ

The value of B depends on the exact repulsive mechanism at
play and on the specifics of the system. For example, if the
grafting surface where receptors reside is also covered by a
polymer coating, B would have the same functional form as in Eq.
(5) (but with different parameters). We should note, however,
that even in the absence of any brush a repulsion should always
be expected from excluded volume effects arising from the need
to confine the ligands (or receptors) between the surface of the
nanoparticle and the grafting surface14. For reasons that will be
clear later, it is important to highlight that the exact form of Frep
as a function of the number of receptors NR (or ligands, NL) is not
crucial to observe range selectivity. In fact, one should expect this
phenomenon as long as Frep grows faster than logarithmically, e.g.
as a power law as in Eqs. (5), (6). In this regard, it should be
reminded that in a mean-field approximation, which should
always be valid as long as receptors (ligands) are not too close to
each other, the repulsive contribution will always be simply
proportional to their number, hence growing much faster than
logarithmically.

Numerical modelling of the influence of various parameters. In
Fig. 2 we show some representative examples of a parametric
study on the dependence of the binding probability θ as a func-
tion of the number of receptors (at fixed number of ligands), for
the two limiting binding scenarios described by Eq. (2) and Eq.
(3), respectively.

Qualitatively, what we see is that the adsorption probability
always has a characteristic non-monotonic behaviour. The range
of receptor numbers in which adsorption is above a certain
threshold value is always finite and can be controlled by tuning
both the repulsive and attractive contributions. For example,
decreasing the repulsive contribution, e.g. by using receptors of
smaller volume (Fig. 2c), or a less dense protective brush (Fig. 2b),
leads to a larger adsorption range. This is because a larger number
of receptors will be required to make the repulsive contribution
overcompensate the attractive contribution from ligand–receptor
bond formation. Tuning the attractive contribution instead
changes the receptor range in the opposite way. Hence, if the
attractive contribution is decreased, for example by reducing the
bond strength (increasing ΔG) (Fig. 2a), the range of adsorption
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decreases. Curiously, we also notice that for certain combinations
of parameters the adsorption probability never saturates to its
maximum value. In fact, the peak value of θ and the range of
adsorption are positively correlated and can be tuned in the same
way, that is, increasing repulsion leads to lower peak values and
increasing attraction leads to higher ones. Noticeably, all these
behaviours could be exploited for improving targeting selectivity
where a tightly controlled adsorption is required depending on
the receptor population.

Scaling of the attractive interaction and the general physics
behind range selectivity. What is important to notice in Fig. 2 is
that on a qualitative level all adsorption curves show exactly the
same behaviour: nanoparticles bind appreciably to the surface
only when the average number of receptors on an adsorption site
varies between a minimum and a maximum value, but not
otherwise. For this reason, we dub this phenomenon range
selectivity, to distinguish it from the typical adsorption profile
where the binding probability monotonically increases with the
number of receptors, and quickly saturates to its maximum value
of 1 above a certain number of receptors. Whereas the presence of
a minimum value of NR required for observing appreciable
adsorption is somewhat intuitive (we need to have at least some
receptors to provide a minimum attraction to counteract the loss
in translational entropy upon binding), the reason why a growing
number of receptors at some point decreases the probability for
binding is probably less so, but can be qualitatively understood by
looking at how the combinatorial binding entropy of the system

(also called the binding avidity contribution to the free-energy17)
changes depending on the number of receptors available in the
different binding scenarios. Let us first discuss the case of the
indifferent binding scenario described by Eq. (2), which provides
our lower bound for the attractive contribution Fatt. Because there
is only ever one bound ligand regardless of the number of
receptors NR, the number of binding configurations scales linearly
with this quantity for all values of NR. For this reason the binding
entropy, and thus Fatt, grows logarithmically with it. This is in
contrast with the repulsive term, Frep, which given Eq. (5) grows
linearly with NR, because once even a single receptor is bound,
all receptors that interact with the nanoparticle will compress the
brush, see Fig. 1 for clarity. Hence, βFtot ¼ βFatt þ βFrep �
�ln ðNRÞ þ ANR þ C, where A > 0 and C are prefactors that
depend on the various system parameters, but not NR. Regardless
of the values of these prefactors, the crucial thing is that for large
enough NR, Ftot will always be too high to compensate the loss of
translational entropy upon adsorption (as measured by the
activity z, Eq. (1)) and particles will not bind to the surface
anymore, preferring to remain in the bulk solution. The other
limiting scenario, radial binding, is more interesting as in this case
the growth of Fatt, and hence its influence on Ftot, shows different
regimes depending on the value of NR. Although a precise cal-
culation of Fatt requires the use of Eq. (3), this expression masks
the physics of the problem, which can be more easily captured
using the following mean-field arguments (see also Supplemen-
tary Notes III). When the number of receptors is much smaller
than the number of ligands, NR≪NL receptors bind almost

a b

c d

0.1 1 10 100
0.0

0.2

0.4

0.6

� �

�

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

<NR>
0.1 1 10 100

<NR>

<NR> NR

1.25

A = 1, �ΔG = –2

A = 1, �ΔG = –4

A = 2, �ΔG = –4

A = 2, �ΔG = –2

1.54∞

VR (nm3)

110
90
70
50

0.1 1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

20 40 60 80 100 120
–80

–60

–40

–20

0

20

�
F

to
t

�ΔG
�0 (nm2)

–7
–9
–11
–13

Fig. 2 Range-selective behaviour as a function of different parameters in the system. a–c we report the calculated value of the binding probability as a
function of the number of receptors for different bond energies ΔG, area per polymer chain, σ0 (i.e. the inverse grafting density of the polymer brush) and
receptor volume, VR, respectively. Dashed and continuous lines refer to the indifferent Eq. (2) and radial binding scenarios, Eq. (3), which represent the
upper and lower bound to the binding free-energy Fatt. Regardless of the binding scenarios the adsorption probability θ shows a non-monotonic behaviour
and binding is only appreciable within a certain range of receptors' number. The various parameters, which are fixed, are chosen to show in each case a
range where the non-monotonic behaviour is observed. The nanoparticle size, number of interacting ligands and activity, are kept fixed at Rnp= 50 nm,
NL= 3, z= 10−9 M, the other values used are σ0= 1.95 nm2, VR= 110 nm3, δ= 0.9; βΔG=− 9, VR= 40 nm3, L= 9 nm and βΔG=−9, σ0= 1.95 nm2, δ=
0.9 in panel a, b and c, respectively. Note that in panel b we keep fixed the value of the length of the ligand rather than the insertion ratio δ. In all cases, we
assume a zero contribution to the repulsive energy from the ligands, but its inclusion would only result in a rescaling of the activity z to lower values, from
z ! z expð�Frep

ligandsÞ, which does not affect trends observed here. d Total adsorption energy Ftot for different values of the repulsion parameter A in
Eq. (4) and ΔG, assuming a radial binding scenario and using NL= 10. Note that for illustration purposes the scales in panels a–c and in panel d are different
(logarithmic vs linear). As A becomes larger the repulsion increases and as a result the minimum of the adsorption energy decreases (in absolute value)
and shifts to lower NR. The opposite trend is observed by increasing the bond strength, which increases attraction. The non-monotonic behaviour of the
adsorption energy observed here rationalises the trends observed in a–c.
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independently from each other because the fact that a neigh-
bouring receptor is bound does not considerably reduce the
number of available binding ligands. In this case, the partition
function can be factorized to give q ¼ qNR

R , where qR is the par-
tition function for a single receptor. Note that in the same limit,
but considering the point of view of a ligand, this is not the case: if
a neighbouring ligand is bound to a receptor and there are few
receptors, there will be a high probability that no binding partner
is available. Hence, ligands do not bind independently from each
other and instead are highly correlated. The symmetric argument
holds for the other regime, where NR≫NL, and we thus obtain
the limiting expression (see also the Supplementary Notes III):

βFatt ¼
�NRln 1þ NL expð�βΔGÞ½ �; NR � NL

�NLln 1þ NR expð�βΔGÞ½ �; NR � NL

�
ð7Þ

which as can be observed in Fig. 3 very well captures the beha-
viour of Fatt in their appropriate regimes. What is crucial for the
appearance of range selectivity regardless of the binding scenario
is that even assuming radial binding, which provides the upper
limit for the attractive contribution, we still observe that for large
enough NR the attractive contribution scales only logarithmically.
For this reason, at least as long as the repulsive contribution
grows faster than logarithmically (as observed in relevant physical
models for repulsion), we should always expect that above a
critical number of receptors the increase in attraction will be
overcompensated by the increase in repulsion. Hence, above this
value Ftot must start to increase, explaining the origin of the non-
monotonic behaviour observed in Fig. 2d) and thus the reduction
in the binding probability.

Because our analysis only requires reasonable and physically
justifiable assumptions on the scaling of the repulsive and
attractive free-energy contributions with the number of receptors
but, crucially, does not depend on chemistry-specific details of the
system (e.g., the value of the single-bond energy ΔG), we expect
range selectivity to be a pretty robust phenomenon observable in
various multivalent systems. In our description of the repulsive
part, we chose to take the specific case of a polymer coating
compressed by receptors because it is a representative example of
many applications involving nanoparticles. Although within our
model this specific system provides a repulsion linearly scaling
with NR, from the previous discussion of Fatt it is clear that any

form of the repulsive potential growing faster than logarithmi-
cally, a broad assumption, would give the same behaviour. It is
important to notice that here we assume that the driving force for
adhesion is ligand–receptor bond formation but we do not
include non-specific interactions between the particle and the
surface. For this reason, we expect this phenomena to be relevant
in systems where ligand–receptor bond formation is the driving
force for binding, which includes a large variety of biological
systems, especially where binding is specific.

Experimental validation using nanoparticles adsorption on
cells. Although we illustrated range selectivity describing the case
of polymer-coated nanoparticles binding to a receptor-coated
surface, by symmetry such behaviour must also arise in the
equivalent scenario where one studies the adsorption probability
at fixed receptor numbers but varying the amount of ligands. This
is because of the linear term in the repulsive energy as a function
of the number of ligands, Eq. (6). Although in this case the
repulsion cannot be necessarily attributed to ligand insertion into
a brush, we still expect a linear contribution due to the confine-
ment of the ligands in the interacting region between the hard-
core of the nanoparticle and the cell surface. This symmetry
allows us to validate our theoretical prediction with a more
controllable experiment, whose results we report in Fig. 4. In this
experiment, as nanoparticles we have prepared different poly-
mersomes26 functionalised with varying quantities of Angiopep-2
ligands (a small peptide binding to the Low Density Lipoprotein
Receptor-Related Protein 1 (LRP-1),9) and a reporter dye. The
polymersomes as prepared were then incubated with cancer cells
(human hypopharyngeal carcinoma cell line FaDu) expressing
Angiopep cognate receptors and their adsorption on the cell
surface measured as a function of the grafting density of ligands
using light microscopy (details in the Methods section). As clearly
visible, the observed behaviour shows the expected non-
monotonic trend predicted by our theoretical model. Further-
more, it should be noted that despite using two estimates for the
particle size distribution, shown as the two sets of theoretical data
in Fig. 4 (see details in the Methods Section), the theoretical
model still predicts the non-monotonic behaviour observed in
experiments. This observation corroborates the fact that range
selectivity is a robust phenomenon, not significantly affected by
the system polydispersity. In fact, this robustness should be
expected, given that the occurrence of range selectivity only
depends on very mild assumptions on the scaling of the repulsive
interactions.

Requirements and limitations to observe range selectivity. In
order to better understand the range of applicability of our
results, and their possible implementation in other systems, we
would like to discuss a few details and limitations of our
approach, highlighting in particular those areas where application
of the concepts presented here might need extra care. In this
regard, we start by pointing out that although we discuss here the
problem from the perspective of a multivalent particle binding to
a surface, a similar physical picture would more generally apply
for the ligand–receptor-mediated binding of two multivalent
constructs. This includes binding of a nanoparticle or polymer to
a virus, for example, as in the development of antiviral
applications27,28, or binding of a nanoparticle to a cell, like in the
experiments we present here. Having said this, not all systems
where binding depends on ligand–receptor bond formation obey
the exact same physics described here and an extension of our
model might be required. In this regard, an important point
worth discussing is that of the mobility of ligands and receptors.
Here, we limited our modelling to systems where both ligands

NR=NL
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Fig. 3 Limiting scaling behaviour of the ligand–receptor attractive
contribution. Low (NR≪ NL, blue) and high (NR≫ NL, red) limiting
behaviours of the binding free-energy βFatt in the radial binding scenario as
calculated via Eq. (3) (using an almost exact approximation via Eqs. (13),
(14), see Methods). The black vertical line represents the boundary
between the high and low receptor regime, where NR= NL. Crucially, in the
high-receptor regime the free-energy only grows logarithmically with NR,
see Eq. (7), unlike the repulsive factor that grows linearly, Eq. (4). For this
reason, above a certain receptor number the total free-energy of interaction
becomes positive (with respect to nanoparticles in the bulk) and binding is
suppressed.
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and receptors are fixed. With some prominent exception29,30, this
is true for most synthetic multivalent constructs, including
functionalised colloids and nanoparticles. It is also true for certain
biological targets. For example, our model would apply to the case
where one aims to use ligand-functionalised nanoparticles to
target membrane cellular receptors that are cross-linked to the
underlying cytoskeleton, and viruses either with fixed receptors or
where the receptor density is so high that, although collective
moves are possible, the local density of receptor is likely to be
approximately fixed31, e.g. in the coating of the influenza virus. In
all these cases, our theoretical framework can be directly applied.
When receptor (or ligand) mobility is high and can induce local
changes of their grafting density, instead, a theoretical analysis of
the binding mechanism should include its effects. In particular,
this is also the case for functionsalised polymers, where the
backbone to which ligands are attached can deform and thus
change the local ligand density (albeit with an associated con-
figurational entropy penalty). Whereas a full description goes
beyond the scope of the present work, we notice that this could be

done using some recent analytical results and computational
techniques derived by Mognetti et al. in32,33. In practice, we
expect range selectivity to still occur but the drop of the binding
probability at high densities of receptors (or ligands) to shift to
higher values compared to those for the fixed case.

Another relevant question is related to the repulsion required
to observe range selectivity. In principle, any force that grows
with the number of receptors (or ligands) faster than logarith-
mically would be enough. To the best of our knowledge, this
includes all known repulsive mechanisms. Practically, however,
one needs repulsion to overcome attraction at an experimentally
achievable receptor (ligand) density to observe the drop in
binding. This can be understood based on the results in Fig. 2d),
which show that the smaller the repulsion per receptor (ligand),
the larger the range where binding will occur, which could shift
the number of required receptors to observe a drop in binding to
physically inaccessible values. In this regard, although here we
suggest to use a polymer brush because it provides a highly
tuneable parameter to control repulsion and observe the non-
monotonic behaviour within a specific region, its presence is not a
strict requirement. Even in its complete absence, the small (≈kBT)
repulsion due to ligands or receptors being confined within the
binding region between the surface of the nanoparticle and that of
the adsorption site (see Fig. 1 for reference), which limits their
allowed microscopic configurations causing steric repulsion14,
might be enough. For example, this is the mechanism we invoke
to justify the decrease in binding with the number of ligands in
our experiments.

Regarding the potential role of the brush, it should also be
noted that although it allows to control repulsion, burying the
ligand too deep inside it could lead to a significant kinetic barrier,
affecting the timescale required to observe the equilibrium
behaviour we describe. The kinetic barrier in this case stems
from the fact that before a receptor can bind to a ligand and
recover part of the free-energy through bond formation, the
brush must be compressed. In our experiments, a rough order of
magnitude estimate (see also Supplementary Notes V) gives a
value for this timescale between 10−2s and 10−1s, well below the
experimental timescale for the adsorption measurements of 1 h.

Fig. 4 Experimental observation of range selectivity and theoretical
analysis. a Adsorption probability θ (normalised by its maximum value
θmax), as a function of grafting density σ (normalised by its value at 1%
loading σ0), comparison of theory vs experimental data. Lines between data
points are only a guide to the eye. The theoretical points have been
calculated using the expression in Eq. (1), using a Poisson average over both
the number of receptors and over the number of ligands, whose average
value for the 1% loading of ligands (corresponding to a grafting density of
ligands σL/σref= 1), was used as a fitting parameter. Size polydispersity of
the particles was also taken into account, by using the experimentally
measured mean and variance at each ligand grafting density, see the
Supplementary Methods II. Experimental error bars were calculated as the
mean-square root deviation from the average over three independent
measurements. See the Method section for more details on both the fitting
procedure and the experimental measurements. b Orthogonal projections
of CellMask™ Green stained cellular membrane after 1 h of incubation with
Cy5-polymersomes functionalized with 2% Angiopep ligand. Note how
polymersomes only adsorb on the cellular membrane but they do not
penetrate in the cell and no fluorescent signal is detectable within the
nucleus. For this reason, we can exclude polymersome penetration inside
the cell up to the nucleus, at least up to the time of 1 h after incubation with
fixed cells, when the confocal microscopy experiments that measure
adsorption were run. All confocal microscopy files from which experimental
data have been calculated are available in raw form in the Source Data file.
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In general, however, the typical timescale depends on the
nanoparticle concentration and on the total repulsive contribu-
tion (see the Supplementary Notes V).

In order to implement our results for the development of
applications, e.g. for targeted drug delivery, some fine-tuning of
the system is also required. For example, for selective drug-
targeting one might want to restrict binding to a relatively small
range of receptor densities. In the various example presented in
Fig. 2, this range varies between about 2 and 3 orders of
magnitude, which might be too large. However, we point out that
we have made no efforts trying to optimise it. For example, the
results in Fig. 2 suggest that the higher the repulsion per receptor
(ligand), the smaller the range where binding occurs. More
generally, optimisation should be done within the experimental
constraints by using all the available parameter space, which
could be done with known minimization algorithms see, e.g.
ref. 34. This includes the number of ligands or their binding
constant, as well as characteristics of the repulsive brush such as
the grafting density or degree of polymerisation (σ�2

0 and N
in Eq.5).

Range selectivity puts a limit on the optimal grafting density to
achieve maximum binding in multivalent constructs. Also
connected to the development of applications, we note that often
multivalent constructs have been developed not to target a spe-
cific receptor range but rather to simply increase the overall
binding strength35. This in turn allows to decrease the detection
limit of a specific multivalent target, for example, an analyte in
solution, useful for diagnostic purposes36. Even in this case, our
theoretical analysis suggests a general point that could be trans-
lated into a design principle: increasing the number of interacting
ligands, or in other words the ligand grafting density, beyond a
certain value can actually be detrimental to binding, even when
the density is not large enough to foresee any potential negative
cooperative interaction. Based on our mean-field model we can
provide an upper bound to the optimal number of interacting
ligands as (see details in the Supplementary Notes VI):

Noptimal
L ¼ NR

B
� χ�1; ð8Þ

where again B is the average repulsion per ligand as defined in Eq.
(6) and χ ¼ expð�βΔGÞ which, multiplying by the (irrelevant,
here) binding volume, is nothing but the binding constant of the
given ligand–receptor pair. This formula predicts that for weak
enough bonds (larger ΔG), the value of NL

optimal can become
negative. More precisely, this means that, in this case, the binding
strength is a monotonically decreasing function of the number of
ligands. This is a possibility that is seldom, if ever, considered
when discussing the design of multivalent constructs using weak
ligand–receptor pairs. It is in fact somehow generally assumed
that a higher number of ligands will always yield a higher binding
strength. As we show here, this might not be the case as it does
not account for the fact that more ligands also bring more
repulsion, which might or might not be counterbalanced by the
increase in the attractive contribution to the binding free-energy.
The same expression also shows that in the other limit, for very
strong ligands (χ → ∞), the optimal number of ligands is still
finite (with the caveat that NL >NR) and depends on the number
of receptors as well as the strength of the repulsion, i.e.
Noptimal

L ¼ NR
B . This latter prediction, as well as some of the trends

presented in Fig. 2, are difficult to test in a systematic way within
our experimental system. However, we hope these results will
spur further interest towards this goal. In this regard, we suggest
that using fully synthetic systems where binding is mediated by
ligand–receptor interactions, e.g. DNA-coated colloids and

surfaces, would provide the perfect platform to further test these
results in a more controlled manner.

Range selectivity vs other peculiar types of binding. We would
like now to ultimately discuss our results in relation to other
peculiarities of multivalent binding, as well as to draw a dis-
tinction between range selectivity as described here and non-
monotonic binding reported in literature for protein or antibody/
antigen binding37. Multivalent constructs can display, under
specific conditions, so-called super-selective binding6,9,10, i.e. a
sharp (superlinear) response to receptor density gradients. Here
we show that multivalent constructs can also display range
selectivity but the two properties are independent from each other
(see also Supplementary Notes IV). In fact, range selectivity is
somehow a more robust, general phenomenon in the sense that it
requires less stringent conditions to be observed. For example, it
occurs also for monovalent constructs and does not require weak
bonds, as necessary to observe super-selectivity. Thus in general,
if the conditions for super-selectivity are met, this phenomenon
can be observed together with range selectivity, whereas the
opposite is not necessarily true, see also the Supplementary
Notes IV. On a different note, we want to point out that we are
not the first in describing a decrease in binding at high receptors
concentration. This phenomenon, in fact, has long been recog-
nised and discussed in the literature, in particular in solid-phase
binding assays for proteins, see, e.g. ref. 37 and references therein.
However, the mechanism attributed to non-monotonic binding in
these experiments is different from what we describe here. In
those cases, it is assumed that at high receptors density the
proximity between different receptors leads to limiting the
accessibility of their binding sites for the ligands. This is
equivalent to making the single-bond strength depend on density,
more precisely, decreasing in an anti-cooperative way for
increasing densities. For this reason, this phenomenon can only
occur for very high grafting densities of receptors and is inde-
pendent from the properties of the bound construct. In our case,
no cooperative effect is invoked (ΔG is assumed independent of
receptor/ligand density) and it is the relative number of ligands vs
receptors what matters because it dictates the way the entropy of
binding grows in the system. When we account for this, we still
conclude that a decrease in adsorption probability must occur due
to the different scaling of bond-mediated attraction and repul-
sion. Importantly, we also show that the mechanism we describe
here can be tuned by changing the properties of the binding
construct, independently on the targeted surface.

Concluding remarks and speculations. In conclusion, we
introduce here the concept of range selectivity, whereby a ligand-
coated object binds a receptor-functionalised surface only when
the latter has a number of receptors within a specific range, but
neither below it (which is trivial) nor, more strikingly, above it.
Our analysis was based on a combination of a statistical
mechanical model for ligand–receptor-mediated interactions6,13

and a linear form for the repulsive energy, although as extensively
explained this phenomenon can be observed for a broad range of
choices for this latter contribution. Besides providing a potential
explanation for the observation of non-monotonic binding in
other multivalent systems presented in the literature27, we spec-
ulate that this mechanism could also arise in the regulation of the
interaction between biologically entities, which often interact
exploiting multivalency. For example, cells could counter-
intuitively enforce the unbinding of a multivalent construct
from their surface, e.g. a drug-carrying nanoparticle or another
cell, by increasing the number of receptors usually employed by
this construct for binding. Curiously, this mechanism could be
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potentially exploited by cancer cells to avoid being recognised and
attacked, especially considering that they usually over-express
receptors, which will thus be present at high density on their
surface. More generally, we suggest to consider the potential of
range selectivity when designing multivalency-based applications,
in particular for drug delivery and biosensing applications where
it could help to avoid side effects due to off-target binding.

Methods
Theoretical model. Assuming that the attractive contribution Fatt to the free-
energy of adsorption is dominated by bond formation between ligands and
receptors, we can write:

βFatt ¼ �ln
X
Nϕ

ΩðNϕÞ expð�NϕβΔGÞ; ð9Þ

where the sum is over all possible number of bonds Nϕ. ΔG is the energy of a single
bond (which depends on the specific ligand–receptor pair chosen) and Ω(Nϕ) is the
number of configurations with that specific number of bonds. In order to calculate
this quantity, a specific binding scenario must be chosen. Different binding sce-
narios differ by the number of allowed configurations Ω(Nϕ) (which measures the
avidity entropy17 via S ¼ kBlnΩ). The weakest possible binding contribution is for
indifferent binding (see ref. 17 for reference). In this case, only a single ligand can
be bound to a receptor at any one time and we have Ω(Nϕ)=NRNL and Nϕ= 1,
leading to βFatt ¼ �ln ðNRÞ � ln ðNLÞ þ βΔG, i.e. Eq. (2) in the main text. For the
case of radial binding instead all ligands can bind to all receptors (but in each
configuration only a single ligand can be bound to any specific receptor, and vice
versa), leading to:

ΩðNϕÞ ¼
NL

Nϕ

 !
NR

Nϕ

 !
Nϕ! ð10Þ

and the sum in Eq. (9) extends from 0 to minðNL;NRÞ. This partition function
cannot be written in close form and it is not computationally efficient to calculate it
with brute force. However, as shown in ref. 13, the ligand–receptor-mediated
energy in any possible binding scenario (except for the case where the number of
both ligands and receptors are 1 at the same time, ref. 15), thus including the radial
case, can be approximated to within a fraction of kBT accuracy by the set of coupled
equations:

βFatt ¼
X
i

Ni ln pi þ
1� pi
2

� �
ð11Þ

pi þ
X
j

pipjχ ¼ 1; ð12Þ

where χ ¼ expð�βΔGÞ can be interpreted as the single-bond strength7, which
increases for lower values of ΔG. In Eq. (12), the index i refers to any ligand or
receptor in the system and the sum is extended overall binding partners j of i.
Hence, there are NL+NR coupled equations to solve. In the radial binding scenario
one has that each ligand or receptor has the same number of neighbours (either NR

for ligands or NL for receptors) and thus the previous equations reduce to two
coupled equations only9:

pL þ NRpLpRχ ¼ 1

pR þ NLpLpRχ ¼ 1

�

whose simultaneous solution leads to

Fatt ¼
X
i¼L;R

Ni ln pi þ
1� pi
2

� �
ð13Þ

pL ¼
NL � NRð Þχ � 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4NLχ þ 1þ ðNR � NLÞχð Þ2

q
2NLχ

ð14Þ

(and a symmetric formula changing the pedices L, R for pR), which we use to plot
the curves in Figs. 2– 4 whenever we use the radial binding scenario.

The theoretical points in Fig. 4 have been obtained by fitting the experimental
data using the expression in Eqs. (1)–(6), where in this case we have taken a double
Poisson average over both the number of receptors per site as well as over the
number of interacting ligands, to take into account inhomogeneities in the
functionalisation of the polymersomes. For calculating the attractive contribution,
we assumed the radial binding scenario. We approximate the binding distance L to
be Rg, the gyration radius of the ligand treated as a Gaussian chain. This
information is also used to estimate the interacting area, which further depends on
the particle size, allowing us to introduce the effects of polydispersity in the
estimation of the adsorption probability (see the Supplementary Methods II).
Furthermore, we have R= Rnp+ h, h= 8 nm, being the height of the brush, as
estimated from the degree of polymerisation of the protective PEG coating and its
grafting density using the Zhulina model24 and Rnp being the size of the

nanoparticle as experimentally determined for the different ligand loadings via
TEM and DLS, see Table 1 as well as details in the Supplementary Methods II.
These numbers also give δ= 0.375 in Eq. (5) and γ= (1+ h0/R) for the
estimation of the repulsive contribution due to receptors via Eq. (5), for which we
further used VR= 188 nm3 for the Angiopep receptor, as estimated from known
structural data9. Considering that the ligand repulsion should be due to its
interaction with the impenetrable surface of the cell, an estimate for B can be
obtained by assuming the ligand behaves as a Gaussian chain at a distance Rg from
a flat plane, using the formulas and parameters reported in ref. 38, which give:
BðrÞ ¼ a expð�bðr=Rg � cÞÞ, r being the distance from the plane. Using a=
3.1995, b= 4.1662, c= 0.4996 (these parameters were fit in ref. 38 to reproduce
exact Monte Carlo data for repulsion up to 10kBT), for r= Rg we obtain B= 0.40.
This leaves two fitting parameters: the reference grafting density of ligands on the
surface for the polymersomes prepared at 1% loading of ligands σL,ref (since we only
know the ratio between different polymersomes at different ligand loading, but not
their absolute value) and the average grafting density of receptors σR. Given these
formulas, we have fitted the experimental data using a Monte Carlo annealing to
minimise the quantity E ¼Piwiðθ0i;exp � θ0i;theoryÞ2=

P
iwi , where for wi we take the

inverse of the m.s.r.d of each experimental data θ0i;exp, the experimentally measured
adsorption normalised by its maximum value among all polymersomes of different
grafting densities. The procedure started with an effective temperature of 1, scaling
the temperature by a factor of 0.95 every 100 MC sweeps until the temperature
reaches a value of 10−7, at which point the system has already ceased to evolve.

Result of fitting the experimental data. The overall procedure outlined above
produced fitting parameters of σL= 2.010−2/nm2 and σL= 1.910−2/nm2 using the
size distribution from TEM and DLS, respectively, equivalent to between [0–24]
ligands at the grafting densities considered. The grafting density was estimated by
fitting the number of interacting ligands and then assuming that all ligands grafted
within a distance of 2Rg from the binding site where available for binding and that
the equilibrium distance between the surface of the nanoparticle and that of the
binding site was Rg, which thus provides an estimate of the interacting area on the
polymersome of Anp

int ¼ 2πRnpRg
39 (see Fig. 6 in the Supplementary Notes I for

clarity). The fitted density of receptors was ρR= 1.510−4/nm2 and ρR= 2.110−4/nm2

using the size distribution from TEM and DLS, respectively, equivalent to ~10−2

receptors per interacting area on the adsorption site depending on the polymersome
size, estimated as the projection of Anp

int on the flat adsorption surface and thus

equal to Asurf
int ¼ π R2

np � ðRnp � RgÞ2
h i

. For what concerns the grafting density of

ligands on the polymersomes and receptors on the cell membrane, the fitted values
we obtain are within an order of magnitude, and thus consistent with our coarse-
grained description, previous independent estimates obtained for the same system of
≈1.310−3/nm2 and 2.110−5/nm2, see9. Finally, it should also be noted how TEM and
DLS data, despite giving an estimate of the size of the polymersomes differing by
about a factor of 2, still provide consistent estimates for both σL and σR, showing how
the theoretical model and its results are not significantly affected by details of the
particles size distribution.

Preparation of polymersomes. Poly(ethylene glycol)-block-poly(2-(diisopropyl
amino) ethyl methacrylate) (PEG-b-PDPA) and N3-PEG-b-PDPA copolymers
were synthesised as previously reported by the atom-transfer radical polymerisa-
tion method40,41. For the fluorescent-labelling (Cy5-PEG113-PDPA100) and ligand-
conjugation (Angiopep2-PEG68-PDPA90) one eq of N3-PEG-b-PDPA was first
assembled in phosphate-buffered saline (PBS) by pH switch procedure42. The
solution of self-assembled polymer was then degassed by sonication and inert gas
flow under stirring. The degassed solution was mixed with 1.2 eq of the corre-
sponding ligand. For peptide conjugation (AP-alkyne), the peptide was dissolved in
degassed PBS pH 7.4, whereas water insoluble ligands such as Cy5-alkyne were
added in degassed dimethylsulfoxide (DMSO) having a final DMSO:PBS ratio of

Table 1 Nanoparticles size characterisation.

Ligand
load (%)

--
R
TEMðnmÞ σTEM

(nm)
PDITEM --

R
DLSðnmÞ σDLS

(nm)
PDIDLS

0 26.6 10.9 0.17 49.2 12.8 0.26
0.5 10.0 4.7 0.21 45.6 12.3 0.27
1.0 11.5 5.8 0.26 43.7 12.5 0.28
5.0 19.3 10.1 0.27 43.0 12.4 0.29
10.0 20.4 8.6 0.18 43.4 12.7 0.29

Average polymersome radius (�R), mean-square root deviation (σ) and corresponding
polydispersity index PDI (details in the text) for our samples at different ligand load (in %).
Superscripts refer to measurement on the same batches made via TEM and DLS, respectively.
As it can be observed, there is approximately a factor of 2 of difference, possibly due to
shrinking upon drying for the TEM analysis, see also the discussion in the main text.
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10:1. Then sodium ascorbate (5 eq) was added and the mixture was further
degassed for at least 30 min. Finally, 1 eq of CuSO4 was added under inert
atmosphere and the reaction was left reacting at 40 °C for 72 h protected from light.
Dialysis of the labelled polymers was done against DMSO and then water to purify
them (MWCO at least 5kDa for peptide purification and 3.5 kDa for dye pur-
ification). The labelled polymers were recovered after lyophilisation. For poly-
mersome preparation with increasing amount of ligand, the co-polymer PEG113-
PDPA80 was mixed with Angiopep2-PEG68-PDPA90 (0–10 mol%) and Cy5-PEG113-
PDPA100 (10 mol%) and the mixtures were dissolved in tetrahydrofuran/dime-
thylsulfoxide (90:10) at a final total polymer concentration of 20 mg/mL. 2.3 mL of
PBS pH 7.4 (aqueous phase) were pumped at 2 μL/min into each organic solution
using an automated syringe pump. The addition of the aqueous phase was carried
out under continuous stirring at 40 °C. After the injection, an additional extra
volume of PBS (pH 7.4) (3.7 mL) was added manually. In order to remove the
remaining organic solvent, the polymersome dispersions were transferred in a cel-
lulose semipermeable membrane (3.5 kDa cut-off) and dialysed in PBS (pH 7.4) for
over 24 hours at room temperature. The samples were centrifuged at 1000 r.c.f for 10
min, sonicated at 4 °C for 20min and purified through a size-exclusion chromato-
graphy (SEC) column packed with Sepharose 4B. All the samples were stored at 4 °C
and protected from light until further use. All PEO (o PEG) materials were pur-
chased from Iris Biotech. All solvents were ordered from Sigma–Aldrich and used
directly as provided unless specified. Copper sulfate and sodium ascorbate were
obtained from Sigma–Aldrich. Cy5-alkyne was ordered from Lumiprobe. Angiopep-
alkyne (Propargyl-TFFYGGSRGKRNNFKTEEY) was purchased from Genscript.
Dynamic Light Scattering (DLS) was used to confirm the colloidal stability of all the
preparations as well as to provide a measurement of the hydrodynamic radius of our
particles, that we can use as an upper bound to their real size (see Supplementary
Figs. I and II in the Supplementary Methods II). DLS measurements were performed
using a Malvern Zetasizer equipped with a He–Ne 4mW 633 nm laser, diluting the
polymersomes solution with PBS (pH 7.4) in disposable polystyrene cuvettes.
Transmission Electron Microscopy (TEM) was used to obtain the bare particle size,
which due to potential shrinking upon drying has been used as a lower bound to the
actual particle size in the calculations, to be compared to the upper limit provided by
the DLS data. Their size distribution as measured by TEM and an estimate of the
polydispersity index, PDI= (μ/σ)2 (μ and σ being the average and variance of the size
distribution) were extrapolated with a custom-made algorithm implemented on
MatlabⓇ for image analysis. For TEM analysis, polymersomes were deposited for 1
min on glow-discharged carbon-coated copper grids and then stained with a PTA
solution at 0.5 % (w/v) for 2 s. Details of the DLS and TEM analysis, including the
Matlab algorithm used to analyse the latter, can be found in the Supplementary
Methods II and III, whereas here we only report the values of the average polymer-
some size and the PDI obtained in Table 1. Clearly, such values indicate a relatively
high degree of polydispersity in our system. It should also be noted that, in the TEM
data, our samples present a relatively large variation in the mean radius depending
on the ligand loading, which varies between around 27 nm and 10 nm. Note that this
variability in size distribution is also taken into account in the fitting to the
experimental data.

Measurement of adsorption probability. FaDu cells (ATCC HTB-43) were see-
ded on an eight-well chamber slide (iBidi) at a density of 20,000 cells per well and
maintained in MEME (Minimum Essential Medium Eagle M5650-Sigma) sup-
plemented with 10% Fetal Bovine Serum (Sigma–Aldrich) and 1% penicillin/
streptomycin (Sigma–Aldrich) at 37 °C in 5% CO2. After 24 h, the media was
removed, cells were washed three times with Dulbecco’s Phosphate-Buffered Saline
(DPBS) and fixed with 3.7% (V/V) of paraformaldehyde (v/v in DPBS) for 10 min
at room temperature before incubation with polymersomes. The fixing process
with paraformaldehyde (PFA) cross-links molecules by forming covalent chemical
bonds between proteins and creating an insoluble mesh that preserves cellular
architecture and composition, including the presence of receptors on the plasma
membrane, and it also prevents any process of endocytosis. For this reason, in
analysing our data we only took into account the binding of the polymersome on
the cellular surface but not their internalisation. Fixed cells were incubated for 1 h
at 37 °C with Cy5-labelled and Angiopep2-decorated polymersomes (0.15 mg/mL)
in PBS (pH 7.4). After 1 h, polymersome dispersions were removed, cells were
washed three times with DPBS and treated for 5 min at room temperature with
CellMask Green (1:1000 in DPBS). Cells were left in Live Imaging Solution and the
adsorption of polymersomes on cell membranes was analysed on a Leica SP8
confocal laser scanning microscope with ×63 oil immersion lens. The total emis-
sion fluorescence of Cy5-labelled polymersomes was measured in the 650–700 nm
range using an excitation wavelength of 633 nm. Specifically, in every single test, for
each formulation (corresponding to a given Angiopep2 percentage), the poly-
mersome fluorescence was collected by scanning the whole thickness of the cell
using a z stack of 30 images. Every stack could include more than one cell and the
fluorescence measurement per formulation was carried out on a minimum number
of 40 cells. Cells that were fixed during mitotic events were discarded from the
analysis. The total polymersome fluorescence of each stack was normalised by the
number of cells and these normalised values were averaged. All the experiments
were done in triplicates. In order to make the image analysis automated a custom-
made script implemented on MatlabⓇ was used.

Data availability
Source data used for producing the figures in this manuscript and in the Supplementary
Information are provided with this paper. Due to their large size (TBytes), confocal
microscopy images have been stored on a local server and are available from the authors
upon reasonable request. Source data are provided with this paper.

Code availability
The computer code used to generate the graphs in this manuscript and in the
Supplementary Information is available in the Source Data file provided with this paper.

Received: 25 September 2019; Accepted: 28 August 2020;

References
1. Buchholz, C. J., Friedel, T. & Büning, H. Surface-engineered viral vectors for

selective and cell type-specific gene delivery. Trends Biotechnol. 33, 777–790
(2015).

2. Carlson, C. B., Mowery, P., Owen, R. M., Dykhuizen, E. C. & Kiessling, L. L.
Selective tumor cell targeting using low-affinity, multivalent interactions. ACS
Chem. Biol. 2, 119–127 (2007).

3. Mitchell, P., Tommasone, S., Angioletti-Uberti, S., Bowen, J. & Mendes, P.M.
Precise generation of selective surface-confined glycoprotein recognition sites.
ACS Appl. Biol. Mater. https://doi.org/10.1021/acsabm.9b00289 (2019).

4. Cochran, J. R. Engineered proteins pull double duty. Sci. Transl. Med. 2,
17ps5–17ps5 (2010).

5. Robinson, M. K. et al. Targeting erbb2 and erbb3 with a bispecific single-chain
fv enhances targeting selectivity and induces a therapeutic effect in vitro. Br. J.
Cancer 99, 1415–1425 (2008).

6. Martinez-Veracoechea, F. J. & Frenkel, D. Designing super selectivity in
multivalent nano-particle binding. Proc. Natl Acad. Sci. USA 108,
10963–10968 (2011).

7. Angioletti-Uberti, S. Exploiting receptor competition to enhance nanoparticle
binding selectivity. Phys. Rev. Lett. 118, 068001 (2017a).

8. Stephenson-Brown, A., Acton, A. L., Preece, J. A., Fossey, J. S. & Mendes, P.
M. Selective glycoprotein detection through covalent templating and allosteric
click-imprinting. Chem. Sci. 6, 5114–5119 (2015).

9. Tian, X., Angioletti-Uberti, S. & Battaglia, G. On the design of precision
nanomedicines. Sci. Adv. 6, eaat0919 (2019).

10. Dubacheva, G. V. et al. Superselective targeting using multivalent polymers. J.
Am. Chem. Soc. 136, 1722–1725 (2014).

11. Dubacheva, G. V., Curk, T., Auzély-Velty, R., Frenkel, D. & Richter, R. P.
Designing multivalent probes for tunable superselective targeting. Proc. Natl
Acad. Sci. USA 112, 5579–5584 (2015).

12. Angioletti-Uberti, S. Theory, simulations and the design of functionalized
nanoparticles for biomedical applications: a soft matter perspective. npj
Comput. Mater. 3, 48 (2017b).

13. Angioletti-Uberti, S., Varilly, P., Mognetti, B. M., Tkachenko, A. V. & Frenkel,
D. Communication: a simple analytical formula for the free energy of ligand-
receptor-mediated interactions. J. Chem. Phys. 138, 021102–021106 (2013).

14. Varilly, P., Angioletti-Uberti, S., Mognetti, B. M. & Frenkel, D. A general
theory of dna-mediated and other valence-limited colloidal interactions. J.
Chem. Phys. 137, 094108–094122 (2012).

15. Tito, N. B., Angioletti-Uberti, S. & Frenkel, D. Communication: simple
approach for calculating the binding free energy of a multivalent particle. J.
Chem. Phys. 144, 161101 (2016).

16. DiMichele, L., Bachmann, S. J., Parolini, L. & Mognetti, B. M.
Communication: free energy of ligand-receptor systems forming multimeric
complexes. J. Chem. Phys. 144, 161104 (2016).

17. Kitov, P. I. & Bundle, D. R. On the nature of the multivalency effect: a
thermodynamic model. J. Am. Chem. Soc. 125, 16271–16284 (2003).

18. Curk, T., Bren, U. & Dobnikar, J. Bonding interactions between ligand-
decorated colloidal particles. Mol. Phys. 116, 3392–3400 (2018).

19. Curk, T., Dobnikar, J. & Frenkel, D. Optimal multivalent targeting of
membranes with many distinct receptors. Proc. Natl Acad. Sci USA. 114,
7210–7215 (2017).

20. Wei, Q. et al. Protein interactions with polymer coatings and biomaterials.
Angew. Chem. Int. Ed. 53, 8004–8031 (2014).

21. Salvati, A. et al. Transferrin-functionalized nanoparticles lose their targeting
capabilities when a biomolecule corona adsorbs on the surface. Nat.
Nanotechnol. 8, 137 (2013).

22. Kuo, J. C.-H., Gandhi, J. G., Zia, R. N. & Paszek, M. J. Physical biology of the
cancer cell glycocalyx. Nat. Phys. 14, 658–669 (2018).

23. Halperin, A. Polymer brushes that resist adsorption of model proteins: design
parameters. Langmuir 15, 2525–2533 (1999).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18603-5 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:4836 | https://doi.org/10.1038/s41467-020-18603-5 | www.nature.com/naturecommunications 9

https://doi.org/10.1021/acsabm.9b00289
www.nature.com/naturecommunications
www.nature.com/naturecommunications


24. Zhulina, E. B., Birshtein, T. M. & Borisov, O. V. Curved polymer and
polyelectrolyte brushes beyond the daoud-cotton model. Eur. Phys. J. E 20,
243–256 (2006).

25. Zhulina, E. B. & Borisov, O. V. Theory of block polymer micelles: recent
advances and current challenges. Macromolecules 45, 4429–4440 (2012).

26. LoPresti, C., Lomas, H., Massignani, M., Smart, T. & Battaglia, G.
Polymersomes: nature inspired nanometer sized compartments. J. Mater.
Chem. 19, 3576–3590 (2009).

27. Bhatia, S. et al. Linear polysialoside outperforms dendritic analogs for inhibition of
influenza virus infection in vitro and in vivo. Biomaterials 138, 22–34 (2017).

28. Lauster, D. et al. Multivalent peptide-nanoparticle conjugates for influenza-
virus inhibition. Angew. Chem. Int. Ed. 56, 5931–5936 (2017).

29. van der Meulen, S. A. J. & Leunissen, M. E. Solid colloids with surface-mobile
dna linkers. J. Am. Chem. Soc. 135, 15129–15134 (2013).

30. Zhang, Y. et al. Sequential self-assembly of dna functionalized droplets. Nat.
Commun. 8, 1–7 (2017).

31. Harris, A. et al. Influenza virus pleiomorphy characterized by cryoelectron
tomography. Proc. Natl Acad. Sci. USA 103, 19123–19127 (2006).

32. Mognetti, B. M., Cicuta, P. & DiMichele, L. Programmable interactions with
biomimetic dna linkers at fluid membranes and interfaces. Rep. Prog. Phys. 82,
116601 (2019).

33. De Gernier, R., Curk, T., Dubacheva, G. V., Richter, R. P. & Mognetti, B. M. A
new configurational bias scheme for sampling supramolecular structures. J.
Chem. Phys. 141, 244909 (2014).

34. Wales, A. Energy Landscapes (Cambridge University Press, 2004).
35. Mammen, M., Choi, S.-K. & Whitesides, G. M. Polyvalent interactions in

biological systems: implications for design and use of multivalent ligands and
inhibitors. Angew. Chem. Int. Ed. 37, 2754–2794 (1998).

36. Fasting, C. et al. Multivalency as a chemical organization and action principle.
Angew. Chem. Int. Ed. 51, 10472–10498 (2012).

37. Porstmann, T. & Kiessig, S. T. Enzyme Immunoassay Techniques An Overview
(Elsevier, 1992).

38. Martinez-Veracoechea, F. J., Bozorgui, B. & Frenkel, D. Anomalous phase
behavior of liquid-vapor phase transition in binary mixtures of dna-coated
particles. Soft Matter 6, 6136–6145 (2010).

39. Zhdanov, V. P. & Höök, F. Diffusion-limited attachment of large spherical
particles to flexible membrane-immobilized receptors. Eur. Biophys. J. 44,
219–226 (2015).

40. Blanazs, A., Massignani, M., Battaglia, G., Armes, S. P. & Ryan, A. J. Tailoring
macromolecular expression at polymersome surfaces. Adv. Funct. Mater. 19,
2906–2914 (2009).

41. Gaitzsch, J., Delahaye, M., Poma, A., DuPrez, F. & Battaglia, G. Comparison of
metal free polymer-dye conjugation strategies in protic solvents. Polym. Chem.
7, 3046–3055 (2016).

42. Contini, C. et al. Bottom-up evolution of vesicles from disks to high-genus
polymersomes. iScience 7, 132–144 (2018).

Acknowledgements
S.A.-U. would like to acknowledge the Chinese Academy of Science for a visiting scientist
fellowship via the PIFI program. L.R.-A. thanks the ESPRC for the funding of her salary

(Project EP/N026322/1). G.B. thanks the EPSRC (EP/N026322/1) for funding part of his
salary via an Established Career Fellowship and the ERC (CheSSTag 769798) for his
consolidator award, and the Children with Cancer UK (Grant number 16-227). S.A.-U.
and M.L. also thank the Beijing University of Chemical Technology CHEM-
CLOUDCOMPUTING Platform for computational support.

Author contributions
M.L. performed the numerical calculations and analysed the data; A.A. and L.R.-A.
optimized and carried out the cell experiments, performed the microscopy measurements
and analysed the data; G.M. analysed the TEM data; M.S. prepared the polymersomes;
A.P. synthesized the polymers; E.S. and L.R.-A. supervised the experimental part and the
polymersome preparation. M.S. and L.R.-A. characterised the polymersomes. G.B. con-
ceived and supervised the experimental part and analysed the data. S.A.-U. conceived the
original idea, developed the theoretical model, analysed numerical calculations and the
experimental data. M.L., A.A., L.R.-A., G.B. and S.A.-U. revised the manuscript. M.L.,
G.B. and S.A.-U. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18603-5.

Correspondence and requests for materials should be addressed to G.B. or S.A.-U.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18603-5

10 NATURE COMMUNICATIONS |         (2020) 11:4836 | https://doi.org/10.1038/s41467-020-18603-5 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-18603-5
https://doi.org/10.1038/s41467-020-18603-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Combinatorial entropy behaviour leads to range selective binding in ligand-receptor interactions
	Results
	The basic theoretical model
	The attractive and repulsive contributions of ligands and receptors
	Numerical modelling of the influence of various parameters
	Scaling of the attractive interaction and the general physics behind range selectivity
	Experimental validation using nanoparticles adsorption on cells
	Requirements and limitations to observe range selectivity
	Range selectivity puts a limit on the optimal grafting density to achieve maximum binding in multivalent constructs
	Range selectivity vs other peculiar types of binding
	Concluding remarks and speculations

	Methods
	Theoretical model
	Result of fitting the experimental data
	Preparation of polymersomes
	Measurement of adsorption probability

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




