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ABSTRACT: Single-particle tracking (SPT) is an experimental technique that allows
one to follow the dynamics of individual molecules in biological membranes with
unprecedented precision. Given the importance of lipid and membrane protein
diﬀusion in the formation of nanoscale functional complexes, it is critical to understand
what exactly is measured in SPT experiments. To clarify this issue, we employed
nanoscale computer simulations designed to match SPT experiments that exploit
streptavidin-functionalized Au nanoparticles (AuNPs). The results show that lipid
labeling interferes critically with the diﬀusion process; thus, the diﬀusion measured in
SPT is a far more complex process than what has been assumed. It turns out that the
inﬂuence of AuNP-based labels on the dynamics of probe lipids includes not only the
AuNP-induced viscous drag that is the more signiﬁcant the larger the NP but, more
importantly, also the eﬀects related to the interactions of the streptavidin linker with
membrane lipids. Due to these eﬀects, the probe lipid moves in a concerted manner as
a complex with the linker protein and numerous unlabeled lipids, which can slow down the motion of the probe by almost an
order of magnitude. Furthermore, our simulations show that nonlinker streptavidin tetramers on the AuNP surface are able to
interact with the membrane lipids, which could potentially lead to multivalent labeling of the NPs by the probe lipids. Our
results further demonstrate that in the submicrosecond time domain the motion of the probe lipid is uncorrelated with the
motion of the AuNP, showing that there is a 1 μs limit for the temporal resolution of the SPT technique. However, this limit for
the temporal resolution depends on the nanoparticle size and increases rapidly with growing AuNPs. Overall, the results provide
a molecular-scale framework to accurately interpret SPT data and to design protocols that minimize label-induced artifacts.

C

A key to the studies of lateral diﬀusion in model and cell
membranes is the development of noninvasive experimental
techniques that render the imaging of the motion of individual
lipids and proteins possible. Recent advances in this area are
closely related to single-particle tracking (SPT).6−9 In a typical
SPT experiment, a biomolecule of interest is ﬁrst labeled with a
nanoscopic optical label, whose motion is then imaged by a
light microscopy technique. Both ﬂuorescent (ﬂuorescent dyes
and quantum dots) and nonﬂuorescent (gold nanoparticles,
AuNPs) probes could be used as labels in SPT; in the latter
case, the imaging is based on light scattering.8,10 Although
some of the labels can be attached directly to a biomolecule, in
most cases, one needs a speciﬁc linker, a so-called “speciﬁcity
module” according to the terminology proposed in ref 10.

ell membranes, being essentially lipid bilayers hosting
membrane proteins, represent quite unique two-dimensional interfaces, where numerous cellular functions take
place.1 Cellular processes are typically regulated by membrane
proteins that in turn are modulated by lipids. Understanding
the formation of functional protein−lipid complexes is a
central step in understanding how cellular functions originate
and take place.2,3 If the formation of protein−lipid complexes
is compromised, then the related cellular functions are
impaired, and this can have severe consequences that are
often related to the onset of diseases. The most relevant
dynamic process in this context is the lateral diﬀusion of
proteins and lipids in the membrane plane because it governs
the formation of protein−lipid complexes and is involved in,
e.g., protein sorting, signaling transduction, and cell death.4,5
Given this, it is of outstanding importance to understand how
lipids and proteins diﬀuse in membranes in the nanoscale,
thereby forming functional complexes.
© 2019 American Chemical Society
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These modules include, e.g., full antibodies, Fab fragments,
streptavidin (sAv), and cholera toxin subunit B.8,10
One of the major drawbacks of the SPT approach is related
to possible label-induced artifacts. In particular, the perturbations arising from the optical labels can be very problematic
given that one of the primary objectives of using SPT is to
unravel the genuine dynamics of lipids and proteins on the
nanoscale. If the labels altered the dynamics of the labeled
molecules or the membrane, then the data given by SPT
experiments would be tough to interpret. This problem is more
than likely because AuNPs and quantum dots are 5−50 times
larger than the lipids to which they are attached.10
Fortunately, recent developments of the SPT techniques
have reached the stage where one can image the motion of
individual molecules with exceptional resolution, so that
experimental data can now be directly linked with state-ofthe-art computer simulations. An excellent example of these
techniques is high-speed interferometric scattering (iSCAT)
microscopy.11−14 To track how lipid molecules move in
membranes, high-speed iSCAT investigations often employ
AuNPs as optical labels. A typical diameter of AuNPs lies in
the range of 20−40 nm,11,12,15 although the use of AuNPs as
small as 5 nm has also been reported.13 With the use of such
labels, iSCAT microscopy allows one to follow the motion of
single lipids with simultaneous nanometer spatial and microsecond temporal resolution.13,14 Such time and length scales
are currently accessible by computer simulations.
In this Letter, we use nanoscale computer simulations to
unravel the complex membrane dynamics measured in SPT
experiments. The primary aim is to clarify what exactly is
measured when SPT is applied to study lipid dynamics. The
results show that the diﬀusion of lipid probes measured by
SPT is a far more complex process than what has been
assumed. For the purposes of our study, we focused on labeling
lipid molecules with sAv-functionalized AuNPs.
We performed molecular dynamics (MD) simulations using
models that match conditions explored in iSCAT measurements. We considered a single biotinylated probe lipid
(dipalmitoyl-phosphoethanolamine-N-(cap biotinyl) (biotincap-DPPE)) embedded in a palmitoyl-oleoyl-phosphatidylcholine (POPC) bilayer. The biotinylated DPPE probe was
attached to a AuNP via a sAv tetramer linker,10 which is used
in experiments to establish tight binding between AuNPs and
biotinylated probe phospholipids embedded in a lipid
membrane.13−15 We considered AuNPs of two sizes. The
smaller one (5 nm in diameter) hosted a single sAv tetramer,
while the larger AuNP (10 nm) hosted six tetramers, matching
experimental conditions;11 see Figure 1A,B. In experiments,
AuNPs are typically about 20−40 nm in size, but for the sake
of feasibility, in our simulations, we focused on smaller
nanoparticles. To access the microsecond time scale and spatial
scales of 10s of nanometers, we employed the coarse-grained
Martini force ﬁeld.16−18 All systems were simulated in an NpT
ensemble at T = 310 K and p = 1 bar. To improve statistical
reliability of results, every system (except the controls) was
studied through three replica simulations, each being 50 μs
long (Table 1). The total time scale of the simulations was
about 500 μs. The GROMACS 5.1.4 suite was used to perform
the simulations.19 For details regarding the model systems, the
setup, and the simulations, see the Supporting Information
(SI).

Figure 1. Snapshots of POPC lipid bilayers hosting a probe lipid
labeled with sAv-functionalized AuNPs, whose diameters are (A) 5 or
(B) 10 nm. POPC bilayers are shown in gray, probe biotin-cap-DPPE
lipids in cyan, sAv tetramers in orange, and AuNPs in yellow. (C)
Mean-squared displacements (MSDs) of label-free and labeled lipids
as a function of lag time Δ. For the labeled lipids, data are shown for
AuNPs, whose sizes are 5 or 10 nm as well as for sAv. The MSD for
the label-free lipids was averaged over 2048 POPC lipids; the MSD
for the labeled lipids was averaged over three independent simulations
(50 μs each).

Table 1. Description of the Simulated Systemsa
system

NP diameter [nm]

simulated time scale [μs]

NP10−POPC
NP5−POPC
sAv−POPC
DPPE−POPC
POPC-2048

10
5

3 × 50
3 × 50
3 × 50
50
50

a

The system POPC-2048 contained only a membrane composed of
POPCs, and the system DPPE−POPC contained DPPE lipids (0.5
mol % of DPPE) embedded in a POPC membrane. These two
systems acted as controls. The system sAv−POPC contained the
POPC membrane and a single biotinylated DPPE lipid attached to a
sAv tetramer. The systems NP5−POPC and NP10−POPC were
based on sAv−POPC but contained also one AuNP attached to the
sAv tetramer.

As in experiments, the lateral diﬀusion coeﬃcient D is
extracted here from the mean-squared displacement (MSD) at
long times according to the Einstein relation
D = limΔ→∞ MSD(Δ)/4Δ
1

N

where Δ is the lag time and MSD(Δ) = N ∑1 MSDi (Δ),
averaged over N particles, simulation time t sim , and
replica simulations when possible. The time averaging is
performed for each particle i as MSDi(Δ) =
1006
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tsim − Δ

t −Δ

∫0 sim

this drag is probably overestimated in simulations, indicating
that in reality the eﬀect of the sAv−membrane interaction
dominates the slowing down of the diﬀusion of the labeled
lipid. This phenomenon, to our knowledge, has not been
previously reported.
Why does the sAv tetramer slow down the diﬀusion of its
host lipid, and how does it do it? The answers to these
questions are illustrated in Figure 2, which depicts how sAv

dt [ r (⃗ t + Δ) − r (⃗ t )]2 , where r⃗(t) is the posi-

tion of the particle at time t.
Figure 1C and Table 2 summarize the ﬁrst primary ﬁnding
of this work: labeling signiﬁcantly slows down the lateral
Table 2. Diﬀusion Coeﬃcients D of the Label-Free and
Labeled Lipidsa
system
NP10−POPC
NP5−POPC
sAv−POPC
DPPE−POPC
POPC-2048

D [10−7 cm2/s]

Nlipids

Ldomain [nm]

±
±
±
±
±

12.1 ± 2.3
12.5 ± 2.3
12.1 ± 2.3

6.34 ± 0.90
6.48 ± 0.80
6.46 ± 0.78

1.28
1.85
2.32
7.06
6.86

0.08
0.23
0.34
0.13
0.02

a

In POPC-2048, D describes the diﬀusion of POPC lipids. In DPPE−
POPC, D is measured for unlabeled DPPE lipids embedded in a
POPC membrane. In sAv−POPC, D is for the biotinylated DPPE
linked to the sAv tetramer. In NP5−POPC and NP10−POPC, the
diﬀusion data are given for the biotinylated DPPE linked to the sAv
tetramer, which in turn is attached to the AuNP. Ldomain stands for the
diameter of a lipid domain beneath the sAv linker, and Nlipids is the
average number of lipids in that domain. The errors correspond to the
standard error.

Figure 2. Snapshot of a probe lipid (cyan) labeled with the sAv
tetramer (orange) within the POPC lipid bilayer (gray). POPC lipids
that interact with the sAv tetramer are highlighted in white.

interacts with the lipids that are underneath of it. To
characterize these interactions and their eﬀects, we ﬁrst
determined the lipids that are in contact with sAv. A lipid
molecule was considered to establish a contact with sAv if the
lipid head group beads were within 0.6 nm from any of the
protein’s residues. It turned out that sAv interacts on average
with ∼12 POPCs (Table 2 and Figure 3A) that diﬀuse
together with sAv. In other words, the probe lipid that is linked
to sAv does not move alone but diﬀuses together with a lipid
domain comprised of a dozen neighboring lipids (Figure 2),
which explains the observed slowdown.
On the basis of lipids interacting with sAv, the average size
of the lipid domain, Ldomain, is about 6.5 nm (Figure 3A and
Table 2). An alternative way to evaluate the size of this domain
is to identify the lipids that move together with sAv.21 To this
end, we calculated the mean in-plane displacements of lipids
over a 1 ns interval as a function of distance from the probe
lipid. Using an analogy to the diﬀusion of lipids in the vicinity
of a transmembrane protein,23 we expect the lipids next to the
sAv-bound probe lipid to move slowly and the movement of
lipids to speed up as their distance from the probe lipid
increases. This is also what we observe (Figure 3B). On the
basis of this approach, the size (diameter) of the dynamically
coupled lipid domain ranges between 5 and 8 nm, which is in
reasonable agreement with Ldomain.
The diﬀusion coeﬃcient of the sAv-bound lipid domain can
be estimated with the Saﬀman−Delbrück (SD) model,24 which
was recently extended to objects spanning a single leaﬂet25 and
to systems with periodic boundary conditions (PBCs).25,26
The SD model predicts the diﬀusion coeﬃcients to scale fairly
weakly as D ≈ ln L−1
domain. This model, when applied to the
domain motion in the sAv−POPC system and taking into
account the interleaﬂet friction, predicts that the diﬀusion
coeﬃcient of the lipid domain with a diameter of 6.5 nm is
∼4.5 times smaller compared to that of a single lipid, in fair
agreement with the observed decrease of ∼3. Extrapolating the
diﬀusion coeﬃcients to inﬁnite systems,25,26 the ratio remains
substantial at ∼2.7.
Turning now from the impact of sAv to the inﬂuence of the
nanoparticle size, a comparison of the diﬀusion coeﬃcients of
sAv−POPC and NP−POPC systems clearly indicates that the

diﬀusion. The diﬀusion coeﬃcient of a probe lipid labeled with
a 5 nm AuNP is ∼3.7 times smaller than the diﬀusion
coeﬃcient of label-free lipids (Table 2). When the size of the
AuNP is increased, the disparity becomes even more
pronounced: labeling a lipid with a functionalized 10 nm
AuNP slowed down its lateral diﬀusion by a factor of ∼5.4.
Meanwhile, the diﬀusion coeﬃcient of label-free POPC was
found to be (6.86 ± 0.02) 10−7 cm2/s, in good agreement with
previous simulation studies20,21 that employed the Martini
force ﬁeld. We conﬁrmed that label-free DPPEs embedded in a
POPC membrane demonstrate the same diﬀusive behavior as
POPCs (see Table 2); thus, only POPCs will be discussed in
the following as unlabeled (control) lipids. Notably, most
experimental papers have discussed mainly the diﬀerences
between normal and conﬁned modes of diﬀusion,7 although
some studies have also reported the absolute values of diﬀusion
coeﬃcients.13,14 Here we focus on the Brownian diﬀusion only,
whereas the subdiﬀusive behavior22 will be a subject of a
separate study.
The AuNP interferes with the diﬀusion of the lipid to which
it is attached, but the eﬀect is only local. This view is backed up
by the data showing that the diﬀusion coeﬃcients of label-free
POPC lipids are similar: embedding a labeled lipid into a
membrane results in just a slight change in the diﬀusion of the
POPCs (Table S2). This indicates that the viscosities of the
membranes are not signiﬁcantly altered by the introduction of
the labeled lipid.
To ﬁgure out the key factors causing the major drop in the
lateral diﬀusion of AuNP-labeled lipids, we carried out
additional NP-free simulations using a system (sAv−POPC
in Table 1) in which the biotinylated DPPE probe was linked
to only the sAv tetramer (without AuNP). The results shown
in Figure 1C and Table 2 highlight the quite surprising ﬁnding
that the sAv linker alone slows down the lateral diﬀusion of the
labeled lipid by a factor of ∼3. In other words, for
nanoparticles of the considered size (5 and 10 nm in
diameter), a signiﬁcant share of the eﬀect of labeling on
lateral diﬀusion arises from the sAv linker and not from the
drag on the nanoparticle itself. Moreover, as discussed below,
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However, we note that in real membrane systems the
viscosity of the membrane is ∼100 times larger than the
viscosity in the surrounding aqueous solution.10 In the Martini
model, the viscosity of the membrane is only ∼10 times larger
than the viscosity of the water phase.16,21 This indicates that
any viscous drag in the aqueous phase observed in simulations
is overestimated and further highlights the sAv−membrane
interaction as the major contributor to the observed slow
diﬀusion of the labeled lipid.
One feature of the sAv-functionalized AuNPs considered
here is that only one sAv tetramer on the 5 nm NP is linked to
a (single) probe lipid. This is also the case for one of the sAv
tetramers on the 10 nm NP, while the other sAv tetramers on
the 10 nm NP are not linked to other biotinylated lipids.
Therefore, neither multivalent labeling at a single sAv tetramer
nor the lipid cross-linking by multiple sAvs on a NP are
considered. However, both situations can be encountered in
experiments if special care is taken to ensure the monovalent
binding of the NP to a single probe lipid. This can be achieved,
e.g., by saturating sAv binding sites by adding an excess
amount of biotin molecules14 or by minimizing the amount of
linker agents (such as Fab fragments) on the surface of
AuNPs.29
Indeed, our simulations of lipid bilayers with a 10 nm AuNP
clearly show that in case the NP is large enough to host several
sAv linkers on its surface lipid cross-linking can readily take
place. It has been shown that as the NP size increases the
number of sAv tetramers on its surface also increases.11 For a
NP that is about 10 nm in size, the number of sAv tetramers on
its surface is expected to be around 5−6.11 One of these
tetramers is obviously linked to the probe lipid through
biotinylation. However, given that in experiments the molar
fraction of biotinylated probe lipids can be as large as
1 mol %,14 it is tempting to ask whether several of the sAv
tetramers on the nanoparticle surface could interact with
biotinylated probe lipids or other membrane lipids at the same
time?
While the aforementioned experimental procedures aim to
prevent the cross-linking of the NP by biotinylated lipids, our
results show that a more general interaction is also possible. As
exempliﬁed in Figures 1B and 4, we found that quite frequently
the functionalized AuNP touches the surface of the lipid
bilayer from several diﬀerent locations. One of the contacts is

Figure 3. (A) Time evolution (along with its running average) of the
number of lipids bound to the sAv linker (black and green curves) and
of the size (diameter) Ldomain of the corresponding lipid domain for
the sAv−POPC system (red curve). (B) Average in-plane displacements of lipids as a function of distance from the probe lipid, which is
1/2 of the domain size Ldomain.

presence of AuNP leads to an additional decrease in the
diﬀusion of the probe lipid (Table 2). This decrease correlates
with the size of the NP: the larger the AuNP, the more it slows
down the lateral diﬀusion of the probe lipid. This ﬁnding also
implies that considering nanoparticles larger than those studied
in this paper (5 and 10 nm in diameter) could lead to the
situation where the eﬀects of the sAv linker and the
nanoparticle size become comparable.
What causes this dependence on the NP size? The number
of lipids bound to sAv does not depend on AuNP size (Table
2). The height of the solvent layer is known to have a weak
eﬀect on diﬀusion coeﬃcients;25−28 however, with our
simulation box sizes, this eﬀect is also irrelevant.25,26 This
view is also supported by the almost identical diﬀusion
coeﬃcients of POPC in all of the simulated systems (Table
S2).
Obviously, in our simulations, the inﬂuence of the NP size
on the lateral diﬀusion is due to the frictional drag of a
nanoparticle moving in a viscous medium such as water.
Essentially, a NP experiences the friction force from the solvent
molecules; this force aﬀects its mobility and correspondingly
the mobility of the probe lipid. The diﬀusion coeﬃcient of a
3D object having a hydrodynamic radius RH in a viscous
medium scales as R−1
H , implying that the signiﬁcance of the
frictional drag increases for increasing nanoparticle size. This
size dependence of the frictional drag leads to a slowdown in
the lateral diﬀusion from 3 to 3.7 times for a 5 nm AuNP and
to 5.4 times for its 10 nm counterpart.

Figure 4. Time evolution of the number of lipids that are in contact
with nonlinker sAv tetramers of a 10 nm AuNP.
1008

DOI: 10.1021/acs.jpclett.9b00065
J. Phys. Chem. Lett. 2019, 10, 1005−1011

Letter

The Journal of Physical Chemistry Letters

≈ 0.5 μs and that their diﬀusion coeﬃcients are essentially
identical. This somewhat expected result conﬁrms that the
diﬀusion coeﬃcients measured by SPT really describe the
motion of the labeled lipid in the long-time Brownian regime.
However, the situation is very diﬀerent at shorter time
scales. To unravel how strongly the motions of the NP and the
probe lipid are correlated, we studied this problem as follows.
For each time interval Δt ≥ 0, we calculated the correlation
between the displacements of the labeled lipid, δr⃗(t,Δt) = r⃗(t +
Δt) − r⃗(t), and the NP, δR⃗ (t,Δt) = R⃗ (t + Δt) − R⃗ (t), where
r⃗(t) and R⃗ (t) are the 2D positions of the labeled lipid and the
NP projected to the membrane surface (see the SI for details).
Averaging was performed over the trajectory in order to obtain
the correlation as a function of lag time Δ.
Figure 5B depicts the correlation between the movements of
the labeled lipid and the NP, together with the standard error
calculated over the replicas. A fully correlated movement of the
labeled lipid and the NP corresponds to the correlation being
about 1. Meanwhile, the closer this value is to zero, the weaker
the correlation.
For the 5 nm AuNP, its short-time dynamics is almost
uncorrelated with the dynamics of the labeled lipid (Figure
5B). The correlation grows with increasing lag time and
reaches a value of 0.8 in about 200−300 ns and a plateau with
a value of ∼0.9 when the lag time is on the order of 1 μs. These
results indicate that if the sampling rate of the NP position is
less frequent than 1 μs−1 then the trajectory of the NP reﬂects
the trajectory of the labeled probe lipid. However, if the
sampling rate is more frequent than 1 μs−1, then the
interpretation of the NP trajectory can be problematic.
For the larger 10 nm AuNP, the results are, to a great extent,
similar to those of the 5 nm AuNP (Figure 5B). The main
diﬀerence regards the time scale because in the 10 nm AuNP
system the development of the correlation takes longer. Here,
the correlation reaches a value of 0.8 in about 5−10 μs. Thus,
for AuNPs of this size, the sampling of the nanoparticle
position should be done at a rate of about 10 μs−1 or less
frequently; otherwise, the NP trajectory would not describe the
motion of the probe lipid to a satisfactory degree.
The results presented here set a natural limit for the
temporal resolution of SPT techniques in general (and the
iSCAT microscopy in particular): going to the submicrosecond
time domain is not a particularly sensible goal because the
movement of the NP cannot be linked to the dynamics of the
labeled lipid in a reliable manner. For the 10 nm AuNP system,
the results actually suggest sampling of the NP position to be
done once every 10 μs. While in this work we did not study
larger NPs, the results suggest that the sampling rate should
then be even slower. We note that, while most SPT studies are
far from the above-mentioned temporal limit, some state-ofthe-art iSCAT experiments approach the temporal resolution
of 10 μs.13,15
In summary, here we presented and discussed the results of
the ﬁrst in silico study that provides a molecular-scale view into
the process measured in SPT. In SPT experiments, one follows
the motion of probe molecules that are linked to nanoparticles.
One of the means to exploit this concept is to use lipids whose
head group is linked to biotin, which in turn binds to sAv
tetramers attached to the surface of a AuNP. By following the
trajectory of the AuNP, one can trace the dynamics of the
probe molecule with nanoscale spatial resolution. However,
our results show that this labeling strategy has signiﬁcant
eﬀects on the lateral diﬀusion of the labeled lipids. The ﬁrst

directed to the biotinylated probe lipid. In the other cases, sAv
tetramers are transiently exposed to contacts with POPCs
(Figure 4). Therefore, if the NP size is large enough, thus
rendering the binding of several sAv tetramers to its surface
possible, then the nonlinker sAv tetramer can establish a
contact with biotinylated probe lipids or a transient contact
with other membrane lipids. As a matter of fact, multivalent
binding of sAv-functionalized AuNPs is often considered one
of the key artifacts in SPT experiments.30 Given this, our
ﬁndings provide compelling evidence for the conclusion that
the diameter of the AuNP should be as small as possible to
minimize NP-related artifacts.
Now assuming that the NP size is suﬃciently small (about 5
nm) to exclude eﬀects of multivalency, then how well does the
trajectory given by SPT describe the trajectory of the probe
molecule? This question is relevant given that the SPT
trajectory can be used to deduce information about membrane
structure14 as well as about the diﬀusion mechanism.31,32
However, such analyses are meaningful only if the measured
trajectory of the NP also describes the motion of the probe
lipid. We therefore explored the correlation between the
motion of the NP and the labeled lipid by calculating their
MSDs (Figures 5A and S1). The data reveal that both the NP
and the labeled lipid reach the regime of normal diﬀusion at Δ

Figure 5. (A) MSDs of the labeled lipid (black line) and the 5 nm NP
(red line) as a function of lag time Δ (log−log plot). The dashed blue
line demonstrates the expected long-time behavior of normal
diﬀusion, where MSD ∝ Δ1; the MSDs were averaged over three
independent simulations (50 μs each). (B) Correlation between the
displacements of the probe lipid and the NP as a function of lag time
Δ (semilog plot). Shown are the results for the NP5−POPC (black
line) and NP10−POPC (red line) systems.
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eﬀect is somewhat surprising because it is not related to the
nanoparticle at all. Our results demonstrate that the sAv linker
slows down the diﬀusion of the biotinylated lipid probe even if
this linker is not bound to a AuNP. This eﬀect arises from the
aﬃnity of lipids for sAv, which binds to about a dozen lipids
that are right under the sAv tetramer. The biotinylated probe
lipid bound to sAv then moves together with a dozen
neighboring lipids surrounding the lipid−sAv complex, and
this slows down the diﬀusion of the probe lipid to a signiﬁcant
degree. The observed eﬀect is likely not sAv-speciﬁc and can
be expected when the linker agent of an optical label interacts
favorably with the lipid membrane. To make the situation
more complex, the nanoparticle also slows down the diﬀusion.
This eﬀect arises from frictional drag of a nanoparticle moving
in a viscous medium (water) and is dependent on the size of
the AuNP: the larger the hydrodynamic radius of the
nanoparticle, the more it slows down the lateral motion.
However, this eﬀect is likely exaggerated in our simulations
due to the limitations of the used coarse-grained model.
Furthermore, for larger nanoparticles that accommodate
several sAv tetramers, one has additional interactions of
nonlinker sAvs with the membrane surface, which potentially
could lead to multivalent labeling of the probe lipid. While
these artifacts related to sAv tetramers on the AuNP surface
cannot be avoided, their eﬀect can be minimized by reducing
the NP size down to about 5 nm; nanoparticles in this size
range can host no more than one sAv tetramer to interact with
the membrane. The use of small nanoparticles (in the ballpark
of about 5 nm) is also supported by our studies that unraveled
the correlation between the motions of the AuNP and the
probe lipid. We found that the trajectory of the AuNP matches
the trajectory of the probe lipid only if images of the AuNP
position are taken suﬃciently rarely. The most accurate
temporal resolution is achieved with the smallest nanoparticles
and is about one image per microsecond. If the NP size is
increased, the temporal resolution decreases.
Concluding, the results presented in this work show that the
artifacts in SPT experiments based on the use of biotin- and
sAv-linked AuNPs can be minimized by AuNPs in the size
range of about 5 nm. Nanoparticles of this size also provide the
best temporal resolution.
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