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DNA-modified gold nanoparticles (AuNPs) play a pivotal role in bio-nanotechnology, driving advance-

ments in bio-sensing, bio-imaging, and drug delivery. Synthetic protocols have focused on maximizing

the receptor density on particles by fine-tuning chemical conditions, particularly for DNA. Despite their

significance, the understanding of hybridization kinetics on functionalized AuNPs is lacking, particularly

how this kinetics depends on DNA density and to what extent it varies from particle-to-particle. This

study explores the molecular mechanisms of DNA hybridization on densely coated AuNPs by employing a

combination of single-molecule microscopy and coarse-grained molecular dynamics simulations provid-

ing a quantification of the molecular rate constants for single particles. Our findings demonstrate that

DNA receptor density and the presence of spacer strands profoundly impact association kinetics, with

short spacers enhancing association rates by up to ∼15-fold. In contrast, dissociation kinetics are largely

unaffected by receptor density within the studied range. Single-particle analysis directly reveals variability

in hybridization kinetics, which is analyzed in terms of intra- and inter-particle heterogeneity. A coarse-

grained DNA model that quantifies hybridization kinetics on densely coated surfaces further corroborates

our experimental results, additionally shedding light on how transient base pairing within the DNA coating

influences kinetics. This integrated approach underscores the value of single-molecule studies and simu-

lations for understanding DNA dynamics on densely coated nanoparticle surfaces, offering guidance for

designing DNA-functionalized nanoparticles in sensor applications.

1. Introduction

DNA-modified gold nanoparticles (AuNPs) have enabled new
directions in the field of bio-nanotechnology ever since the
surface modification strategies of Mirkin1 and Alivisatos2 were
introduced. This has sparked tremendous research efforts to
functionalize gold particles with the desired density of ligands
via different routes such as thiol-mediated chemistry, or gold
binding sequences.3–8 Such solution-based bio-functionali-
zation protocols generally yield high grafting densities of func-
tional ligands, which appear beneficial for colloidal stability

and drive the multivalent interactions of the particles with
each other and with functional surfaces. Experimental and
theoretical investigations have further identified the role of
ionic strength, pH, sequence length, molecular crowding, etc.
in the grafting process.9–11 Surface tethered DNA strands in
these constructs have shown several unique properties such as
extremely sharp and tuneable melting temperatures compared
to free DNA in solution.12 In addition, numerous applications
of multivalent DNA–AuNPs have been explored in the areas of
bio-sensing, bio-imaging, self-assembly, medical diagnostics,
and drug delivery.13–18 With such diverse interests in these
DNA-modified nanoconjugates, comprehending the molecular
mechanisms of DNA hybridization on AuNPs is pivotal for the
rational design of these hybrids. Carefully adjusting the
affinity and length of the DNA strands on the nanoparticles is
known to affect the response toward target molecules or sur-
faces. Until now, several reports have been published on the
thermodynamics and kinetics of DNA hybridization on planar
gold films,19–22 and on DNA-functionalized colloidal AuNPs.23

Using ensemble-based characterization techniques and by
extracting binding enthalpy and free energy values, these
studies further explored the effect of various DNA linker mole-
cules on hybridization efficiency.20,24 Studies performed indivi-
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dually by Chen et al. and Takashima et al. have indicated the
effect of DNA surface density and the presence of macromol-
ecular crowders on the interfacial hybridization kinetics on
DNA-coated AuNPs.21,23

These reports, however focused on ensemble-averaged
hybridization in suspension and therefore lacked information
on inter- and intra-particle variability and the sources of such
heterogeneity. Implementing single-particle and single-mole-
cule detection methodologies to study DNA hybridization was
recently pioneered for both dielectric and gold particles.25,26

These studies demonstrated that statistical analyses can reveal
sources of heterogeneity, thus offering a window into the poly-
dispersity of a system. As might be expected, using quantitative
data derived from single-molecule experiments, currently exist-
ing numerical models can be validated and further refined,
thereby enhancing the accuracy of our overall understanding
of complex interfacial biomolecular interactions.

Such numerical models in the form of all-atomistic simu-
lations27 have enabled the study of the conformational
changes of single-stranded DNA both near and tethered to
surfaces,28,29 as well as the influence of surfaces on the hybrid-
ization process.30 Unfortunately, due to its demanding compu-
tational cost, all-atom simulations are limited to small systems
of one complementary pair of short DNA strands. A particu-
larly recent exception is the work by Cholko and Chang,31 who
modelled systems with up to 5 tethered receptor strands to
study surface-mediated hybridization for polar and hydro-
phobic surfaces. Simple coarse-grained models encapsulating
many nucleotides in a single bead have been employed to cor-
roborate the optimal receptor length32 and were pushed to
simulate higher coating densities.33 More detailed models,
where nucleotides are represented by several beads, have
shown that the pathways for DNA hybridization of surface-
bounded strands depend on the repetitiveness of the
sequence.34

In this work, we investigated the effect of DNA grafting
density on the hybridization kinetics at the single-particle and
single-molecule levels. Our previous work26 has introduced the
use of DNA–PAINT to study molecular interactions at the
single-particle and single-molecule level. Here, we expand this
methodology and we (1) quantify the molecular rate constants
for single particles by correlating ensemble quantification with
single-molecule data, (2) introduce molecular dynamics simu-
lations to facilitate the interpretation of the data, and (3) quan-
tify particle-to-particle heterogeneity. Using single-molecule
microscopy35 we find that the association rate varies by more
than one order of magnitude depending on the design of the
DNA coating, whereas the dissociation process is not per-
turbed. The experimental findings align well with the results
obtained from our numerical simulations, where the model
provides detailed information on transient base-pairing in the
coating layer that is not accessible experimentally. This study
showcases the added value of single-molecule studies com-
bined with numerical simulations and provides guiding prin-
ciples for the design of novel sensors utilizing densely packed
DNA-functionalized nanoparticles.

2. Results & discussion

Fig. 1a represents the schematic outline of the single-molecule
microscopy based on qPAINT (quantitative Points
Accumulation for Imaging Nanoscale Topography),35 which we
use to monitor transient DNA hybridization events occurring
on the surface of individual gold nanorods (Au NRs). This
allows us to monitor stochastic single-molecule binding behav-
iour and hybridization kinetics between dye-labelled DNA
probes in solution and ssDNA receptors on the surface of Au
NRs (Fig. 1b).

The conjugation chemistry of DNA functionalization on Au
nanorods is based on the covalent thiol–Au linkage between
thiol-terminated DNA sequences and the Au surface. This
surface modification strategy allows nanoparticles to be func-
tionalized with thiolated oligonucleotides, creating unique
DNA-directed nano-assemblies for innovative biosensing appli-
cations. In this work, we start the sample preparation by first
modifying the surface of the glass substrate with a silanizing
agent (see details under Methods, ESI†). We used citrate-
capped Au NRs (80 nm × 40 nm, SEM image shown in Fig. 1c)
that were spin-coated at a low density on glass substrates.

Fig. 1 Outline of qPAINT based microscopy. (a) Schematic illustration
of the optical microscopy setup based on total internal reflection fluor-
escence microscopy. A typical field of view where each diffraction
limited spot corresponds to one-photon photoluminescence from indi-
vidual Au NRs is shown below. (b) The zoomed inset depicts the close-
up of a single Au NR functionalized with receptors. The probes bind
transiently to the receptors on the Au NR surface resulting in fluor-
escence intensity bursts (c) SEM image of citrate-capped Au nanorods
dried on a substrate. (d) A representative fluorescence intensity time-
trace of a single Au where individual bursts depict binding events. Bursts
above a threshold level (dotted blue line) are extracted, taking into
account intermittent dark frames due to dye blinking. (e) Histograms of
tbright and tdark, fitted with a single exponential function y(t ) = A(−t/τ̄),
where A is a constant and τ̄ is the fitted average bright and dark time.
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Following this, the Au NRs were functionalized with a mono-
layer of commercially available 30 nt thiolated sequences (here-
inafter referred to as “receptor”), mixed with variable dilution
ratios of either short 10 nt or long 30 nt thiolated sequences
(hereinafter referred to as “spacer”), keeping the total DNA
concentration constant throughout different sample dilutions
(see details of all the oligo sequences used under Materials &
methods, ESI†). This mixed monolayer with spacer sequences
not only provides an anti-fouling coating in suppressing non-
specific interactions on the particle surface, but also enables
us to vary the number of receptors per particle. The Atto655-
labelled DNA (hereinafter referred to as “probe”) is a 10 nt
long sequence from which 9 bases from the 5′-end are comp-
lementary to the receptor. Using these DNA mixed-monolayers
we explored the molecular mechanisms of interfacial hybridiz-
ation kinetics quantitatively at the single-particle and single-
molecule level.

The intensity-time trajectories resulting from transient
hybridization events (as observed by the fluorescence bursts in
Fig. 1d) on individual Au NRs are recorded. The temporal ana-
lysis of these individual bursts of events yields tdark (dark-time
or time between two consecutive events) and tbright (bright
times or bound-state lifetime). By employing a threshold level
analysis on fluorescence intensity-time trajectories for individ-
ual particles, the dark and bright times are extracted automati-
cally (zoomed inset of time-trace, Fig. 1d). Finally, the distri-
bution of these dark and bright times is fitted with a single-
exponential function (Fig. 1e), thereby yielding the mean dark
(τ̄dark) and bright (τ̄bright) times for each single particle.

To perform a quantitative analysis of association and dis-
sociation rates, we first determine the average loading of recep-
tor strands on the Au NRs using protocols described
before.7,37–39 Briefly, gold nanoparticles are coated with thio-
lated receptors at a low pH (∼3.0, citrate buffer). To this end
Atto532-labeled 30 nt receptors are mixed with either 10 nt or
30 nt spacers, and then mixed with the gold particles. After
30 minutes of incubation excess DNA is removed by centrifu-
gation at a speed of 4500 RPM for 5 minutes. This was fol-
lowed by the addition of excess 2-mercaptoethanol to remove
the fluorescently labelled receptors from the particle surface.
Note that there was a net loss of ∼10% DNA, probably due to
sticking of DNA to the walls of the Eppendorf tubes. To calcu-
late the average number of receptors per particle we use N =
cDNA/cAuNR, wherein cDNA is determined from the fluorescence
intensity of Atto532 (measured at 550 nm). The concentration
of Au NRs is obtained using Beer–Lambert’s law by using the
extinction peak at the longitudinal surface plasmon resonance
(at 650 nm) and the molar extinction coefficient provided by
the supplier Nanopartz. Considering the Au NRs as spheri-
cally-capped cylinders, the receptor density (nm−2) is further
calculated using the average surface area of the Au NRs.

Fig. 2a shows the experimentally determined average
number of receptors (N) per particle and the corresponding
receptor density (nm−2) as a function of the receptor fractions
used in the solution. It is found that the total number of recep-
tors increases nearly linearly with the percentage of receptors

in solution, irrespective whether the receptors are mixed with
10 nt or 30 nt spacer strands. For a coating without any spacer
strands we find a receptor density of ∼0.05 nm−2, equivalent to
a DNA footprint of 20 nm2. Under these buffer conditions, we
assume ssDNA will adopt a “mushroom-like” conformation for
which a similar molecular footprint of ∼16 nm2 was reported
before.26

We then perform qPAINT analysis on the AuNR samples
with varying receptor densities and different spacer lengths.
The observed frequency of binding events is shown in Fig. 2b
as a function of receptor density. The experimental values of
event frequencies are calculated from the dark times as
obtained from the single-particle intensity-time trajectories.
The ratiometric estimate (black solid line) of event frequency
is obtained from the measured N in Fig. 2a.35,36 Although we
would expect a nearly linear scaling of event frequency as a
function of receptor density, the experimental results clearly
reveal otherwise a surprising trend, particularly observed for
10 nt spacer. For the 30 nt spacer, the event frequency scales
nearly as expected, with an event frequency that decreases as
the receptor density reduces. However, the trend is very
different for the 10 nt spacer. This difference is directly attribu-
ted to the different degrees of steric hindrance (or, surface
accessibility) observed for different DNA mixed monolayers (10
nt spacer vs. 30 nt spacer). This essentially means that the
event frequency depends strongly on the chain length of the
spacers where short spacers provide higher accessibility for the
probes to interact and bind with the surface-immobilized
receptors as compared to longer spacers. Furthermore, the
specificity of DNA hybridization events was verified by per-
forming control experiments with a non-complementary probe
sequence (see Fig. 2b and Fig. S1†).

Fig. 3 shows the same data but converted to single-particle
association (kon) and dissociation (koff ) rates in different mixed
monolayers. To obtain the values of kon, we used that kon =

Fig. 2 (a) Ensemble quantification of total number of average receptors
(N, left y-axis) and receptor density (nm−2, right y-axis) as a function of
% receptor DNA fraction. (b) Experimentally calculated event frequency
(Hz) values as a function of receptor density for DNA mixed monolayers
(10 nt spacer, blue and 30 nt spacer, red). The ratiometric estimate indi-
cates the expected trend if the association rate were independent of
receptor density, see the main text for details. The green dotted line
indicates the event frequency for a non-complementary probe. The
right most data points in panel (a) and (b) corresponding to 100% recep-
tor fraction and 0.05 nm−2 represent the receptor only sample.
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(τ̄dark × N × cprobe)
−1. The value of N was obtained from the

solution-phase experiments shown in Fig. 2a, where the value
was corrected for the presence of the glass substrate that
shields an estimated 30% of receptors. The probe concen-
tration (cprobe) was kept constant at 200 pM for all sample con-
ditions. It is interesting to observe here that the change in kon
follows a strong dependence with the receptor density for the
10 nt spacer, which directly reveals the effect of receptor
density on the surface accessibility (Fig. 3a). The effect of
steric hindrance gradually diminishes when receptors are
mixed with spacers, which is observed as an increase of kon as
the receptor density decreases. This increment is significantly
visible for 10 nt short spacers (red dotted line), while the effect
is minimal for 30 nt spacers (blue dotted line). For the lowest
receptor density, in combination with 10 nt spacer strand, we
find that the mean absolute kon increases ∼15× compared to
the highest receptor density (i.e. 100% receptor fraction, no
spacers). The value of kon for a low receptor density with 10 nt
spacer is of similar magnitude as the values obtained earlier
using single-molecule imaging on DNA origami.36

We now turn our attention to the dissociation process, dis-
played in Fig. 3b. Within the experimental error the change in
dissociation rate (koff = τbright

−1) does not exhibit any strong
correlation with the receptor density or with the chain length
of spacer sequences. The nearly constant koff values obtained
for both 10 nt and 30 nt spacers indicate that the dissociation
process is neither strictly governed by the surface packing
density nor by the different degrees of surface accessibility.

Our single-particle and single-molecule approach provides
direct access to the heterogeneity of association and dis-
sociation processes, enabling us to disentangle contributions
from intra- and inter-particle effects. Studies into heterogen-
eity are scarce, but a prior ensemble-averaged study observed a
strongly multi-exponential behavior in the dissociation kine-
tics.40 This was attributed to multiple complex dissociation
pathways arising due to interfacial heterogeneities. Ensemble-
averaged studies however do not reveal whether the heterogen-

eity originates from intra- or inter-particle differences. We use
the single-molecule approach to first analyze the intra-particle
heterogeneity, followed by the inter-particle heterogeneity.

Intra-particle heterogeneity

We analyzed the cumulative distribution functions (CDFs)
obtained for the bright times on individual particles for
different sample conditions (see Fig. S2†). Irrespective of the
receptor density we find that the CDFs exhibit dissociation
pathways corresponding single, double, and multi-exponential
behavior. This indicates the existence of intra-particle hetero-
geneity in the dissociation kinetics, where individual receptors
on the particle exhibit a different koff resulting in a hetero-
geneous dissociation pathway. Interestingly, the intra-particle
heterogeneity is not strongly correlated to the receptor density,
indicating that variability in the surface facets and/or surface
charge density between the particles may be the dominant
contributor.

To check whether the intra-particle heterogeneity is modu-
lated by the buffer conditions (particularly the presence of
mono- or bivalent salts that form bridges between DNA
strands) we performed qPAINT under two different buffer con-
ditions (10 mM Tris and PBS + 0.5 M NaCl, see Fig. S3†). We
did not observe any significant changes, so we conclude that
the effects we observe are dominated by the particle surface
chemistry (modulated by surface faceting) rather than electro-
static effects.

Inter-particle heterogeneity

Despite the presence of intra-particle heterogeneity the domi-
nant contributor to heterogeneity is however inter-particle het-
erogeneity of both kon and koff. To quantify this, we correlate
both parameters for two dilution factors (9% and 50% receptor
fraction) with 10 nt and 30 nt spacers, see Fig. 4. The distri-

Fig. 3 (a) Effect of receptor density on the (a) association (kon) and (b)
dissociation (koff ) processes of transient DNA hybridization events in
mixed monolayers, as extracted from single particle qPAINT measure-
ments. The association rates (kon) show strong dependence with the
receptor density as well as the different degree in surface accessibility
arising from the different spacer lengths, with nearly exponential incre-
ment (red dotted line) for 10 nt spacer and linear (blue dotted line) for
30 nt spacer. The right most data point in both the panels corresponding
to a receptor density of 0.05 nm−2 represent receptor only sample.

Fig. 4 Heatmaps (a–d) showing correlation between experimental
kon and koff values for different coating conditions, averaged over >300
particles and >3 sample preparations per condition.

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
6/

20
24

 4
:3

7:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr06140j


bution of rate constants is accumulated across 3 different
sample batches with data collected on an average of over 300
individual particles per condition. The most obvious source of
particle-to-particle differences are uncertainties due to a
limited number of events. We collect 100–300 events per par-
ticle, indicating a counting error of no more than 10% so this
is not a dominant factor.

The next obvious source of heterogeneity is related to the
surface chemistry of the AuNPs which could be linked to the
particle-size distribution, aspect ratio, shape, surface charge
and crystal facets. From particle size distribution analysis, we
find that the particle’s surface area’s vary by ∼15% (coefficient
of variation, CV), which cannot explain the much larger varia-
bility in rate constants of ∼70% (see Fig. S3†). This is rather
dominated by the heterogeneity in the molecular coating
which could be caused by particle-to-particle variability in
surface charge. But what is interesting to note here is the
different degree of heterogeneity observed under different
sample conditions. We observe that the inter-particle hetero-
geneity increases for reduced receptor densities, and this is
significantly more visible for samples mixed with short 10 nt
spacer. In Fig. 4c this is clearly visible as an increased spread
of kon for the mixed monolayer with 10 nt spacers, the same
degree of spread was observed for even lower receptor den-
sities. This difference in heterogeneity for the two spacer
lengths is surprising but could be attributed to particle-to-par-
ticle variations in patchiness. Patchy particles might contain
islands of densely packed receptor strands that exhibit a
reduced kon as explained above, whereas homogeneously
coated particles would exhibit receptor strands that are more
accessible thereby displaying an increased kon. Despite this
increased heterogeneity the trend of increasing average kon
with decreasing receptor strand density is clear from Fig. 3a.

To gain a deeper insight into the observed trends we per-
formed molecular dynamics simulations of DNA using the
coarse grained oxDNA2 model.41 The model describes DNA
strands using three interaction sites per nucleotide as shown
in Fig. 5(a). In short, the interactions between nucleotides
include stacking, excluded volume, electrostatics and of course
sequence dependent hydrogen bonding, which altogether
reproduce structural and thermodynamic properties of single
and double stranded DNA. Our systems consisted of freely
diffusing probes, and surface bound receptors and spacers
placed in a square grid, modelling what would be only a small
volume element (31.5 nm × 31.5 nm × 31.5 nm) on a flat
surface. We simulated two kinds of systems: (i) surfaces coated
only with receptors at different surface densities (0.1 nm−2,
0.2 nm−2, 0.28 nm−2) and (ii) surfaces with an overall coating
density of 0.1 nm−2 diluted with 10 or 30 nucleotides long
spacers at two receptor fractions (9%, 50%). Information
regarding the bonding of the receptors and spacers to the
surface and their arrangement is given in the ESI Simulation
methods (Fig. S5†). We chose larger surface densities with
respect to experiments to study the interfacial binding behav-
ior under enhanced crowding effects. To increase the overall
number of binding and unbinding events, we set the tempera-

ture in the simulation to T = 50 °C and use a probe concen-
tration cprobe = 5.3 mM. The high temperature decreases the
lifetime of the binding events, whereas the high probe concen-
tration increases the chances of hybridization. Due to the
differences in temperature and coating surface density, we
cannot make a direct quantitative comparison between experi-
mental and simulated association and dissociation rates,
nonetheless the scaling of the rates as a function of receptor
density can be compared. An outline of the model, the simu-
lated systems and the tracking of binding events is shown in
Fig. 5.

We monitored in time the number of bases paired for each
probe-receptor combination, and from there reconstructed the
binding events. For every binding event we know its starting
and ending times. The koff is calculated from fitting the histo-
gram of the duration of the binding events to an exponential
distribution with mean bright time as the rate parameter (t; τ̄)
= τ̄ exp(−t/τ̄). The kon is calculated from the times in between
the starting of two consecutive binding events. For every start
of a binding event, a kon is calculated in the following way: kon
= (cprobe(nb) × (Nr − nb) × Δt )−1, with nb is the number of
already existing probe-receptor bonds, Nr is the total number
of receptors, and Δt is the time in between the start of two con-
secutive binding events. The kon reported is the average over all
binding events. Additional information about the definition of
a binding event using our model is given in the Simulation
methods section (Fig. S6–S8†).

Fig. 5 Outline of the simulations. (a) Illustration of the three interaction
sites of the oxDNA model: the backbone sites are represented with large
spherical beads, the stacking and base sites lay inside the cyan ellipsoidal
beads; the stacking (base) site is coloured pink (orange) in the probes
first base. (b) Simulated system with a 0.1 nm−2 surface density: 100
receptors (blue) bound to a flat surface with an area of ∼31.5 × 31.5 nm2,
and 100 freely diffusing probes (yellow). (c) Tracking of the number of
paired bases of an individual probe in time; four binding events of
different duration are detected; the binding events shown occurred
between a single tracked probe that bound to different receptors. The
red dashed line at ∼7.3 paired bases indicates the average number of
bases paired during binding events.
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Keeping in mind that the surface density is ∼1.5× larger
than the experimental setup, we first discuss the koff and kon
for a 0.1 nm−2 surface density diluted with spacers, shown in
Fig. 6(a). In good agreement with the experimental measure-
ments (Fig. 3b), the simulations in Fig. 6(a) in the bottom
panel show similar values of koff regardless of the dilution and
spacer strands used.

As discussed in an earlier section based on the experi-
mental data, koff is found to be nearly independent of surface
receptor density. In contrast, the top panel shows an increase
in kon as the receptor density is reduced by incorporating
spacer strands of 10 nt or 30 nt. In particular, the increase in
kon is considerably larger when using the 10 nt spacers, again
in good agreement with the trend observed in the experiments
(Fig. 3a). As mentioned earlier, the larger increase of kon for
the short spacers is due to the length difference between recep-
tors and spacers: the binding site of the 30 nt receptors is
more accessible to probes due to the length difference with the
10 nt spacer strands.

However, if this was to be the single reason, we would then
expect, for the systems diluted with 30 nt spacers, to have the
same kon irrespective of the introduction of the spacers since
both strands are equally long. Nevertheless, we do observe a
small but non-negligible increase in kon even for the 30 nt
spacer strands. We therefore hypothesize that inter-strand
interactions (receptor–receptor, receptor–spacer and spacer–
spacer) do occur, and that similarly to the 10 nt spacer case,
these interactions modulate the accessibility of the receptors.
To study this in more detail we ran additional simulations of
the receptor and 30 nt spacer systems but in the absence of
probe strands.

From the simulations in absence of probe strands, we
tracked the center of mass z-coordinate of the last 9 bases of
the receptors as shown in Fig. S9.† We observe no difference
between the extension of the receptors and spacers species at
any dilution: on average the binding site distribution is at the

same distance from the particle surface irrespective of the
conditions.

We therefore turned our attention to possible base pairing
between strands. We monitored the number of times base
pairing occurred between individual bases, taking notice on
the average energy contribution of each pair. Fig. S10† shows
the energy-weighted base pairing occurrence maps between
the surface strands for different dilution conditions. The most
energetic contribution in surface strand interactions comes at
about halfway the backbone, between bases 17–18 and 18–19
(3′–5′), which corresponds to C–G base pairings. Being con-
secutive bases, the pairing cannot be of a single receptor with
itself but must be with another receptor; these receptor–recep-
tor pairings decrease with dilution due to the increasing dis-
tance between them (the layout of the receptor/spacer plays an
important role). Interactions between receptors and spacers
are in general different, but the maps do not give evidence that
surface strand base pairing leads to an increase in the kon with
dilution.

We are hinted to believe that the mechanism is not due (at
least not exclusively) to surface inter-strand interactions, but
instead attributed to the probe-receptor interaction volume
that changes with dilution. Let us first consider the 30 nt
spacer system with 9% receptor fraction, the distance between
receptors is such that they barely interact (as can also be seen
from the base interaction maps Fig. S9†), we can say that the
receptors interaction volumes, where probes can come and
bind, do not overlap; any probe that approaches the inter-
action volume of an individual receptor will bind to it and it
alone. Now, as we move to the 50% receptor system, the recep-
tors interaction volumes begin to overlap; when a probe gets
inside the shared interaction volume of two nearby receptors,
both receptors compete to bind with it; in other words, the
decrease in kon with receptors fraction comes not (only) from
inaccessibility of the probes to reach the complementary sites
of the receptors, but from a reduction in the effective inter-
action volume of the receptors by its nearest neighbours. For
the 100% receptor system, the effective interaction volume is
further reduced, and hence the decrease in kon. The trends in
both rates with dilution are qualitatively equivalent to the
experimental measurements, we believe the quantitative differ-
ences come jointly from the larger surface density (∼1.5) and
temperature used in simulation versus experiments. Note that
the estimated simulated value of koff is nearly five orders of
magnitude higher than the measured value (see Fig. S13†),
which can be largely attributed to the difference in tempera-
ture (T = 20 °C for the experiments, and T = 50 °C for the simu-
lations, see ESI† for a quantification). Therefore, overall we
observe a difference in absolute values of kon and koff between
our experiments and the model, but the scaling of these rate
constants exhibit a similar trend as a function of receptor
density.

Now let us move our attention to what happens to the rates
when increasing the total density of surface strands (receptor +
spacer), shown in Fig. 6(b). From the bottom panel, we see
that koff remains the same when doubling the initial coating

Fig. 6 Simulated kon (top) and koff (bottom) (A) as function of the frac-
tion of receptors for a 0.1 nm−2 surface density diluted with 10 nt (blue)
or 30 nt (red) long spacers, and (B) as function of the of the surface
density (100% receptors).
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(receptor) density 0.1 nm−2 to 0.2 nm−2, again supporting the
idea that the dissociation process is independent of the
coating conditions; however, when we further increase the
density to 0.28 nm−2, more than four times the experimental
value, we do detect a rise in koff: binding events are on average
shorter. To investigate the possible reason behind the koff
increase only at the densely packed system, we looked at the
average number of bases paired during binding events:
Fig. S11† shows that the average number of bases paired is
∼7.3 for all cases again but the 0.28 nm−2 system with a lower
number ∼7.15 of bases paired. We inquired at the individual
base level this discrepancy, counting the fraction of times each
base pairs during the binding events, as shown in Fig. S12.†
We see that the six bases furthest away from the surface pair a
similar fraction of times independently of the surface density;
instead, for the three bases closer to the surface, there is no
difference between the 0.1 and 0.2 nm−2 systems but there is
with the denser 0.28 nm−2: these last three bases pair less fre-
quently, in fact, the closer to the surface the bases are, the
larger the difference becomes. We conclude again that crowd-
ing effects come into play at these very high densities: neigh-
bour receptors decrease the accessibility of the probes 3′ three
bases, inhibiting their base pairing, and effectively decreasing
the melting temperature, hence the higher koff for the densest
system. Another feature that can be seen from the base-level
contribution is the effect of stacking: the occurrence of the 9th
position (3′ to 5′) A base is higher than that of the last A 3′
base due to the extra stacking provided by the receptor’s 10th
base.

As a limiting case, we simulated a system with only one
single receptor (surface density ∼0.001 nm−2). The average
number of bases paired during binding events is ∼7.29 (see
Fig. S11†), a base pairing occurrence fraction similar to all the
other systems but the 0.28 nm−2.

Moving to the association rate, it can be seen from Fig. 6(b)
that kon decreases with density by similar motives, the increase
in shared interaction volume plus the excessively high crowd-
ing in the surface inhibits probes from hybridizing with the
complementary sites.

3. Conclusions

In this study, densely coated DNA-modified AuNPs were used
as a model system to investigate the effect of receptor density
and mixed monolayers on the DNA hybridization kinetics. We
employed a synergistic approach combining single-molecule
microscopy with molecular dynamics simulations based on a
coarse-grained oxDNA2 model. Both experiments and simu-
lations reveal that DNA receptor density and the presence of
spacer strands profoundly impact association kinetics, with
short spacers enhancing association rates by up to ∼15-fold.
This was attributed purely due to differences in the degree of
surface accessibility arising not just as a function of receptor
density, but also from the length of spacers used. In contrast,

dissociation kinetics are largely unaffected by receptor density
within the studied range.

Our single-particle and single-molecule approach uniquely
provides insight into intra- and inter-particle heterogeneity.
Intra-particle heterogeneity was observed in the multi-expo-
nential distribution of bright times on single nanoparticles.
We observed nanoparticles that exhibit mono-, bi-, and multi-
exponential distributions of the bright time, which we attribu-
ted to local variations in underlying surface chemistry and
surface faceting that affects the accessibility of binding sites
on the particle. Inter-particle heterogeneity was however more
pronounced, particularly for mixed monolayers of DNA with a
short spacer strand. This was attributed to a larger variation in
the shared interaction volume between receptor and probe
sequences, when particles are coated with shorter spacers, par-
ticularly at lower receptor densities. Additionally, the variation
in surface charge on the particles could result in patchy par-
ticles, and the inter-particle variation in the degree of patchi-
ness could result in such heterogeneity. Methods like nano-
particle tracking analysis42 and tunable resistive pulse
sensing43 could in the future be used to quantify the hetero-
geneity in surface charge of bio-functionalized colloidal nano-
particles. However, correlating dispersion in zeta-potential
with receptor density (N) in individual NPs, require advanced
correlation methods.

Overall, we demonstrated that a synergistic approach
between single-molecule microscopy and molecular dynamics
simulations provide novel insights into DNA hybridization
pathways across the bio-nano interfaces. It is worth mention-
ing that the integrated approach of ensemble-averaged and
single-molecule quantification, combined with molecular
dynamics simulations can be extended to other model systems
such as silver or glyconanoparticles.

Prospective research could explore ways to further optimize
design parameters like receptor density and spacers to achieve
tailored interactions of DNA-coated nanoparticles in appli-
cations ranging from bio-sensing to drug delivery. By under-
standing the intricate relationship between receptor density,
spacer molecules, and association kinetics, one can rationally
design nanoparticles with precisely tuned properties for their
intended applications.
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