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Introduction

Cooperative dynamics of DNA-grafted magnetic
nanoparticles optimize magnetic biosensing and
coupling to DNA origami+

*2 Yihao Wang,? Pauline J. Kolbeck,>© Christoph Pauer,”

@ Thilo Viereck,?
® Joe Tavacoli®

Aidin Lak,
Mohammad Suman Chowdhury,® Marco Cassani,® Frank Ludwig,
Florian Selbach,® Philip Tinnefeld,® Meinhard Schilling,® Tim Liedl,
and Jan Lipfert & ®<

Magnetic nanoparticles (MNPs) provide new opportunities for enzyme-free biosensing of nucleic acid
biomarkers and magnetic actuation by patterning on DNA origami, yet how the DNA grafting density
affects their dynamics and accessibility remains poorly understood. Here, we performed surface
functionalization of MNPs with single-stranded DNA (ssDNA) via click chemistry with a tunable grafting
density, which enables the encapsulation of single MNPs inside a functional polymeric layer. We used
several complementary methods to show that particle translational and rotational dynamics exhibit a sig-
moidal dependence on the ssDNA grafting density. At low densities, ssDNA strands adopt a coiled confor-
mation that results in minor alterations to particle dynamics, while at high densities, they organize into
polymer brushes that collectively influence particle dynamics. Intermediate ssDNA densities, where the
dynamics are most sensitive to changes, show the highest magnetic biosensing sensitivity for the detec-
tion of target nucleic acids. Finally, we demonstrate that MNPs with high ssDNA grafting densities are
required to efficiently couple to DNA origami. Our results establish ssDNA grafting density as a critical
parameter for the functionalization of MNPs for magnetic biosensing and functionalization of DNA
nanostructures.

sensors,” and nanoparticle beacons® and for intracellular
sensing and molecular recognition.”'® NP-DNA conjugates

DNA-grafted inorganic nanoparticles (NPs) are versatile build-
ing blocks for superstructures of selected geometries and func-
tionalities as well as responsive nanomaterials for biosensing
and biocomputing.> DNA-labelled NPs and nanostructures
have been used as molecular nanothermometers,® in vitro bio-
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offer novel possibilities for further modifications through com-
petitive hybridization,"" DNA strand displacement,” and lig-
ation.'” The functionalization of Au NPs with ssSDNA can be
achieved through direct Au-S covalent bonds, making it
straightforward and requiring only minimal surface modifi-
cation steps. Consequently, Au NP-DNA conjugates have been
combined with DNA origami nanotechnology to develop novel
tools and applications, for example chiral plasmonic nano-
structures, plasmonic rulers, and nanoantennas for
biosensing."**°

Colloidal magnetic nanoparticles (MNPs) transduce mag-
netic energy to heat under alternating magnetic fields, a
feature that is harnessed in magnetic hyperthermia-triggered
drug delivery and magnetic actuation of cellular processes.*'
Combining the potential for local heating by external fields
with the well-defined melting temperature of double-stranded
DNA (dsDNA) has led to molecular magnetic nanotherm-
ometers.® Furthermore, MNPs can change their Brownian mag-
netic relaxation dynamics by binding to targeting
molecules,>*** upon which magnetic biosensing has been
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built for the detection of bacteria,® proteins,>”*® and DNA/
RNA.**7! Magnetic-based assays offer an enzyme-, wash-, and
amplification-free” detection workflow, which are highly desir-
able features for point-of-care detection of nucleic acid bio-
markers. A particular challenge stems from the multistep pre-
modification and surface chemistries that are needed for suc-
cessful DNA labeling of MNPs.>” In contrast to Au NPs, an
intermediate encapsulation layer with a well-defined chem-
istry, functionality, and organization is required to bind ssDNA
to MNPs.** Surface silanization is commonly used to pre-
modify the particle surface.>*?> Electrostatic interactions
between charged nanoparticles and dsDNA macromolecules
have been successfully used to attach DNA to MNPs, yet only
after a multistep surface silanization.*®*” However, the accessi-
bility and targeting ability of ssDNA bound via unspecific
charge interactions are rather poor due to the binding of DNA
to multiple positive head groups, causing them to flatten on
the particle surface. Amine-modified ssDNA strands have been
covalently conjugated to MNPs,***° again after surface
silanization.*®*! High affinity streptavidin-biotin interactions
have also been used to label MNPs with ssDNA.*>*
Encapsulation of iron oxide NPs in an amphiphilic polymer
that enables copper-free click chemistry conjugation has
enabled their assembly into superlattices** and binding to
DNA origami structures.*> Most previous studies have
addressed DNA labeling of magnetic microbeads for DNA puri-
fication and cell sorting.*>*” However, particles for Brownian
relaxation-based magnetic assays are typically much smaller,
with sizes < 50 nm.*®*® These particles, often referred to as
single-core MNPs, offer a high binding capacity for the target,
yet their controlled and reliable bio-labeling is largely unex-
plored. Therefore, our understanding about how the DNA
grafting density influences the particle dynamics, their reactiv-
ity toward complementary sequences, and thus their suitability
for magnetic assays and patterning on DNA origami is still
limited.

Here we demonstrate clickable magnetic nanoparticles
(CMPs) enabling copper-free click chemistry conjugation as a
highly versatile nanoplatform to tune the grafting density of
ssDNA over a broad range. We show that magnetic relaxation,
hydrodynamics, and electrophoretic dynamics of CMP-DNA
conjugates change in a cooperative manner in response to
ssDNA grafting, which can be described by the Hill equation.
Whereas at a low grafting density, the ssDNA strands are
coiled on CMPs and minimally influence the dynamics of
CMPs, at a high grafting density they form dense polymer
brushes and cooperatively change the dynamics of CMPs.
Exploiting our CMPs as nanomarkers for magnetic-based bio-
sensing, we found that CMP-DNA conjugates at the ssDNA
grafting density corresponding to the midpoint of the Hill
equation exhibit the largest change in the magnetic signal
upon hybridization with the target sequence. We propose that
the ssDNA strands are in a mixture of coiled and brushed
states at the intermediate grafting density. This configuration
leads to the largest change in the magnetic relaxation
dynamics of particles upon duplexing with the target nucleic
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acids. In addition, we demonstrate the coupling of our CMP-
DNA conjugates to six-(6 HB) and 24-helix-bundle (24 HB) DNA
origami structures. We found that a high ssDNA grafting
density favors binding to DNA origami structures with high
efficiency and site specificity.

Results and discussion

Polymer encapsulation of magnetic nanoparticles provides
high colloidal stability and enables copper-free click chemistry
conjugation

To investigate the effects of sSDNA grafting density on particle
dynamics and their accessibility toward target DNA strands
with magnetic techniques, we used MNPs relaxing via a
Brownian relaxation mechanism. We, therefore, synthesized
cubic-shape cobalt-doped iron oxide MNPs using a high temp-
erature decomposition synthesis procedure (see the ESI{ for
details).*® The stoichiometry was determined to be
Cog gsFe, 1504 by inductively-coupled plasma optical emission
spectroscopy (ICP-OES) and the mean particle side length L. to
be 15.8 + 1.2 nm (mean + standard deviation) by transmission
electron microscopy (TEM; Fig. 1a and c).

The MNPs were transferred to the aqueous phase by apply-
ing the “grafting to” polymer coating approach using poly
(maleic anhydride-alt-1-octadecene) (PMAO) copolymers by
adopting the procedure reported by Pellegrino et al®® To
obtain singly-coated and “clickable” MNPs (CMPs), we first
modified PMAO copolymers with polyethylene glycol (PEG)(3)-
azide linkers and further optimized the original polymer
coating procedure (see the ESIT for details). The conjugation of
NH,-PEG(3)-azide linkers to PMAO was carried out through an
anhydride ring opening reaction in dimethylformamide.”
During the polymer coating procedure and by gradual removal
of chloroform, the C16 carbon chains of PMAO interact hydro-
phobically with the C18 chains of oleic acid and form a dense
shell around the MNPs. To visualize the polymeric shell and
examine its uniformity and morphology, we performed nega-
tive-stain TEM imaging (Fig. 1b). We observed that MNPs are
uniformly coated with a ~3 nm layer of the PMAO-PEG
polymer. Moreover, most CMPs are singly enveloped inside the
polymeric shell after the coating process. An interesting obser-
vation is that the PMAO-PEG copolymer shell around MNPs
follows the cubic shape of particles (Fig. 1b). Atomic force
microscopy (AFM) images of CMPs deposited on a mica sub-
strate by adding Na' to particle suspensions show that the
CMPs are monodisperse and sparsely distributed on the sub-
strate (Fig. S1t). From the analysis of AFM images, we found
that the particle height H increases from L. = 15.8 + 1.2 nm
(from TEM) to H = 24.0 + 2.6 nm (mean + standard deviation
(std)) after polymer coating (Fig. 1c). Considering 1.8 nm and
~1 nm for the length of a C18 chain of oleic acid and a PEG
linker with 3 units, respectively,>® we expect an increase in size
after the polymer coating by 2 x 1.8 nm + 2 x 1 nm = 5.6 nm,
in good agreement with the experimentally observed difference
between H and an L. of 8.2 + 3.8 nm. Dynamic light scattering
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Fig. 1 Functionalization and characterization of oleic acid-coated MNPs, CMPs, and CMP-DNA conjugates. (a) Typical transmission electron
microscopy (TEM) micrograph of the initial oleic acid-coated MNPs in chloroform. (b) Negative-stain (1% uranyl formate) TEM micrograph of MNPs
after PMAO-PEG(3)-azide coating (CMPs), but before ssDNA labeling. The scale bars are 50 and 100 nm in panels (a) and (b), respectively. (c) Side
length L. of oleic acid-coated MNPs (from panel (a)) and the height H (AFM) and hydrodynamic diameter Dy, of CMPs after polymer coating. The
height histogram was acquired from the analysis of AFM micrographs (Fig. S11). The D, distribution was recorded using a Malvern Zetasizer Nano
instrument on CMPs dispersed in Tris-EDTA (TE) buffer (5 mM Tris, 1 mM EDTA, 5 mM NacCl, pH 7.3). (d) Scheme of the strain-promoted azide—
alkyne cycloaddition (SPAAC) copper-free click reaction between azide-labelled CMPs and dibenzocyclooctyne (DBCO)-modified ssDNA oligomers.
(e) Average number of ssDNA per CMP + standard error of the mean (SEM) as estimated from the depletion assays vs. the nominal grafting density
R(x). (f) Agarose gel electrophoresis shift assays performed on CMPs and CMP-DNA conjugates at different R(x) values on a 0.5% agarose gel, P
stands for loading pockets. (g) Relative position of the gel front (R;) of CMP—DNA conjugates relative to the R(0) sample with no ssDNA as a function
of R(x). (h) Volume-weighted particle hydrodynamic size (D) of CMP-DNA conjugates + SEM as a function of R(x). Solid lines in panels (g) and (h)
are fits of the Hill equation with fitted parameters Ry5s = 0.42 DNA nm~2and n = 6.3 and Rpais = 0.48 DNA nm~2andn = 4.5, respectively.

(DLS) reveals that the CMPs are colloidally stable with no
detectable aggregates (Fig. 1c). The number-weighted particle
hydrodynamic diameter Dy, is 32.3 + 8.8 nm with a polydisper-
sity index (PDI) of 0.1. The ~8 nm difference between D;, and
H is likely due to hydration, an electrical double layer that is
formed around the charged CMPs in solution, and the fact
that Dy, is the effective diameter of an equivalent sphere.

7680 | Nanoscale, 2024,16, 7678-7689

The number of ssDNA per nanoparticle increases linearly with
nominal grafting density

Our single-core CMPs offer an excellent nanoplatform to tune
the grafting density of ssDNA to study its effect on the
dynamic properties of the particles. We used the strain-pro-
moted azide-alkyne cycloaddition (SPAAC) copper-free click

This journal is © The Royal Society of Chemistry 2024
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chemistry to efficiently graft dibenzocyclooctyne (DBCO)-modi-
fied ssDNA strands of 20-mer thymine (T),, on CMPs (Fig. 1d).
We designed our DNA labeling experiments using the grafting
density parameter R(x), defined by the nominal number of
ssDNA per nm” of CMPs, using the concentrations of CMPs
and ssDNA in the reaction mixture and assuming the particle
surface area to be 6- (Dh/\/g)2 (see the discussion in the ESIT).
We note that using the height determined from AFM to
compute the surface area would only linearly rescale the
nominal R(x) by a small factor. Accordingly, we synthesized
CMP-DNA conjugates at four different R(x) values of 0.15, 0.3,
0.6, and 1.2 ssDNA per nm* of CMPs. To determine the actual
number of ssDNA per CMP at each nominal R(x), we per-
formed depletion assays by measuring UV absorption spectra
of the supernatants of freshly DNA-labelled CMPs after cen-
trifugation and particle pelleting. Three sequential super-
natants after particle re-dispersion and centrifugation were
measured, as exemplarily shown for the case of R(x) = 0.3
(Fig. S21). We converted the absorption at 260 nm to the
number of ssDNA strands using the Beer-Lambert equation
after correcting for background from particles (see the ESI for
protocols and equations and Fig. S21). Remarkably, we found
that the average number of ssDNA strands per CMP increases
linearly with the nominal density R(x) (Fig. 1e and Fig. S27).
Our data suggest that up to the highest nominal ssDNA
density used, steric hindrance and electrostatic repulsion from
the bound strands do not significantly inhibit further attach-
ment of ssDNA to the CMPs. In the following sections, we con-
sistently report the nominal density R(x) for ease of compari-
son, but note that R(x) can be directly scaled to the experi-
mental density using the linear relationship in Fig. 1e.

Electrophoretic mobility and hydrodynamic size of CMP-DNA
conjugates exhibit a non-linear dependence on ssDNA grafting
density

To characterize CMPs and CMP-DNA conjugates, we first per-
formed agarose gel electrophoresis shift assays. All particles
migrate towards the anode as a single band due to their
uniform size and overall negative charge (Fig. 1f). We observed
that the mobility of CMP-DNA conjugates in the gel decreases
with increasing R(x). To parametrize the gel shift assay, we
analyzed the gel and extract relative front R values that indi-
cate the migration of CMP-DNA conjugates relative to CMPs
(without DNA functionalization). The R; vs. R(x) is well
described by the Hill equation with Ry, = 0.42 DNA nm ™2 and
n = 6.3 (Fig. 1g, the Hill equation is given in the ESI}). Here we
used the Hill equation for mathematical convenience since it
provides a simple expression that can fit the data and provide
a measure of cooperativity via the Hill coefficient n. The par-
ticle hydrodynamic size Dy, measured by DLS reveals a similar
non-linear trend with R(x) that can be described by a Hill fit
with Rpa¢ = 0.48 DNA nm™ and n = 4.5 (Fig. 1h). Our data
reveal the presence of highly cooperative dynamics between
the ssDNA strands on CMPs. Whereas the average number of
ssDNA strands per CMP increases linearly (Fig. 1e), the hydro-
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dynamic and electrophoretic properties of CMP-DNA conju-
gates change in a non-linear and cooperative manner.

Magnetic relaxation of CMPs changes cooperatively with
grafting density

Next, we investigated whether the cooperative behavior of
sSDNA on CMPs is reflected in the magnetic relaxation
dynamics of particles. To monitor changes in the magnetiza-
tion dynamics of CMPs after DNA grafting, we performed
complex magnetic ac susceptibility (ACS) measurements on
particle suspensions in Tris-EDTA (TE) buffer, which monitor
the magnetic relaxation dynamics of particles as a function of
excitation frequency. The imaginary parts of the ACS spectra of
CMPs and CMP-DNA conjugates show peaks that are typical of
Brownian relaxation processes (Fig. 2a).>> The shift in the
Brownian peak position toward lower frequencies indicates a
slower/retarded relaxation process, corresponding to a larger
hydrodynamic volume, with increasing DNA grafting density
(Fig. 2a and b). The shift in the relaxation peak position
matches the increasing trend in D;, measured by DLS. We
found that the relaxation peak frequency f;, shifts as a function
of R(x) in a non-linear manner (Fig. 2c). Similar to R¢ and Dy,
the dependence of the particle relaxation peak frequency f;, on
R(x) is well described by the Hill equation, with Ry, = 0.42
DNA nm ™2 and n = 3.6, again suggesting cooperative changes
in the magnetic relaxation dynamics of CMPs upon ssDNA
grafting.

We hypothesize that ssSDNA strands go through a transition
from being coiled at a low grafting density toward forming
polymer brushes at a high grafting density. Notably, we found
a pronounced non-linear dependence on R(x) with similar Ry,,¢
and n parameters from fitting the Hill model to the results of
electrophoretic mobility, DLS, and magnetic relaxation
measurements. The three analysis techniques rely on comple-
tely different working principles, but all three provide
measurements of the particle size in solution.

DNA grafting increases the colloidal stability of CMPs in the
presence of Mg”*

To further characterize the grafted DNA shell and its response
to environmental conditions, we added monovalent NaCl or
divalent MgCl, salt to the TE coupling buffer and probed our
CMP-DNA conjugates. For detailed characterization, we used
two complementary techniques: AFM imaging of nanoparticles
deposited and dried on a mica substrate (Fig. 3a-d) and DLS,
which measures particles in solution. Due to the high negative
charge density of DNA, both ionic strength and ion valency are
expected to have significant effects on the DNA-coated
nanoparticles.>*

Under high Na* conditions, we found monodisperse and
sparsely distributed CMPs on the mica substrate used for AFM
imaging for all grafting densities (Fig. 3c, d and Fig. S1t). The
particle height H from the AFM images (Fig. 3e and Fig. S31)
and the hydrodynamic diameter Dy, from DLS show a consist-
ent trend for the Na' conditions: the size of the particles
increases with increasing grafting density, in line with the
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Fig. 2 Characterization of magnetic relaxation of CMPs and CMP—-DNA
conjugates by complex magnetic ac-susceptibility (ACS) measurements.
(a) Imaginary part of the complex magnetic ac-susceptibility spectra of
the R(0) to R(1.2) samples, showing the shift in the characteristic
Brownian magnetic relaxation peak of CMPs after ssDNA grafting. (b)
Schematic of the nanoparticles at different grafting densities, indicating
how the particle Brownian relaxation frequency is reduced when more
ssDNA strands are grafted to the CMPs. (c) Shift in the relaxation fre-
quency f, (mean + SEM) after ssDNA grafting with respect to the R(0)
particles having no ssDNA. The ACS measurements were performed at
UoH = 95 pT at 22 °C on 150 pl of particle suspensions in TE buffer. The
black line is a fit of the Hill model with parameters Rn,s = 0.42 DNA
nm~2andn = 3.6.
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findings in low salt TE buffer (Fig. 1h and 3f and Fig. S47). As
expected, the Dy, values from DLS are consistently larger than
the heights determined by AFM under dried conditions, in
agreement with a view that the DNA brushes swell in solution
and that the overall solvation layer extends significantly
beyond the particles’ surface. This coincides also with the
observation that DNA appears significantly more compact
when imaged under dried conditions compared to in liquid
imaging.>

For the Mg** conditions, AFM imaging reveals the for-
mation of particle clusters at zero or low grafting density
(Fig. 3a and 3h and Fig. S1}). Under the same conditions of
high Mg”* and low grafting density, the DLS data show larger
average Dy, than under any other conditions, again consistent
with the formation of particle clusters. In the AFM images, it
is possible to distinguish between individual particles and
clusters. By quantifying the height of individual particles,
values for H at low grafting density are very similar in the pres-
ence of Na* or Mg>". In contrast, by quantifying the total par-
ticle volumes including the clusters from AFM images, we
found the largest average volumes for zero or low grafting
density in the presence of Mg?*, with values much larger than
for Na* for the same grafting density (Fig. 3h). Altogether,
these results strongly suggest that the presence of Mg>" tends
to induce the formation of clusters and aggregation at a low
grafting density. In contrast, high grafting of ssDNA increases
the colloidal stability and protects the particles against aggre-
gation, which is desirable for many applications.

The effect of salt on the DNA shell

At a high grafting density, both the Na* and Mg”* conditions
show similar behavior. For a given high grafting density, we
observed a consistent decrease in Dy going from low salt to
300 mM Na* and a further decrease in 5 mM Mg>", in line with
the expectation that a higher salt concentration leads to a
tighter less extended hydration layer and an ion atmosphere.®*
The magnitude of the changes of a few nm is similar to the
change in the Debye length (which is 3-4 nm for the low salt
conditions and 0.6 nm for 300 mM NaCl) and the corres-
ponding change in the persistence length of sSDNA over this
salt range.’® However, the fact that 5 mM Mg”" leads to a
larger reduction in Dy, than 300 mM Na', despite having a
lower ionic strength, suggests that the divalent ions screen
electrostatic interactions more efficiently than monovalent
ions and lead to a tighter hydrodynamic shell.

Interestingly, for the highest grafting density, H and the
particle volume decrease in the presence of Mg**, likely due to
intra-strand ion bridging between ssDNA backbone charges
and Mg>" ions that induces compaction of ssDNA strands on
the MNPs (Fig. 3g). Similar behavior has recently been shown
on Au NP-DNA superstructures.”” We derived a so-called com-
pression-clustering propensity parameter by dividing Dy, at a
high salt concentration by D;, at a low/no salt concentration
(Fig. 3i). In the presence of Mg>*, the particles reveal a sharp
transition from shell compression to particle clustering by
transitioning from the high to low DNA grafting density. In

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Characterization of CMP—DNA conjugates by atomic force microscopy and dynamic light scattering in the presence of a monovalent or diva-
lent salt. (a) and (c) AFM micrographs of the low ssDNA-grafted sample R(0.3) at 5 mM MgCl, and 300 mM NaCl concentration, respectively. (b) and

(d) AFM micrographs of the high ssDNA-grafted sample R(1.2) under the

same ionic conditions. (e) Particle heights determined from AFM as a func-

tion of R(x). The data points are the mean + std. Only single particles are selected for analysis. (f) Volume-weighted particle hydrodynamic size Dy,
(mean + SEM) of CMP—-DNA conjugates vs. R(x) measured by DLS in TE buffer only with 5 mM MgCl, or with 300 mM NaCl. (g) Schematic illustration
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lysis (mean + SEM) of the AFM images. Here, clusters are also included i

revealing the compression and clustering regimes in the presence of Mgz+

presence of monovalent Na* or divalent Mg?* ions. (h) Particle volume ana-
n the analysis. (i) Ratio of Dy, at a high to low/no salt concentration vs. R(x),
ions. The same color code is applied to panels (e), (f), (h), and (i). The low

and high grafting density regimes are highlighted with light and dark gray colors in panels (e), (f), and (h).

contrast, in the presence of Na', H and the particle volume
increase further at the highest grafting density (Fig. 3e and h),
suggesting that the collapse observed in Mg”*" is specific to
divalent ions and that Na' appears to stabilize a dense DNA
brush structure at a high grafting density. The compression-
clustering parameter is close to 1 in the case of Na' for all
grafting densities, indicating no salt-induced clustering or
compression for the Na* conditions (Fig. 3i).

Intermediate grafting densities provide the highest sensitivity
for magnetic biosensing

We next investigated whether the DNA grafting density
impacts the suitability of our CMP-DNA conjugates for appli-
cations, focusing on two promising assays: magnetic-based
biosensing of nucleic acids®® and assembling on DNA origami.
For magnetic biosensing, we used magnetic particle spec-
troscopy (MPS)*°®' that monitors changes in the magnetic
relaxation dynamics of MNPs that occur when the particle
hydrodynamic size/volume increases upon hybridization of the

This journal is © The Royal Society of Chemistry 2024

probe DNAs on particles with the target DNA strands in solu-
tion. These changes are then reflected in the MPS higher har-
monics spectrum.®” Functionalization of CMPs with probe
DNA strands and their hybridization with complementary
target strands slow down the Brownian relaxation of the par-
ticles in ac magnetic fields and thereby reduce the amplitude
of the MPS harmonics. The MPS higher harmonics are,
however, more sensitive to changes in the particle relaxation
dynamics than the fundamental excitation frequency. In par-
ticular, the 5™ harmonic drops more than the 3™ harmonic
upon a molecular binding event and the ratio of the 5% to 3™
harmonics (HR53) of the particles decreases upon sensing the
targets compared to the HR53 of the particles without the
target DNA.®® Our magnetic assay requires no washing out or
purification of unbound targets, which are critical advantages
over optical lateral flow and plasmonic resonance-based
schemes. They are particularly appealing for direct assays on
opaque biofluids, where optical-based techniques often fail.
Our CMPs with a small Dy, relaxing via Brownian processes
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(Fig. 2) are ideal for MPS-based magnetic biosensing, since
small changes in the particle hydrodynamic volume can
reliably be registered in the harmonics spectrum.®*

For our biosensing assays, we labelled the CMP-DNA conju-
gates with a probe DNA sequence of 30 nucleotides (GC =
23.3%, Tm(25 nt) = 50.8 °C, including 5 x A as spacer) at five
different grafting densities, covering a range from low to high
densities (see the ESIt). To eliminate the effect of particle con-
centration on the assay results, we calculated the HR53 as a
particle concentration-independent assay readout (see the
ESIf for details).®® We measured the change in the HR53
without (w/o) and with (w/) targets, after letting them base
pair with the probe DNA on CMPs. For the sake of clarity, we
present changes in the HR53 as a function of the number of
the probe DNA/CMP, as determined from the depletion assays
(Fig. 4a, see Fig. S5 in the ESIT for the correlation between the
number of probe DNA strands and R(x)). The HR53 ratio shows
a sigmoidal drop as a function of the probe DNA density both
in the absence (Fig. 4a, black data points) and in the presence
of the target strand (Fig. 4a, red data points). The relative
change in the HR53 upon sensing the target reaches a
maximum at the intermediate probe DNA grafting density
(Fig. 4b), which tends to saturate at higher probe densities.

To cross check the assay results and show that the changes
in the HR53 originate from an increase in particle hydrodyn-
amic size, we performed DLS measurements on the same
samples before and after adding the target DNA. We observed
that the particle hydrodynamic size Dy increases with the
probe DNA before and after adding the target DNA following a
Hill function. A similar trend was observed after labeling with
20-mer thymine (T(,0)), as shown in Fig. 1. Similar to the MPS
results, the relative change in Dy, after sensing the target DNA
reveals a maximum at the intermediate grafting density, which
then drops at higher probe DNA densities (Fig. 4d). The DLS
results on the particles functionalized with the 30 nt probe
DNA (Fig. 4) or with 20T (Fig. 1) indicate that the cooperative
dynamics of colloidal MNPs upon labeling with ssDNA is
largely sequence independent for the range studied here.

We interpret the non-monotonous sensitivity to target DNA
hybridization as follows: at a low grafting density, there are
only relatively few DNA molecules available for binding and,
therefore, the effect of DNA hybridization on particle dynamics
is small (Fig. 4e). At intermediate grafting densities, near the
midpoint of the Hill-like transition, we obtained a strong and
reliable MPS signal change, as in this regime binding of the
target DNA strongly alters particle dynamics. Finally, at the
highest grafting density explored, the relative change in HR53
saturates and even decreases (Fig. 4b), likely due to the fact
that densely grafted ssDNA polymer brushes on the CMPs lead
to less clear changes upon hybridization (Fig. 4e). Overall, our
results suggest that an intermediate grafting density is desir-
able for high signal-to-noise biosensing. To examine whether
the hybridization efficiency and accessibility contribute to the
results discussed here, we estimated the number of hybridized
target DNA strands on CMPs by performing depletion assays
on the supernatants collected from the assay mixture. These
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Fig. 4 Magnetic particle spectroscopy-based biosensing of target
nucleic acids. (a) MPS harmonics ratio HR53 without (w/o) and with (w/)
complementary target DNA at five different probe DNA grafting densities.
(b) Relative change in the HR53 given by (HR5300e—HR53p00e+target!
HR53,,00e) UpoON sensing the target DNA, which is a measure of the assay
sensitivity. The MPS-based assays were performed at a typical particle
concentration of 28 nM and a target DNA concentration varying from 5.2
to 29.5 uM for the lowest to highest probe DNA density, respectively, to
keep the target-to-probe DNA ratio at 5. (c) Changes in the particle
hydrodynamic size Dy, after adding the complementary target DNA and
hybridization with the probe DNA on CMPs measured by DLS. (d) Relative
change in Dy, upon sensing the target DNA. The data points and standard
deviations in panels (a) and (c) are from three independent measure-
ments. In panels (b) and (d), the combined uncertainties are computed
according to GUM. The yellow areas in panels (a) and (c) highlight the
midpoint grafting density regimes. The correlation between the number
of probe DNA strands per CMP and the R(x) ratio for these samples is
given in detail in ESI Fig. S5 and S6.1 (e) Schematic illustration of the
organization of the DNA probes on CMPs depending on the grafting
density. Same color coding is used in panels (a—d).

measurements revealed that the number of target versus probe
DNA strands on CMPs can be fitted with a linear function with
slope ~1 and offset ~0, showing stoichiometric binding
between the target and the probe DNA on CMPs (Fig. S6) over

This journal is © The Royal Society of Chemistry 2024
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the whole range. These results indicate that the hybridization
efficiency plays no significant role in the results, meaning that
each probe DNA will bind to a target strand under the con-
ditions of our assay (scheme in Fig. 4e). Of note, the hybridiz-
ation energy of the sequence of 25 nt targeted here is 27.8 kcal
mol™, which corresponds to a dissociation constant Ky of
~8.7 x 107> M, implying that once duplexed, the probe and
target DNA do not dissociate under the assay conditions.

High DNA grafting density favors efficient and site-specific
coupling of magnetic nanoparticles to DNA origami structures

Next, we tested if the ssDNA grafting density is relevant for
assembling CMP-DNA conjugates on DNA origami nano-
structures. For DNA origami binding experiments, we functio-
nalized CMPs with 20-mer thymine (T() strands and
designed the DNA origami with 20-mer adenine (Apq) as
docking sites, since this combination is a well-established and
robust protocol for patterning inorganic NPs on DNA
origami.®® We prepared two different DNA origami structures:
a 6 helix bundle (6HB) for dense labeling with 50 docking sites
on three facets on the structure and a 24 HB for site-specific
labeling with two attachment sites at opposite ends of the
origami. Our DNA origami binding and agarose gel purifi-
cation experiments used 11 mM Mg”* to stabilize the DNA

a at
e
%
)
e
[ )
| |
»
¢
e
N
‘ﬁ
‘a
Gn
— By
200 nm ig
b10
8_
2 6t
c
>
3 4r
2_ —‘
0 - S
5 10 15 20 25 30
# Particles

View Article Online

Paper

origami, even higher than the Mg>" concentration of 5 mM
that was observed by DLS and AFM to promote clustering at a
low grafting density (Fig. 3f). We, therefore, had no success in
coupling our CMP-DNA conjugates at DNA grafting densities
equal or lower than the intermediate grafting density to the
6HB or 24HB DNA origami structures, mainly due to particle
clustering during the binding and/or gel purification. We,
however, successfully assembled our CMP-DNA conjugates at
R(x) = 1.2 (~110 DNA/CMP) with high efficiency on 6HB DNA
origami. After separating MNP-DNA origami bundles from
free DNA origami bundles by agarose gel electrophoresis, we
imaged them using negative-stain TEM microscopy (Fig. 5a
and c).

Analysis of the TEM images of the CMP-DNA-labelled 6HB
reveals dense labeling, with on average 12.5 and up to 25
CMP-DNA conjugates per DNA origami structure (Fig. 5b, see
Fig. S71 for additional TEM images). While a total of 50
docking sites for binding are available, we do not expect 50
CMPs to bind, due to steric hindrance and the fact that one
nanoparticle can bind to multiple binding sites. The CMPs
with the highest DNA grafting density also enable site-specific
binding to 24HB structures that have two binding sites at two
ends of the structure (Fig. 5¢, see Fig. S81 for additional TEM
images). The particle center-to-center distance determined
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Fig. 5 Negative-stain transmission electron microscopy (TEM) analyses of the assembly of CMP—DNA conjugates on DNA origami nanostructures.
(a) TEM image of the assembly of CMPs labeled with T, at a density of R(x) = 1.2 to a 6HB DNA origami with ~50 A(yo) docking sites on three facets
along the structure. The inset shows a schematic of the assembly. (b) Histogram of the number of particles assembled on individual 6HB structures
obtained from TEM images like the ones in panel (a) and in ESI Fig. S7.} (c) TEM image of the site-specific binding of CMP—-DNA conjugates (T), at
R(x) = 1.2 to a 24HB DNA origami with two A, docking sites at two ends of the structure. (d) Histogram of particle center-to-center distance on the
24HB structures determined from TEM images like the ones shown in panel (c) and ESI Fig. S8.1 The solid line is a Gaussian fit, indicating a mean par-
ticle center-to-center distance of 77.7 + 15.8 nm (mean + 1c). The vertical red line is the distance between the docking sites expected from the DNA
origami design.
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from the TEM images obtained for gel purified structures is
77.7 £ 15.8 nm (mean * 1c), in good agreement with the dis-
tance of 80 nm expected from the origami design (Fig. 5d).
Our results demonstrate the importance of a dense ssDNA
shell around the MNPs for an effective assembly of MNPs on
DNA origami nanostructures.

Conclusion

We show that our polymer encapsulated CMPs with high col-
loidal stability and a small particle hydrodynamic size are a
powerful platform to decipher the effects of ssDNA grafting
density on a range of dynamic properties of magnetic nano-
particles. We found that the magnetic relaxation, hydrodyn-
amics, and electrophoretic mobilities change non-linearly with
the number of ssDNA strands on CMPs and can be well
described with the Hill equation, indicating cooperative
changes. The fits of the Hill equation to gel electrophoresis
mobility, dynamic light scattering, and magnetic ac-suscepti-
bility data result in similar midpoint and rate parameters. At a
low grafting density, the ssSDNA strands are mainly in a coiled
configuration, in contrast to the situation at a high grafting
density, where the ssDNA strands form dense polymer brushes
on CMPs. The brushed ssDNA strands on CMPs are com-
pressed in the presence of divalent Mg>" ions as observed in
DLS and AFM analyses. We attribute this behavior to intra-
DNA strand ion bridging, which is not seen in the presence of
monovalent Na* ions. Importantly, we found that intermediate
to high DNA grafting densities enhance the colloidal stability
of the CMPs and effectively prevent clustering and aggregation
even in the presence of divalent ions.

Our results show that depending on the application of col-
loidal MNPs, different ssDNA grafting densities have to be
aimed for. Using our CMP-DNA conjugates as magnetic nano-
markers for MPS-based magnetic biosensing of target nucleic
acids, we found that the ssDNA probe grafting density at the
midpoint of the Hill equation leads to the highest sensitivity of
magnetic assays with MNPs. For coupling of CMPs to DNA
origami structures, we demonstrate that high grafting densities
of the ssDNA probe favor efficient and site-specific coupling.
Our polymer coating protocol with clickable polymers is a versa-
tile approach to transfer organic ligand-coated MNPs in water.
By applying our polymer coating and DNA labeling approaches
to MNPs that can be detected at picomolar concentrations,*® we
expect to achieve picomolar nucleic acid detection sensitivity.
Our CMPs with a tunable DNA grafting density provide new
opportunities, e.g. in combining magnetic biosensing with DNA
switches such as DNA strand displacement and the development
of DNA origami structures with magnetic actuation capabilities.
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