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ABSTRACT: The immunological response of mast cells is controlled by the
multivalent binding of antigens to immunoglobulin E (IgE) antibodies bound to
the high-affinity receptor FcεRI on the cell membrane surface. However, the
spatial organization of antigen−antibody−receptor complexes at the nanometer
scale and the structural constraints involved in the initial events at the cell surface
are not yet fully understood. For example, it is unclear what influence the affinity
and nanoscale distance between the binding partners involved have on the
activation of mast cells to degranulate inflammatory mediators from storage
granules. We report the use of DNA origami nanostructures (DON) function-
alized with different arrangements of the haptenic 2,4-dinitrophenyl (DNP)
ligand to generate multivalent artificial antigens with full control over valency and nanoscale ligand architecture. To
investigate the spatial requirements for mast cell activation, the DNP−DON complexes were initially used in surface plasmon
resonance (SPR) analysis to study the binding kinetics of isolated IgE under physiological conditions. The most stable binding
was observed in a narrow window of approximately 16 nm spacing between haptens. In contrast, affinity studies with FcεRI-
linked IgE antibodies on the surface of rat basophilic leukemia cells (RBL-2H3) indicated virtually no distance-dependent
variations in the binding of the differently structured DNP−DON complexes but suggested a supramolecular oligovalent
nature of the interaction. Finally, the use of DNP−DON complexes for mast cell activation revealed that antigen-directed tight
assembly of antibody-receptor complexes is the critical factor for triggering degranulation, even more critical than ligand
valence. Our study emphasizes the significance of DNA nanostructures for the study of fundamental biological processes.
KEYWORDS: DNA nanotechnology, DNA origami, cell activation, receptors, antibodies

INTRODUCTION
The immune system of humans and animals has developed
precise mechanisms to respond to infections caused by
potentially harmful pathogens such as bacteria and viruses.
Here, the spatial ligand presentation of foreign antigens, which
are often highly repetitively organized at the nanoscale, plays
an important role.1 The immune system possesses the ability to
recognize such previously encountered surface structures, also
known as pathogen-associated molecular patterns (PAMPs).2

The resulting strong immune response caused by these features
has been successfully exploited within the development of
vaccines, such as Hepatitis B virus (HBV)3 or Human
Papillomavirus (HPV).4 However, it was found that ligand
density or stoichiometry is not solely responsible for optimal
signaling activation during cell regulation. Instead, the spatial
organization of transmembrane receptors has increasingly
emerged as a crucial component for cell effector function.5

Mast cells regulate immunoglobulin E (IgE)-mediated
immunological responses by releasing several inflammatory
mediators stored in granules. However, this biological
mechanism can in fact lead to the initiation and development
of autoimmunity and allergic diseases when the cell activation
is overexaggerated or inappropriately triggered.6 Initial signal
transduction is induced through antibody−receptor and
antibody−antigen binding events on the cell surface.7 The
spatial organization of IgE’s high-affinity transmembrane
receptor, FcεRI, into molecular cluster assemblies initiates a
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tyrosine kinase cascade which results in degranulation and de
novo synthesis of bioactive compounds.8 Receptor-clustering is
mediated by multivalent recognition of antigenic structures by
the antigen-binding fragments (Fab) of FcεRI-bound IgE
antibodies on the cell surface.9 In recent decades, several
approaches have been pursued aiming to obtain a better
understanding of the structural constraints in these initial
binding events as well as the associated cellular signal
regulation. Within this research, the spatial arrangement of
antibody−receptor complexes directed by antigen binding has
been an area of special interest.10

A well-established model system to investigate degranulation
and early signaling pathways of mast cells is the Rat Basophilic
Leukemia (RBL-2H3) cell line.11 For this purpose, the cells
can be sensitized with monoclonal IgE antibodies directed
against a specific hapten, such as 2,4-dinitrophenol (DNP).12

In previous studies multivalent hapten conjugates using a
protein carrier were successfully used for initiation of RBL-
2H3 cell activation, with DNP-modified bovine serum albumin
being the most prominent one.13 However, the nonspecific
chemical coupling of hapten molecules to accessible lysine
residues within the protein causes intrinsic heterogeneity in
such conjugates. This means that no precise spatial arrange-
ment of hapten molecules can be obtained with the
consequence that hardly any studies on the spatial constraints
of IgE−FcεRI complexes and IgE−hapten binding are possible.
A more specific approach was pursued by Gieras et al., who
genetically engineered IgE epitopes of a grass pollen allergen in
a myoglobin protein scaffold with varied stoichiometry and
positions.14 They were able to demonstrate that nearby
epitopes caused higher cell activation than distantly placed
epitopes with the same stoichiometry. However, the nonplanar
folded protein structure makes precise distance prediction
difficult. Furthermore, steric constraints of the protein
environment may affect the affinity of FcεRI-bound IgE to
the embedded epitopes.15

In contrast to multivalent hapten−protein conjugates, low-
valency compounds such as bivalent DNP ligands with flexible
spacers16 and more rigid double-stranded (ds) DNA spacers17

offered better spatial control but provided limited insight into
the structural constraints of early cell signaling, due to little or
no overall degranulation.16,18 Furthermore, the intramolecular
bivalent binding of two Fab fragments of a single antibody to

bivalent ligands with a certain distance (∼10 nm) was found to
inhibit efficient receptor clustering and degranulation.19

Trimeric ligands of branched dsDNA caused higher levels of
cellular response and revealed a distance-dependence in cell
regulation for DNP distances between 5−13 nm.20 Still, the
significance of these reagents in terms of valency and distance
was limited due to the flexibility of DNP ligands varying with
the length of the branched dsDNA scaffold. Therefore, detailed
analysis of ligand-induced FcεRI−IgE cross-linking that
triggers effector cell degranulation still lacks a powerful
molecular tool that allows variable ligand valency while
maintaining precise control over the intermolecular binding
distances at the nanoscale.
In recent years, Rothemund’s scaffolded origami technique21

has emerged as a promising tool for the study of biological
processes, such as cell adhesion and activation.5,22−36 DNA
origami nanostructures (DON) can be used as molecular
pegboards for presenting immobilized bioactive ligands to cells
and tissues, thus enabling complete control over the number
and spatial arrangement of ligands at the lower nanoscale.
Here, we report on the use of DNP-decorated DON in order
to investigate the spatial nanoscale tolerance for bivalent
binding of anti-DNP IgE and anti-DNP IgG, as well as cell
membrane-associated IgE antibodies. In addition, various
nanoscale arrays with different hapten valencies were used to
investigate the structural constraints of FcεRI−IgE complexes
binding to multivalent antigens to initiate mast cell effector
function. The results obtained shine light on the interplay of
antigen, antibody, and receptor interactions in the cellular
immune response.

RESULTS AND DISCUSSION
To investigate the structural constraints on the initial binding
events that are crucial for mast cell activation, we used a
rectangular DON design with a size of 70 × 100 nm2. The
DON served as molecular pegboards for the nanometer-scale
assembly of the small hapten 2,4-dinitrophenol (DNP),
thereby creating multivalent and structurally defined ligand
constructs (Figure 1). Additionally, the DON contained
oligonucleotide strands protruding from the planar plane to
enable immobilization on solid surfaces by DNA hybridization.
Likewise, fluorophores were integrated into the DON scaffold
for optical monitoring. For details of the design, see Figure S1.

Figure 1. DNA origami nanostructures (DON) are used to present activating ligands to the surface of mast cells to enable investigation of
antigen-mediated mast cell activation. (A) Schematic illustration of 2,4-dinitrophenyl (DNP, orange circles) hapten-decorated DON that
contain protruding capture strands for immobilization on solid surfaces and fluorophores (yellow stars) for fluorescence microscopy
analyses. Depending on the spatial nanoscale arrangement of DNP, immunoglobulin E (IgE) antibodies bound to the FcεRI transmembrane
receptor of mast cells can bind to the DON at varying extents and trigger receptor clustering and degranulation of inflammatory mediators.
(B) Atomic force microscopy (AFM) images of the DNP-decorated DON visualized through the attachment of immunoglobulin G (IgG)
antibodies. Scale Bars: 300 nm (top) and 50 nm (bottom).
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Spatial Arrangement of DNP Ligands Affects Bivalent
Binding of Antibodies. The following goal was to investigate
the specific antibody−hapten binding. Here, the spatial
tolerance for bivalent binding of the antibody−Fabs with
different distances between the hapten ligands was of special
interest. To achieve this, we designed DNP-decorated DON
containing four single DNP ligands per DON for monovalent
binding (design M, Figure 2A) as well as a set of DON that
contained four DNP−ligand pairs (eight DNP ligands)
arranged with variable spacing from 6 to 30 nm (designs

B_6−B_30, Figure 2A,B). For details of the designs, see Figure
S2. To investigate the interaction of IgE antibodies with the
varying DON designs, we measured binding kinetics using the
label-free surface plasmon resonance (SPR) spectroscopy
technique. This was achieved by immobilizing the DON in a
BIAcore X-100 instrument (Cytiva) via DNA hybridization
over the protruding staple strands and quantifying the binding
of IgE in real time. Specifically, for DON immobilization, we
functionalized a high-affinity streptavidin (SA) sensor chip
with biotinylated capture oligonucleotides, whose sequence is

Figure 2. Investigation of the spatial tolerance of anti-DNP IgE and anti-DNP IgG for bivalent binding to DNP-decorated DON. (A)
Schematic illustration of DNP-decorated DON arrangements designed for monovalent (four DNP ligands, top) and bivalent (eight DNP
ligands, shown here for the two designs B_6 and B_30, bottom) binding. The designs of all DNP-decorated DON reagents used are shown in
Figure S2. The representative AFM image was obtained from the DNP−DON B_16 incubated with 3 eq of anti-DNP IgG. Scale bar: 50 nm.
(B) Schematic illustration showing that antibodies, depending on their segmental Fab flexibility, can bind in a mono- or bivalent fashion to
DNP ligands arranged on the DON at varying distances (6−30 nm). (C) SPR sensorgrams of single cycle kinetics with anti-DNP IgE.
Averaged data of triplicates is shown. (D) Dissociation rate kd of anti-DNP IgE, derived from SPR sensorgrams by fitting the data of the 0−
1500 s increment from (C) to a 1:1 Langmuir binding model. (E) SPR sensorgrams of single cycle kinetics with anti-DNP IgG. Averaged
data of triplicates is shown. (F) Dissociation rate kd of anti-DNP IgG, derived from SPR sensorgrams by fitting the data of the 0−1500 s
increment from (E) to a 1:1 Langmuir binding model. Error bars in (D) and (F) indicate the standard deviation from three independent
experiments.
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complementary to the protruding oligonucleotides of DON.
DNP-decorated DON were immobilized on the active flow cell
(Fc2), and a reference DON without DNP modification was
immobilized on the reference flow cell (Fc1) for control and
background subtraction (Figure S3). After DON immobiliza-
tion, the binding of antibodies to the hapten-decorated DON
was measured in real time, as previously described by Högberg
and colleagues.37

We performed single-cycle kinetics where the analyte (IgE)
was sequentially injected in five different concentrations and
without regeneration between sample injections. To this end,
serial dilutions of anti-DNP IgE (1.25−20 nM) were injected
with a subsequent dissociation phase of 20 min (Figure 2C,D).
Similar measurements were also performed with an anti-DNP
immunoglobulin G (IgG, 31.25−500 pM) to elucidate specific
differences in the binding behavior of these two important
antibody classes, which are both involved in the immediate
immune response in mast cell regulation (Figure 2E,F). For
kinetic analysis, the 0−1500 s increment of the obtained SPR
sensorgrams were fitted to a 1:1 Langmuir binding model
(Figure S4) to minimize the effect of complex secondary
binding events such as rebinding and “walking” of antibodies.38

To facilitate a qualitative comparison of the kinetic data, the
same fitting model was applied to the entirety of the samples to
identify differences in the dissociation rate kd (Figure 2D,F and
Tables S1 and S2) and immune complex half-life time t1/2
(Figure S5) of the antibody−DON complex. It should be
noted that although the dissociation rate of the 1:1 Langmuir
binding model does not provide kinetic information about
bivalent binding, it does provide accurate data regarding the
stability of the complex formed, which correlates with the
spatial tolerance for bivalent binding of the antibodies.
Kinetic data obtained by SPR spectroscopy showed a

pronounced distance dependence for bivalent binding of the
two antibody classes. DON with four DNP ligands were used
as monovalent samples, arranged in such a way that only
monovalent binding (distance >37 nm) of an antibody Fab
fragment should be possible. By using the three different
designs (Ma, Mb, Mc, see Figure S2), which differ slightly from
each other in the positioning of the four DNP ligands, we
wanted to first test the reproducibility of the method in terms
of ligand positioning on the DON. For this purpose, the four
DNP ligands were arranged with varying positions inside and
also at the edges of the DON. In doing so, the widest possible
spacing could be created in an attempt to prevent a bivalent
bridging of antibodies across multiple DNP ligands. Indeed, as
indicated by the sensorgrams and dissociation rates, all
monovalent samples showed almost identical low response
values and fast dissociation rates (Figure 2C−F), especially
when compared to samples where a bivalent binding was
observed (Tables S1, S2).
In contrast, an approximately 3-fold increase in the overall

response was observed when four DNP pairs instead of four
single DNP ligands were placed on the DON (designs B_6−
B_30). These SPR data indicate additional binding events and
thus mass accumulation on the sensor surfaces (Figure 2C−F,
Tables S1 and S2). The sensorgram curvature and dissociation
rates for the samples with large distances (24−30 nm) were
similar to those of the monovalent samples (i.e., kd (Mc) = 6.2
× 10−3 s−1, kd (B_30) = 6.8 × 10−3 s−1 for anti-DNP IgE and
kd (Mc) = 2.2 × 10−3 s−1, kd (B_30) = 2.0 × 10−3 s−1 for anti-
DNP IgG). Lower dissociation rates and thus higher complex
half-lives (t1/2 = ln (2)/kd) were observed at distances between

12−18 nm and 6−18 nm for anti-DNP IgE and anti-DNP IgG,
respectively, suggesting a suitable DNP spacing range for
bivalent binding of the antibodies. Spacing the DNP ligands at
distances outside of this range seemed to weaken or prevent
strong bivalent binding of the antibodies to the DNP-
decorated DON. The data obtained from the dissociation
constants and complex half-lives also showed that the overall
binding strength of anti-DNP IgG to the DNP-decorated
DON was approximately 10-fold higher than that of the anti-
DNP IgE antibody (Figure S5). The highest binding stability
was observed at a DNP distance of 16 nm for anti-DNP IgE
(kd = 2.6 × 10−3 s−1 and t1/2= 4.5 min) and 6−18 nm for anti-
DNP-IgG (e.g., kd = 2.1 × 10−4 s−1 and t1/2= 68 min, for DON
B_16). Consequently, IgG showed greater segmental flexibility
than IgE, as indicated by the wider U-shape when comparing
the plot of kd versus DNP distance on the DON (Figures
2D,F).
Compared to IgG, the anti-DNP IgE antibody exhibited a

narrower window for bivalent binding. These results are
consistent with structural data showing that, in contrast to IgE,
the Fc and Fab fragments of IgG are linked by a flexible amino
acid segment in the hinge region. This allows segmental
flexibility and thus a broader binding range for antigens.39 The
Fab-Fab distance of different IgG subclasses ranges between 11
and 16 nm as determined by X-ray crystallography.40 However,
segmental flexibility had been previously observed using cryo-
electron microscopy where the Fab positions of IgG antibodies
in solution showed great variation.41 In addition, bivalent
binding at small Fab-Fab distances was reported for IgG
antibodies in complex with human rhinovirus serotype 2
(HRV2) whose symmetrical epitopes are distanced only 6 nm
apart from each other.42 While several crystallographic studies
investigated the structure of the crystallizable fragment (Fc) of
IgE,43−45 information on the Fab fragments and the intact
structure of IgE under physiological conditions could only be
derived from a recent study as of yet. This was based on small-
angle X-ray scattering and negative stain electron micros-
copy.46 Here, a native Fab−Fab distance of IgE of ∼15 nm was
found which turned out to be is in good agreement with our
own finding that IgE forms the strongest bivalent bond at a
ligand distance of 16 nm.
Since both IgG and IgE antibodies are elicited against

immunogenic determinants during the immune response, their
affinity for antigens and, in the case of IgE, for the FcεRI
receptor plays an important role in physiological processes.
The differences observed here in the total binding strength and
spatial tolerance for bivalent binding of IgE and IgG may
therefore be related to their different roles in immune
responses. Concentrations of IgE in the bloodstream are
about 100-fold lower compared to IgG concentrations (100
ng/mL versus 10 mg/mL). This correlates with the high-
affinity binding of IgE to the FcεRI receptor and the fact that
mast cells express several receptors with low affinity for IgG.47

Furthermore, in mast cell signaling, allergen-specific IgG
antibodies can inhibit IgE-mediated degranulation either
through competitive binding to IgE-binding epitopes or
receptor-mediated inhibition through allergen-mediated
cross-linking of IgE−FcεRI with IgG−FcγRIIb.47 Thus, there
is a balance between IgG and IgE antibody binding that
modulates the immunoregulatory effects of mast cells. The
results presented here offer a quantitative approach describing
the interactions between antibodies and mast cells in detail and
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should thus contribute to a better understanding of the overall
processes.
Spacing of DNP Ligands Does Not Affect Binding

Affinity of Receptor-Bound IgE. To further explore the
effects of nanoscale DNP spacing in a biological context, we
wanted to test whether our results on spatial tolerance for
strong bivalent binding of free IgE antibodies correlate with
those of receptor-bound IgEs. For this purpose, we used the
RBL-2H3 cell line, which is an established model cell line for
mast cells.11 However, as it is an adherent cell line, the
experimental SPR setup with RBL-2H3 cells as the analyte is
not feasible due to the high background binding of the cells to
the sensor chip surface (data not shown). Therefore, we used a
different approach, namely Ligand Tracer technology (Figure
3A),48 to measure the interaction between cellular receptor
and antibody or DNP−DON on living cells in real-time. For
this approach, RBL-2H3 cells were first seeded and cultured
overnight on a fibronectin-coated four-well Petri dish to obtain
a confluent monolayer of cells. Other cells or reagents that
interact with the RBL-2H3 cells can be placed in the four wells.
Since the walls of these wells are flat, they can be washed over
by a volume of liquid medium when the dish is incubated in a
tilted rotating manner (Figure 3A). Thus, independent binding
experiments with a Cy5-labeled analyte in the medium can be
performed simultaneously, including the positive and negative
control. In a typical experiment, the binding of the Cy5-labeled
analyte to the cells in the first stage is monitored by measuring
the fluorescence increase of the cell patches in the wells with a

detector. In the second phase, the medium is exchanged and
the dissociation of the analyte can be measured by the decrease
in fluorescence. Subtraction of the fluorescence values from the
negative controls then leads to sensorgrams that can be fitted
to a Langmuir binding model, for example, and provide kinetic
data.
In a first set of experiments, we investigated the antibody−

receptor interaction of anti-DNP IgE to the FcεRI on living
cells. Here, Cy5-labeled anti-DNP IgE was added to the
medium in two different concentrations (2.5 and 5 nM) and
incubated in the rotating dish. For the negative control either a
random cell line (MDA-MB-231), which does not express the
target receptor FcεRI, or simply no cells were used. This
allowed the signal correction of unspecific binding of the Cy5-
labeled analyte to the cell surface or the Petri dish (Figure S6).
The obtained sensorgrams were fitted to a 1:1 Langmuir
binding model for kinetic analysis using TraceDrawer software
(Ridgeview Instruments AB) (Figure 3B). In this case, we
calculated that the equilibrium constant KD as the binding of
the IgE−Fc to FcεRI is a real 1:1 interaction. We found strong
binding with a dissociation equilibrium constant KD = 1.3 ×
10−9 M ± 3.6 × 10−10 M, consistent with affinities reported in
the literature for this interaction (KD = 10−9−10−10 M).49,50

Next, we wanted to investigate the spatial tolerance of anti-
DNP IgE antibodies bound to the cell surface to FcεRI. For
this purpose, we used RBL-2H3 cells that were initially
incubated with anti-DNP IgE. The same cell line missing
antibody sensitization was used as a negative control (see

Figure 3. Binding studies of receptor-bound anti-DNP IgE against DNP-decorated DON. DON designs are similar to those used in SPR
analyses (see Figure S1). (A) Schematic illustration of experimental Ligand Tracer setup. RBL-2H3 cells were cultivated on a four-well Petri
dish and incubated in medium containing (blue area) or lacking (gray area) anti-DNP IgE. Cy5-labeled DNP−DON was introduced into the
medium as the analyte and the dish was placed on an inclined rotating support. A detector measured the change in fluorescence intensity in
the target and control regions during rotation. (B) Ligand Tracer sensorgram of Cy-5 labeled anti-DNP IgE binding to RBL-2H3 cells.
Binding was measured at concentrations of 2.5 and 5 nM (as indicated by arrows). The sensorgram was fitted using a 1:1 Langmuir binding
model. (C) Ligand Tracer sensorgrams of Cy5-labeled DNP−DON binding to RBL-2H3 cells sensitized with anti-DNP IgE. Binding was
measured at concentrations of 0.8 nM and 1.6 nM (as indicated by arrows). Averaged data of triplicates is shown. (D) Dissociation rate kd
(1/s) derived from Ligand Tracer sensorgrams by fitting the data from (C) to a 1:1 Langmuir model.
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Figure 3A) to distinguish nonspecific adsorption from specific
binding of Cy-5-labeled DNP−DON. Binding curves were
measured for selected DNP−DON samples with variable DNP
distances ranging from 6−30 nm, each of which was used at
two different concentrations (0.8 and 1.6 nM) in the binding
phase before the medium was exchanged in order to determine
the analyte dissociation (Figure 3C). Surprisingly, we observed
that the overall shape of the sensorgrams was almost identical
for all samples and resulted in very similar dissociation rates
that were almost independent of the spacing of the DNP
ligands on the DNP−DON (Figure 3C,D). This suggested that
the spatial arrangement of the ligands did not affect the
binding strength of the receptor-bound IgE antibodies (kd =
1.9−2.4 × 10−5 s−1, see Table S3). Considering the
dissociation rate determined for the (more stable) bivalent
binding of free IgE (kd = 2.6 × 10−3 s−1 for B_16, Table S1),
the approximately 100-fold slower dissociation rate measured
for receptor-bound IgE (kd = 1.9 × 10−5 s−1 for B_16, Table
S3) suggests that incorporation of the antibodies into the
FcεRI-IgE complex in the cell membrane leads to a more
stable interaction with the antigen. This hints at an oligovalent
nature of the binding.
Consistent with the hypothesis of an oligovalent interaction,

the lack of distance dependence in the previous experiment
may be due to the fact that IgE−FcεRI complexes are free to
diffuse in the cell membrane. Binding of these complexes with
antigens can induce the formation of macromolecular cluster
assemblies that exhibit restricted lateral mobility.51 The
formation of cluster assemblies leads to a very high local
concentration of receptor-bound IgE antibodies and thus Fab
fragments, each of which can then bind monovalently to the
antigen. In doing so, they can still lead to a supramolecular

oligovalent type of interaction with high overall stability of
receptor-antigen binding that may even exceed simple bivalent
binding. The transition from rather weak monovalent ligand-
protein interaction to stable “superselective” multivalent ligand
binding can occur when the receptors have lateral mobility in
the cell membrane, as recently emphasized by Bastings and
colleagues,36,52 which can also be exploited for diagnostic
purposes.53 This consideration, based on quantitative data, led
us to hypothesize that spatial tolerance for bivalent binding of
receptor-bound IgE antibodies does not play a decisive role in
affinity toward the antigen. This is because it may be that
supramolecular oligovalency is the dominant binding mode in
antibody−receptor cluster assemblies.
Mast Cell Degranulation Can Be Modulated with

Nanoscaled DNP Arrays. Since it is well-known that antigen-
mediated spatial organization of IgE−FcεRI complexes into
cluster assemblies can initiate the release of inflammatory
mediators,54 we wanted to further substantiate the working
hypothesis above. This was attempted by using specifically
designed DNP−DON in order to influence the assembly of
FcεRI-bound IgE−hapten complexes and thus the cellular
response. To measure the cell activation triggered by DNP−
DON, the secretion of ß-hexosaminidase from the cell granules
into the supernatant was quantified by enzymatic cleavage of
the fluorogenic substrate 4-methylumbelliferyl-N-acetyl-β-D-
glucosaminide (MUG).55 To perform this assay, we immobi-
lized DNP−DON on the surface of 96-well microtiter plates
via their protruding capture oligonucleotides by specific DNA
hybridization. The amount of surface-immobilized DON was
determined by quantitative PCR (qPCR) (Figure S7).
Subsequently to DON immobilization and the washing of
the wells to remove unbound DON, cells were added to the

Figure 4. Investigation of the cell activation of RBL-2H3 cells. Cells were introduced to surface-immobilized DNP−DON constructs with
varying ligand stoichiometries and arrangements. (A) Schematic illustration of DNP−DON constructs bearing four DNP ligands per DON,
as represented by two gray and two different colored dots each. The constructs were designed to induce antibody arrangements with
intermolecular distances of 6, 17, or 43 nm in the cell membrane, as indicated by the colored arrows. (B) Schematics of DNP−DON
containing eight DNP ligands with distances of 6−43 nm, indicated analogously to (A). It should be noted that the spacing between DNP
rows of 16 nm is to facilitate the binding of one IgE per two DNP ligands to fix two and four antibody molecules per DON, which can serve
as a starting point for supramolecular receptor clustering. (C) Degranulation of anti-DNP IgE-sensitized RBL-2H3 cells after incubation on
immobilized DNP−DON containing four or eight DNP ligands in the different arrangements shown in A and B. The data shows the result of
a representative experiment (n = 3), and the error bars show the typical standard deviation of technical triplicates. Note that additional
negative and positive control groups were examined with degranulation assays using reference DON lacking DNP ligands for the former and
surface-bound DNP ligands not arranged on DON for the latter (Figure S11, see also Figure S8).
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wells and incubated for 1 h. The supernatant containing the
degranulated ß-hexosaminidase was mixed with the MUG
substrate solution, and the enzymatic reaction was stopped
after 30 min by adding glycine carbonate buffer at pH 10. Cell
activation was quantified by the fluorescence of the cleaved
substrate and normalized to the maximum ß-hexosaminidase
activity determined in the lysate after cell solubilization with
0.1% Triton X-100.
First, we tested several of the previously characterized

DNP−DON designs used for the binding analysis of IgE to
DON, i.e., the DNP arrays originally developed to study the
spatial tolerance of antibodies to bivalent binding. These
carried four DNP pairs with varying interligand distances on
the DON to test the intramolecular binding distance of Fab
fragments (B_6−B_30). Details are given in Figure S8.
However, we found only a low secretion of ß-hexosaminidase,
despite the fact that we tested different concentrations and
even added cytochalasin D to the medium, which acts as an
inhibitor of actin polymerization and is known to enhance
FcεRI-mediated degranulation.56,57 We attributed these results
to the occurrence of the supramolecular oligovalent
interactions discussed above, which could possibly result in
high overall stability of receptor−antigen binding and thus cell
activation independent of high-affinity nanostructured arrange-
ments of the ligands.
In light of the previously outlined results of the study of

FcεRI-bound IgE (Figure 3), we then designed new DNP−
DON constructs to promote receptor clustering using DNP
arrays with different intermolecular spacing. This was meant to
lead to increased receptor clustering and, thus, cell activation
and degranulation. Inspired by work showing that both
intramolecular ligand spacing for binding a multivalent binding
partner and intermolecular spacing between binding partners
can contribute to a maximal signal response,52 we arranged
DNP ligands in two columns. Here, we designed the DNP−
DON constructs with two different stoichiometries (four or
eight DNP per DON) and placed the two columns at different
distances to one another (6, 17, and 43 nm). Specifically, the
distance between DNP rows was chosen as 16 nm in order to
enable tight binding of one IgE per two DNP ligands, thus
fixing two and four antibody molecules per DON, acting as an
initiation point for supramolecular receptor clustering. The
designs used are shown schematically in Figures 4A,B, and
details of the DON structure are given in Figures S9 and S10.
The DNP positions on the DON were verified by AFM
(Figure S10). A reference DON, which did not contain DNP
ligands, was used as a negative control for the cell assay,
whereas the entire surface of the well was saturated with
biotinylated DNP ligands for the positive control causing a
maximum surface density of DNP to be present (Figure S11).
The results of the cell degranulation studies are shown in

Figure 4C. First, it should be noted that a distinct trend in
concentration-dependent degranulation was observed, as was
to be expected. More ligand leads to stronger degranulation.
This is clearly evident when comparing DNP−DON that have
the same intermolecular spacing of ligands yet different
valency, such as DNP4_17 (magenta curve in Figure 4C)
and DNP8_17 (red curve), which bear four and eight DNP
ligands, respectively. Likewise, higher cell activation was also
observed for the other samples with higher valency. This
finding is not surprising, as it has been previously shown that
antigen valency is a crucial factor for efficient and robust cross-

linking of IgE−FcεRI complexes, even in cases with low-
affinity allergens.58

A particularly interesting finding, however, was the fact that
there was a distinct trend in distance-dependent cell
degranulation that occurred based on the variable intermo-
lecular distances of our DNP−DON with DNP8_6 nm >
DNP8_17 nm > DNP8_43 nm or DNP4_6 nm > DNP4_17
nm > DNP4_43 nm. In fact, the nanoscale spacing effect can
even be observed exceeding the valency effect, as is evident
when comparing DNP4_17 with DNP8_43. Here, two ligands
with 17 nm spacing have a stronger activation power than four
ligands with 43 nm spacing. In summary, these experiments
demonstrate that the effect of ligand patterns and spacing may
be more crucial for cell activation compared to the sheer
number of ligands. In addition, the results allow conclusions to
be drawn about the influence of nanoscale antigen architecture
on the formation of receptor clusters. In this respect, our
results show that a larger distance seems to hinder the effective
formation of receptor clusters. This is exemplified by
DNP4_43, where robust cell degranulation could not be
observed for any amount of immobilized DON (<1%
degranulation for any amount of immobilized DNP−DON).
Through Ligand Tracer experiments, we were also able to
confirm that the pronounced differences in cell degranulation
did not correlate with the binding parameters of FcεRI-bound
IgE to the different DNP arrays on the DON samples (Figure
S12, Table S4). For example, DNP4_6 had a slightly lower
interaction strength with the sensitized cells than DNP4_17
and DNP4_43. Therefore, the results demonstrate an apparent
spatial factor that influences the cell activation. This is
presumably amplified by downstream phosphorylation of
immune receptor tyrosine-based activation motifs (ITAMs)
that leads to degranulation.6,7

Overall, it can be concluded that the DNP−DON approach
allows control over the location and size of receptor clusters
not only by means of valency but also by modification of the
spatial organization of IgE−FcεRI complexes. In this approach,
FcεRI cross-linking is achieved by using a multivalent antigen
with precise nanoscale ligand arrangement that is then
presented on a surface rather than as a soluble stimulus.
Surface-based presentation of nanopatterned ligands is of
particular interest when studying interactions at cell−cell
contact sites or receptor ligands in the extracellular matrix.59

Therefore, other surface-based methods using supported lipid
bilayers with hapten-labeled lipids have been used to
demonstrate localized stimulation, yet only at micron-scale
lateral resolution.60−63 Our approach offers clear advantages
here, as spatial control is achievable at both the micrometer
and nanometer scales. In addition, the multivalent ligand
presentation on a rigid surface used herein may be better
suited to study antigens that are arranged in a rigid lattice. This
is the case for several human or animal pathogens whose
surfaces can be considered quasi-crystalline.64

SUMMARY AND CONCLUSIONS
In the present study, we report on 2,4-dinitrophenyl (DNP)-
decorated DNA origami nanostructures for the structural
investigation of the spatial tolerance of antibody Fabs for
bivalent binding, binding kinetics of free and receptor-bound
antibodies and, finally, nanopatterned controlled degranulation
of a model cell line for mast cells. In SPR spectroscopy studies,
anti-DNP IgG showed a more pronounced spatial tolerance
and a 10-fold stronger binding to DNP-ligands presented on
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the DON surface when compared to anti-DNP IgE. Increased
complex stability at binding ranges between 6−18 nm for anti-
DNP IgG and 12−18 nm for anti-DNP IgE was observed,
suggesting a bivalent binding mode at these distances.
Real-time interaction measurements of DNP−DON with

FcεRI-bound IgEs on the surface of living RBL-2H3 cells
revealed no nanoarchitectural influences in the binding of
DNP−DON with different DNP distances to cellular antibod-
ies. This is presumably due to the lateral mobility of FcεRI−
IgE complexes in the cell membrane,61 which leads to a
supramolecular oligovalency-like interaction in the formation
of antibody-receptor cluster assemblies. To further elucidate
cell activation, we then presented the hapten-decorated DON
on solid surfaces to provide a stimulatory interface for
antibody-mediated receptor interaction. Here, we found that
degranulation was regulated in a concentration- and distance-
dependent manner by hapten arrangements on the DON,
where higher degranulation was found at small distances (6 nm
< 17 nm < 43 nm). Since our approach allows us to present the
exact number and position of ligands on defined nanostruc-
tures, we were able to show that the same spacing effect also
occurs for constructs with higher valency, while, at the same
time, the intensity was varied (DNP8_x > DNP4_x). In fact,
we could even show that the nanoscale spacing in the ligand
arrays seems to be more crucial for cell degranulation than the
total number of ligands.
In summary, this work demonstrates how concepts of DNA

nanotechnology can be used to achieve control over valency
and nanoscale spacing of hapten molecules for studying
biological processes. However, the insights gained in respect to
antibody dynamics under physiological conditions, as well as in
the initial binding events involved in mast cell effector
function, should only be considered as one example of the
power of the method. This experimental setup can easily be
transferred to clinically relevant systems by immobilizing
naturally occurring allergens, such as pollen allergens,58,65 onto
DON via appropriate protein bioconjugation methods,66

instead of small molecules. For instance, this could allow the
study of inflammatory responses in type I allergies, such as
passive cutaneous anaphylaxis.61 However, since the DNP-
decorated DON showed no deleterious effects on cells in
cytotoxicity assays (Figure S13), constructs of this type could
also potentially be used as a soluble stimulus. This would allow
the application of hapten-decorated DON in vivo, as has been
suggested for other immunostimulatory DNA nanostruc-
tures.67 Moreover, since DNA origami can also be immobilized
on nanoparticles and microparticles,68 the development of
particulate formulations with surface-bound hapten-DON
constructs for immunostimulation also appears feasible. We
believe that this proof-of-principle study provides a solid basis
for further studies that may be conducted to elucidate
fundamental molecular mechanisms of binding events that
occur in immunology and numerous other biological processes.

EXPERIMENTAL SECTION
Design of DNA Origami Nanostructures. Rectangular DNA

origami nanostructures (DON) were designed using the single-
stranded scaffold p7560 (Tilibit nanosystems) and 240 staple-strand
oligonucleotides (Sigma-Aldrich) as described previously.33 Several
staple strand oligonucleotides were modified at the 5′ end to
incorporate Cy5 fluorophores and 2,4-dinitrophenol (DNP) ligands
on the upper side of the DON and protruding single-stranded
oligonucleotides 24 bases long on the lower side of the DNA origami
for immobilization of the DON via hybridization. Lower and upper

side refer to the position on the DON plane after binding on a surface.
Sequences are listed in Tables S5−S7, and modified positions on the
DON are illustrated in Figure S1.
Assembly and Purification of DNA Origami Nanostructures.

For DON assembly, staple oligonucleotides were used in a 10-fold
molar excess to the single-stranded scaffold p7560 (20 nM) in TE-
Mg15 mM buffer (20 mM Tris base, 1 mM EDTA, 15 mM MgCl2, pH
8.0). Self-assembly reaction was conducted in a Thermocycler
(Eppendorf Master cycler pro), with an initial denaturation step for
5 min at 95 °C and a subsequent stepwise temperature decrease from
75 to 25 °C with a cooling rate of −0.1 °C/s. To purify the DON
after annealing, the excess of staple strands was removed by PEG-
precipitation according to Dietz’s procedure69 by adding precipitating
buffer (5 mM Tris base, 1 mM EDTA, 505 mM NaCl, 15% PEG-
8000) in a 1:1 volume ratio and subsequent centrifugation (16100 g,
30 min, 20 °C). The obtained DON pellet was washed and
resuspended in 50 μL TE-Mg6 mM buffer (20 mM Tris base, 1 mM
EDTA, 6 mM MgCl2, pH 7.6) for storage at 4 °C.
Quantitative Polymerase Chain Reaction. Quantitative

polymerase chain reaction (qPCR) was used to determine DON
concentration based on a calibration curve of the single-stranded
scaffold p7560 in the range of 15 nM to 150 fM in triplicates. For the
preparation of 10 mL of qPCR Master Mix, 1 mL of 10× qPCR Buffer
(160 mM (NH4)2SO4, 670 mM Tris-HCl, 25 mM KCl, and 25 mM
MgCl2, 0.1% v/v Tween 20), 200 μL dNTPs (10 mM each), 100 μL
of forward primer (100 μM, CCAACGTGACCTATCCCATTAC),
100 μL of reverse primer (100 μM, TTCCTGTAGCCAGCTTT-
CATC), 20 μL of TaqMan3 probe (100 μM, FAM-
CGACGGGTTGTTACTCGCTCACAT-TAMRA), and 100 μL of
Taq DNA Polymerase (5 U/μL) (New England Biolabs) were
combined in autoclaved H2O. For the qPCR, 20 μL of qPCR Master
Mix was mixed with 1.5 μL of p7560 calibration standards or DON
samples, and measurements were conducted using a real-time
thermocycler (Corbett research). The cycle threshold (Ct) signal
was subtracted from the maximum number of cycles (CMax) and ΔCt
values were plotted against the log concentration of the p7560
calibration in order to receive DON concentrations by means of linear
regression.
Atomic Force Microscopy. For DON characterization via atomic

force microscopy (AFM), 112.5 fmol of DON sample was incubated
with a 3-fold molar excess of anti-DNP IgG in regard to DNP-binding
sites present on the DON for 30 min at room temperature. Afterward,
the reaction mixture was diluted to a final concentration of 3 nM
DON using TeMg12.5 mM buffer (20 mM Tris base, 1 mM EDTA, 12.5
mM MgCl2, pH 7.6) and 5 μL was added on a freshly cleaved mica
disc (Plano GmbH) for 3 min at room temperature. Afterward, 10 μL
of TeMg12.5 mM buffer was added on top and DON were imaged in
liquid using SNL-10 cantilevers (k = 0.35 N m−1, r = 2 nm, Bruker)
and tapping mode on a MultiModeTM 8 atomic force microscope
(Bruker) equipped with a NanoScope V controller. The obtained
images were analyzed using the NanoScope Analysis software
(Bruker).
Surface Plasmon Resonance Spectroscopy. For Surface

Plasmon Resonance (SPR) spectroscopy, we used a BIAcore X-100
instrument (Cytiva) with a SA sensor chip (Cytiva) containing
immobilized streptavidin in a dextran matrix for high-affinity binding
of biotinylated ligands. To capture the DNP-decorated-DON on the
surface, we first immobilized biotinylated capture oligonucleotides
with the complementary sequence to the protruding oligonucleotides
of the DON. Through hybridization, the DNP-decorated DON were
immobilized on the active flow cell (Fc2) and a reference DON
without any DNP ligands was immobilized on the reference flow cell
(Fc1). This was done to correct the active signal for unspecific
binding of the anti-DNP antibody to the surface of the sensor chip or
DON (Fc2-Fc1). Biotinylated capture oligonucleotides (200 nM)
were injected in HBS-EP running buffer (0.01 M HEPES, 0.15 M
NaCl, 3 mM EDTA, 0.005% v/v Tween 20, pH 7.4) over the surface
of both flow cells with a flow rate of 10 μL/min for 3 min.
Subsequently, three short injections (60 s) of 50 mM NaOH removed
any nonspecifically bound oligonucleotides. The DNP-decorated
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DON (c = 160−200 nM) were injected with a flow rate of 5 μL/min
until an immobilization level of 400 response units (RU) was reached
(∼30 min). Two (anti-DNP IgG) or three (anti-DNP IgE) startup-
cycles with bovine serum albumin (BSA, 2 mg/mL in running buffer,
30 μL/min, 5 injections) were performed to reduce any unspecific
binding of the antibody to the surface. For single cycle kinetics, anti-
DNP IgE or anti-DNP IgG was injected in five different
concentrations (IgE: 1.25 nM, 2.5 nM, 5 nM, 10 nM, 20 nM, IgG:
31.25 pM, 62.5 pM, 125 pM, 250 pM, 500 pM), starting from the
lowest concentration to the highest, during a contact time of 120 s. A
flow rate of 30 μL/min was used to avoid mass transfer limitations.
After injection of the highest concentration, the dissociation of the
antibody from the surface was recorded for 20 min. To regenerate the
surface for the next experiment, 50 mM NaOH (10 μL/min, 120 s)
was injected after every single cycle. The kinetic evaluation was
performed using the BIAcore x100 Evaluation Software (Cytiva).
Sensorgrams were background corrected by subtraction of a
sensorgram with EBS-HP running buffer without analyte, which was
performed before every single cycle. The sensorgrams were fitted to a
1:1 Langmuir binding model between 0−1500 s with bulk refractive
index contribution (RI) set to 0. Monoclonal mouse anti-DNP IgE
(clone SPE-7) was purchased from Sigma-Aldrich, and monoclonal
rat anti-DNP IgG (clone LO−DNP-2) was purchased from Thermo
Fisher Scientific.
Cell Culture. All medium components and reagents used in cell

culture were purchased from Gibco Life Technology if not stated
otherwise.
RBL-2H3 Cells. Adherent RBL-2H3 cells, kindly provided by Prof.

Andrew Cato (KIT), were cultured in RBL-2H3 culture medium
(70% RPMI-1640, 20% MEM α medium, 10% fetal bovine serum
(Sigma-Aldrich) supplemented with 100 U/mL of penicillin, and 100
μg/mL streptomycin (Thermo Fisher)). For passaging, cells at 90%
confluency were washed with 10 mL of 1× PBS buffer (Gibco),
harvested by treatment with TrypLE for 5 min (37 °C, 5% CO2), and
seeded in Nunc EasY Flasks (75 cm2, Thermo Scientific) with a final
volume of 15 mL and a cell seeding density of 0.1 × 106 cells/mL.
Cells were incubated in a cell incubator (Binder) with a CO2
atmosphere of 5% at 37 °C and passaged every 3−4 days. For cell
experiments, cells were harvested, then counted using a hemocy-
tometer (Marienfeld Superior), and centrifuged at 1300g for 5 min at
room temperature. Subsequently, the cell pellet was resuspended in
RBL-2H3 culture medium or buffer to yield the desired cell density.
MDA-MB-231 Cells. Human MDA-MB-231 breast cancer cells

were kindly provided by Prof. Ada Cavalcanti (MPI for Medical
Research, Heidelberg) and cultured in high glucose DMEM medium
supplemented with 1% GlutaMAX, 1% Pen/Strep and 10% fetal
bovine serum (Sigma-Aldrich). Cells were grown at 37 °C in a
humidified atmosphere with 5% CO2 and harvested at 90%
confluency.
Determination of Cell Viability. Cell viability of RBL-2H3 cells

was determined by a colorimetric assay using 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), as described else-
where.70 RBL-2H3 cells were harvested at 90% confluency and
sensitized with anti-DNP IgE (1 μg/mL) for 1 h at 37 °C. Cells were
washed with PBS buffer, resuspended in RBL-2H3 cell culture
medium, and seeded in the wells of a 96-well plate (4000 cells/well).
50 μL of DNP−DON samples were added at various concentrations
(cfinal = 0.02, 0.1, 0.4, 1 nM), and cells were incubated at 37 °C in a
humidified atmosphere with 5% CO2 for 24 h. Subsequently, the
supernatant was discarded, and a solution of DMEM medium
supplemented with MTT (1 mg/mL) was added. Cells were further
incubated for 3 h before 100 μL of a solubilization solution (40%
DMF, 16% sodium dodecyl sulfate, 2% acetic acid, pH = 4.7) wass
added to dissolve the generated formazan crystals. Finally, the
absorbance was measured at λ = 570 nm. The percentage of viable
cells was determined by the absorbance of control groups of untreated
cells, which was considered to represent 100% viability. Further
controls were performed using 0.3% sodium dodecyl sulfate and a
reference DON without DNP-ligands on the surface.

Ligand Tracer Experiments. For real-time binding studies using
Ligand Tracer technology, a cell-culture treated 2 × 2 multiwell Petri
dish was coated with fibronectin to promote cell adherence. 2 mL of a
fibronectin solution in PBS (c = 10 μg/mL) was transferred in each
section of the multiwell Petri dish. The solution was incubated for 1 h
at room temperature to allow fibronectin to bind to the dish surface.
Cells were harvested, centrifuged, and resuspended at a cell density of
0.8 × 106 cells/mL in RBL-2H3 culture medium. The fibronectin
solution was removed from the multiwell dish, and 3 mL of the cell
suspension was seeded in each section overnight at 37 °C and 5%
CO2. On the next day, cells were washed twice with PBS buffer to
remove dead and nonadhered cells. Subsequently, cells were
sensitized with 2 mL of anti-DNP IgE (c = 1 μg/mL) in RBL-2H3
medium supplemented with 1 mg/mL BSA and incubated for 1 h to
allow the binding of anti-DNP IgE to FcεRI. Each 2 × 2 multiwell
Petri dish was used to perform a technical duplicate with (+) and
without (−) anti-DNP IgE for the binding of DNP-decorated DON
to FcεRI-bound anti-DNP IgE and negative control, respectively. To
remove the excess of antibodies in solution, cells were washed again
with PBS and incubated for 30 min with poly inosinic acid (poly I, c =
40 μg/mL in PBS, 2 mL/section) to saturate the scavenger receptor,
responsible for uptaking polyanionic compounds like DNA-origami.
Afterward, cells were washed with PBS, and 1.5 mL of culture
medium supplemented with 1 mg/mL BSA was introduced to each
connected chamber of two sections. All incubation steps were carried
out in the cell incubator at a CO2 atmosphere of 5% and a
temperature of 37 °C if not stated otherwise. The 2 × 2 multiwell
Petri dish was placed on a rotational support within the Ligand Tracer
Green instrument (Ridgeview Instruments AB) equipped with a red
(ex: 632 nm)−NIR (em: 671 nm) G2 fluorescence detector
(Ridgeview Instruments AB), suitable for detecting Cy5. During
measurements, the Petri dish was rotated inside the instrument, and
the fluorescence was measured every 72 s with a detection time of 15
s at each position. The baseline measurement was conducted for 20
min before the instrument was opened and a Cy5-labeled DNP-
decorated DON sample was introduced into the media of both
chambers (cfinal = 0.8 nM). The association was measured for 1 h at
room temperature before a higher concentration (cfinal= 1.2 nM) of
the Cy5-labeled DNP-decorated DON was introduced for a second
association phase of 1 h. Then, the analyte solution was removed and
replaced by fresh culture medium without the analyte to measure
dissociation for several hours. Measurements were conducted as
technical duplicates and biological replicates (at least duplicates). To
measure the binding kinetics of IgE to FcεRI expressed on the cell
surface of RBL-2H3 cells, we labeled an anti-DNP IgE antibody with
Cy5 fluorophores using a commercial conjugation kit (Abcam)
according to manufacturer instructions. The experimental procedure
was similar to that previously described above for the DNP-decorated
DON, with the only difference that Cy5-labeled anti-DNP IgE was
the analyte. Therefore, no incubation with poly-I was conducted
beforehand and different analyte concentrations were used during
association (c1 = 2.5 nM, c2 = 5 nM). Ligand Tracer sensorgrams were
evaluated using TraceDrawer software (Ridgeview Instruments AB).
Sensorgrams were signal corrected by subtraction of the sensorgrams
obtained from the negative control. All sensorgrams were normalized
and fitted in the same period to a 1:1 Langmuir binding model for
kinetic analysis.
Degranulation Assay. For degranulation assays with RBL-2H3

cells, we coated Nunc MicroWell 96-Well Microplates (Invitrogen)
with recombinant streptavidin71 (Stv) for the immobilization of
biotinylated capture oligonucleotides. 50 μL of Stv (200 nM) in PBS
buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, KH2PO4, pH
= 7.4) was transferred into each well of the microplate. The plate was
sealed with adhesive plate seals (Thermo Scientific) and incubated for
72 h at 4 °C on an orbital shaker. Afterward, microplates were washed
three times for 1 min with TBS buffer (20 mM Tris-Cl, 150 mM, pH
= 7.35). Each well was filled with 150 μL MESTBS buffer (20.0
mmol/L Tris-Cl, 150.0 mmol/L NaCl, 4.5% milk powder, 5.0 mmol/
L EDTA, 1.0 mg/mL herring sperm DNA (Promega), pH = 7.35),
the plate was sealed again and incubated for at least 12 h at 4 °C.
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On the day of the experiment, wells were washed three times with
TETBS buffer (20.0 mM Tris−Cl, 150.0 mM NaCl, 5.0 mM EDTA,
0.05% Tween-20, pH = 7.35). Afterward, 50 μL of biotinylated
capture oligonucleotides (Sigma, biotin-ATGATGATGATGATGAT-
GATGATG) were transferred to each well, and the plate was
incubated for 45 min on an orbital shaker at room temperature. The
oligonucleotide solution was decanted, and the plate was washed two
times with TETBS. To block free Stv binding sites, 240 μL of TETBS
buffer supplemented with d-biotin (800 μM) was added to each well
and incubated for 20 min. During this time, cells were prepared and
sensitized. For this, RBL-2H3 cells were harvested, centrifuged, and
resuspended in Tyrodes buffer (134 mM NaCl, 2.68 mM KCl, 1.8
mM CaCl2, 1.05 mM MgCl2, 0.42 mM NaH2PO4, 11.9 mM
NaHCO3, 5.56 mM D-(+)-glucose, pH = 7.4) supplemented with 1
mg/mL BSA and 1 μg/mL anti-DNP IgE at a cell density of 1 × 106
cells/mL. Sensitization of cells was conducted for 1 h at 37 °C and 5%
CO2 atmosphere. Then, cells were centrifuged (1300g, 5 min, room
temperature) and washed with 10 mL of PBS to remove an excess of
unbound anti-DNP IgE. Cells were then resuspended at the desired
cell density in Tyrodes buffer supplemented with 1 mg/mL BSA. For
immobilization of the DON on the well surface, the plate was washed
with TETBS buffer and DON samples were diluted with TeMg6 mM
buffer at different concentrations (c = 0.1−5 nM). 50 μL of each
dilution was transferred to the wells and incubated for 45 min at room
temperature. After DON immobilization, the plate was washed with
TETBS buffer, and 4 × 104 cells were added to each well. The cells
were then incubated on the DON-functionalized surface for 1 h in a
cell incubator, and afterward, 25 μL of the supernatant was transferred
to another 96-well plate containing 1.2 mM of the substrate 4-
methylumbelliferyl-N-acetyl-ß-D-glucosaminidine (MUG) in 50 mM
sodium acetate buffer (pH = 4.4). Enzymatic reaction of the
degranulated β-hexosaminidase was conducted for 30 min in the
cell incubator and subsequently quenched by adding 175 μL of 0.1 M
glycine carbonate buffer (pH = 10). Fluorescent measurements of the
hydrolyzed substrate were performed using a microplate reader
Synergy H1 (BioTek) with excitation at λ = 360 nm and emission at λ
= 450 nm. All measurements were performed in technical and
biological triplicates. All washing steps were performed three times
with 240 μL per well and 5 min of incubation time on an orbital
shaker, if not stated otherwise.
Stimulated degranulation of ß-hexosaminidase was expressed as a

percentage calculated from the maximal ß-hexosaminidase activity in
the lysate after cell solubilization in 0.1% Triton X-100. The amount
of immobilized biotinylated capture oligonucleotides on the Stv-
coated wells was quantified by a supernatant depletion assay. For this,
Cy3-labeled oligonucleotides with the complementary sequence to
the capture oligonucleotides were incubated on the surfaces at
different concentrations (50 nM − 1 μM) for 1 h at room
temperature. The fluorescence (excitation at λ = 540 nm and
emission at λ = 570 nm) was measured before and after hybridization
using a microplate reader Synergy H1 (BioTek) to calculate the
amount of hybridized, and thereby immobilized, oligonucleotides. To
quantify the amount of immobilized DON, samples were taken from
each DON dilution as well as from the supernatant of the wells for
qPCR analysis.
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