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ABSTRACT: The ability to continuously measure concentrations of small
molecules is important for biomedical, environmental, and industrial
monitoring. However, because of their low molecular mass, it is difficult to
quantify concentrations of such molecules, particularly at low concentrations.
Here, we describe a small-molecule sensor that is generalizable, sensitive,
specific, reversible, and suited for continuous monitoring over long durations.
The sensor consists of particles attached to a sensing surface via a double-stranded DNA tether. The particles transiently bind to the
sensing surface via single-molecular affinity interactions, and the transient binding is optically detected as digital binding events via
the Brownian motion of the particles. The rate of binding events decreases with increasing analyte concentration because analyte
molecules inhibit binding of the tethered particle to the surface. The sensor enables continuous measurements of analyte
concentrations because of the reversibility of the intermolecular bonds and digital read-out of particle motion. We show results for
the monitoring of short single-stranded DNA sequences and creatinine, a small-molecule biomarker (113 Da) for kidney function,
demonstrating a temporal resolution of a few minutes. The precision of the sensor is determined by the statistics of the digital
switching events, which means that the precision is tunable by the number of particles and the measurement time.
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Small molecules effectuate a vast variety of biological
functions, for example, as substrates and products in

metabolic pathways, as cell signaling molecules, and as specific
affinity ligands for proteins and membrane receptors.1 Because
of their small size, they can easily permeate into bodily fluids
such as interstitial skin fluid, blood plasma, and saliva,2 making
them accessible for diagnostics and monitoring.3 Continuous
monitoring of therapeutic drugs and regulating drug levels via
closed-loop control can achieve optimal treatment with a low
risk of toxicity for patients.4 Continuous monitoring of organ
function markers5,6 can serve as early warning for patients with
critical or chronic conditions, such as kidney disease, liver
disease, or heart disease.
It remains an important challenge to achieve continuous

monitoring of small molecules, that is, the ability to measure
changes in concentrations of small molecules in real time.7 At
present, small-molecule quantification depends on laboratory-
based techniques, such as liquid chromatography mass
spectrometric assays (LC−MS)8,9 and affinity-based immuno-
assays (ELISA).10 However, LC−MS assays involve extensive
sample preparations such as protein precipitation and solid-
phase extraction to get reliable results in complex biological
matrices. Immunoassays are available on automated laboratory
instruments, but the required sample logistics cause turn-
around times of hours to days, which strongly limits the
applicability for continuous monitoring.
Sensors for continuous monitoring are commercially

available for glucose, based on enzymatic electrochemical
detection.11,12 Glucose is present at very high concentrations

(millimolar), while many relevant small-molecule analytes are
present at much lower concentrations, in the micromolar and
nanomolar range.13,14 Furthermore, enzymes are available only
for a limited number of molecules. Therefore, the development
is required of more generic sensing principles. Over the past
decade, electrochemical aptamer-based sensing has been
developed, using aptamers that change conformation upon
analyte binding.15 This method has been demonstrated for
therapeutic drugs in live animals, measuring in the low
micromolar range.16 However, conformational probes are not
available for all analytes and nanomolar sensitivity has not yet
been demonstrated.
In recent work, we introduced a continuous sensing

technology called biosensing by particle mobility (BPM),
which was developed for the monitoring of macromolecules
with at least two sites for affinity binding.17 Here, a particle is
tethered to a sensor surface via a double-stranded DNA
molecule, and the particles as well as the sensor surface are
functionalized with molecules that bind a specific analyte in a
molecular sandwich arrangement. The binding results in
confined motion of the particle, which is detected by optical
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microscopy. Because the molecular sandwich arrangement is
reversible, repeated binding and unbinding events are detected
as a function of time, which makes the BPM technology suited
for continuous monitoring, with a sensitivity and specificity
that are determined by the affinity molecules. However, small
molecules cannot generally be detected with a molecular
sandwich arrangement because the small size of the analytes
does not provide enough space for two spatially separated
binding sites.
Here, we present a different approach based on a

competitive assay, which extends the BPM technology to
analytes of arbitrary size. The sensor makes use of analyte

analogues immobilized on the particle whose binding to the
sensing surface is modulated by the presence of the analyte in
solution. We show the continuous detection of short single-
stranded DNA (ssDNA) and creatinine, with nanomolar to
micromolar sensitivity and a temporal resolution of a few
minutes. Comparison of the sensor response to a single-
molecule stochastic model shows that the precision of the
sensor is limited by the statistics of the digital switching events,
providing straightforward means to enhance the precision by
increasing the number of probed particles and the measure-
ment time. The presented sensing concept is easily adapted to
other analytes, providing a promising technology for

Figure 1. Design of the digital single-particle switch. (a) Schematic drawing of continuous small-molecule monitoring with a digital single-particle
switch (the molecules are not to scale). The sensing surface (glass) is coated with detection molecules (reversible affinity binders; here, antibodies
against the small-molecule analyte) and is provided with particles that are tethered to the sensing surface via double-stranded DNA. The
streptavidin-coated particles are functionalized with the analyte analogue. The sensing functionality is embedded in the digital switching behavior of
the particle. The particle dynamically switches between bound and unbound states because of transient binding between the detection molecule
and analogues. The state switches are detected by corresponding motion pattern changes, between the unbound state (disk-like motion pattern)
and bound state (confined motion pattern). The particle switching dynamics depend on the concentration of the analyte in solution. When the
analyte is absent, then detection molecules are available and many particle switching events are recorded. In the case of a high analyte concentration
in solution, the detection molecules are blocked by the analyte, resulting in fewer particle switching events. Because of the reversible interactions,
the sensor is suited for continuous monitoring of analyte concentration in solution. (b) Hundreds of particles are optically imaged in a field of view
of about 400 × 400 μm2, of which a zoom-in is shown. The reversible interaction between the detection molecules and analogues results in multiple
switching events over time, which are tracked by localizing the X, Y coordinate of the center of the particle. A typical X, Y trajectory of one particle
is shown, for low and high analyte concentration. The red lines indicate switching events identified by an algorithm that analyzes the areal
confinement of the particle motion, resulting in a digital time trace of bound (0) and unbound (1) states of the particle. The output parameter of
the sensor is activity, which is the number of switching events recorded over a set time period, averaged for the particles within the field of view.
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continuous monitoring in biomedical, industrial, and environ-
mental settings.

■ RESULTS

The design of the single-particle switch is shown in Figure 1a.
A particle (1 μm in diameter) is tethered to a sensing surface
via a double-stranded DNA molecule (about 50 nm in length),
and the sensing surface is functionalized with detection
molecules for recognition of analyte (antibodies in this figure).

Analyte analogues, which are molecules similar to the analyte,
are immobilized on the particle. The particle moves randomly
because of Brownian motion, and molecular bonds can be
formed between analyte analogues on the particle and
detection molecules on the surface. The reversible binding
between analyte analogues and detection molecules causes the
particle to switch between bound and unbound states. The
bound and unbound states can be distinguished by the motion
pattern of the particle, which are disk-like (unbound state) or

Figure 2. Continuous monitoring of short single-stranded DNA oligonucleotides (a−c) and creatinine (d−f). (a) Schematic drawing of
oligonucleotide assay (molecules are not to scale). The sensing surface is functionalized with ssDNA oligonucleotide detection molecules with a 9-
nt binding region (in red). Particles are provided with the DNA analogue having 11-nt overhang (in black). The reversible 9 bp hybridization
between sensing surface-oligo (red) and DNA analogue results in digital switches of particle mobility in the absence of the analyte. Addition of the
11-nt analyte (in blue) causes blocking of the particle oligo overhang and a reduction of particle switches. The original condition is recovered when
the particle is exposed to a solution without the analyte. (b) Particle switching activity as a function of time with an 11-nt analyte in PBS at room
temperature. Top: Concentration of DNA analyte as a function of time. Bottom: Measured activity of the sensor. (c) Dose−response curve of 11-nt
and 12-nt analytes. The 11-nt data points correspond to panel b. The curves were fitted with a Hill equation with Hill coefficient 1. The IC50 for 11-
nt and 12-nt are (1.5 ± 0.5) × 102 and (0.5 ± 0.2) × 102 nM, respectively. Zero concentration was measured several times for both 11- and 12-nt
over the entire measurement; averages are shown on the graph with error bars indicating the SD (n = 14 for 11-nt and n = 11 for 12-nt). The inset
shows the data on linear concentration scale. (d) Schematic drawing of the creatinine assay (molecules are not to scale) and the structure of
creatinine−DNA. (e) Particle switching activity as a function of time during sequential aspirations of different concentrations of creatinine in PBS
at room temperature. The application of zero concentration after the highest concentration (10 mM) gave incomplete recovery of the signal; this is
caused by remaining creatinine (∼50 μM) because of incomplete fluid replacement (about 99.5% in our experiment). (f) Dose−response curve for
creatinine, established from the data in panel e. The activity of sample in the absence of creatinine was averaged over 18 measurements (except the
last point after 10 mM), and error bars indicate the SD.
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more confined (bound state). When analyte is present in
solution, they can bind to the detection molecules and thereby
reduce the probability per unit time that the particle binds to
the surface. Wide-field optical microscopy is used to track
hundreds of single particles simultaneously (see Figure 1b),
and for each particle, the motion pattern is analyzed by
localizing its center of mass in each video frame. Data is
analyzed per individual particle as well as for the total
ensemble of particles. The average number of switching events
per particle recorded over a certain time period, is referred to
as the switching activity, or in short, the activity.17 In the
competitive design sketched in Figure 1, the recorded activity
is high when there is no analyte in solution and reduces when
the analyte concentration increases.
Sensitivity and reversibility of the sensor were first studied

for an ssDNA analyte and then applied to continuous
monitoring of creatinine (Figure 2). In the DNA assay (Figure
2a), the particles are provided with ssDNA analogues (Figure
S1a−c) having 9-nt complementarity to the detection ssDNA
on the sensing surface, giving bound state lifetimes in the order
of seconds. Figure 2b shows the sensor response in a flow cell
experiment, where the sensor was exposed to a sequence of
different concentrations of competing ssDNA (analyte) with
11-nt complementarity. The top panel shows the sequence of
analyte concentrations with alternating high and zero
concentrations. The bottom panel shows the measured activity,
which is the average number of switches per particle per
measurement window (3 min). When no analyte is present in
solution, the so-called blank activity is measured, generated by
analogue transiently binding to detection molecules on the
glass substrate. The presence of the analyte in solution changes
the occupation of the detection molecules according to a
Langmuir isotherm (see the Materials and Methods section),
so that the activity inversely correlates with the analyte
concentration. The experiment shows the reversibility of the
competitive assay format, over a total observation time of 4 h.
The blank signal (at zero concentration) was measured several
times in between analyte concentrations and was used to
calibrate the switching activity (see Figure S2). The sensor
shows a response time below 5 min, limited in our experiment
by the time required to replace the fluid in the flow cell. Figure
2c shows the dose−reponse curves for ssDNA analyte with 11-
nt and 12-nt complementarity (time-dependent data of the 12-
nt analyte is presented in Figure S3), showing that the 12-nt
curve is shifted to lower concentration compared to the 11-nt
analyte. The Hill equation fits give IC50 values for 11-nt and

12-nt of (1.5 ± 0.5) × 102 and (0.5 ± 0.1) × 102 nM,
respectively. This shows that the response of the sensor
depends on the affinity of the analyte molecule: a higher
affinity gives a higher occupation of detection molecules at the
same analyte concentration, in agreement with the Langmuir
isotherm. A higher affinity allows the determination of lower
analyte concentrations but also results in a lower dissociation
rate and therefore a longer response time of the sensor (less
than 5 min for 11-nt, ∼20 min for 12-nt).
The presented sensor design is adaptable to other analytes

by replacing the detection molecules and analogue. After these
modifications, the measurements and signal processing
proceed identically. As a demonstration, we show in Figure
2d−f the continuous sensing of creatinine, a small molecule
(113 Da) with medical importance as a kidney function
marker. Creatinine is a byproduct of muscle metabolism and is
removed from the blood stream by the kidneys via glomerular
filtration. The creatinine concentration in healthy individuals
ranges from 40 to 150 μM, related to age, weight, and gender
differences, but it can exceed 1000 μM under pathological
conditions related to kidney failure.18 Creatinine is quantified
in laboratory instrumentation and point-of-care assays using
enzymatic reactions with three or more enzymes that generate
either a color change or an electrical current.19,20 To be able to
continuously measure creatinine in the single-particle switch
sensor, creatinine-ssDNA conjugates were synthesized in three
steps. Creatinine was functionalized with a carboxylic acid via a
butyl linker and then conjugated to amine-modified ssDNA via
EDC/HOBt/DIPEA chemistry.21,22 The correct synthesis of
creatinine−ssDNA conjugate was verified by mass spectrom-
etry (see Figure S4). Biotinylated antibodies against creatinine
were used as the detection molecule on streptavidin-modified
glass sensor surfaces. The amount of the detection antibody on
the sensor surface was optimized to give a low signal without
the analyte analogue and a high signal with the analyte
analogue immobilized on the particle (see Figures S1d−f and
S5). The flow cell experiment of Figure 2e shows the response
of the sensor to a sequence of interchanging high and zero
creatinine concentrations in solution. The signal output
inversely responds to the concentration input, demonstrating
the reversibility of the competitive assay format over a long
assay time. Figure 2f shows the dose−response curve with Hill
equation fit (IC50 of (2.5 ± 0.7) × 101 μM), with a dynamic
range of about two decades, matching the medically relevant
concentration range of 10−1000 μM. The analytical perform-
ance of the assays is summarized in Table S1.

Figure 3. Survival curves of unbound (a) and bound (b) state lifetimes for different oligonucleotide analyte concentrations, in the 11-nt
competition assay of Figure 2. Concentrations are indicated in panel b. The curves were fitted with a single-exponential lifetime distribution (solid
lines). (c) Dependence of the lifetimes of the unbound (blue) and bound (orange) states on analyte concentration.
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The advantage of a digital switch sensor is that the molecular
interactions can be characterized in detail by analyzing the
bound and unbound state lifetimes. In the competition-based
digital switch sensor, the density of analogues on the particle is
chosen such that molecular binding between particle and
sensing surface is dominated by reversible single-molecular
bonds (the amount of analogues per particle is chosen to be
low enough to avoid long-lived multivalent bonds between the
particle and substrate). The bonds can be characterized by the
bound and unbound state lifetimes extracted from digital
switching signals. Figure 3a,b shows the state lifetime survival
plots (derived from cumulative distribution functions) for
different analyte concentrations, in the 11-nt ssDNA
competition assay. In a graph with linear-logarithmic scales,
straight lines indicate a single-exponential relationship,
characteristic of switching that is caused by a process with a
well-defined association rate (for unbound states) or
dissociation rate (for bound states). The curves were fitted
with a single-exponential equation to determine mean lifetimes
that are plotted as a function of analyte concentration in Figure
3c. The bound state lifetime does not depend on the analyte
concentration, indicating that in all conditions, the same
molecular bond is probed, namely, the 9-bp hybridization

between ssDNA on the particle and on the sensor surface. The
data show that the lifetimes of about 90% of the bound states
follow a single-exponential distribution, independent of the
analyte concentration. This indicates that the majority of the
bound states result from an interaction between one ligand and
one detection molecule. The remaining 10% of bound states
has a longer lifetime, which could be caused by multiple
molecular bonds or nonspecific bonds. As expected, the
unbound state lifetime increases with analyte concentration,
caused by the binding of the competing 11-nt ssDNA analyte.
A similar dependence of state lifetime on analyte concentration
was observed for the creatinine sensor (see Figure S6).
The precision of measurement is a property that needs to be

studied for a new biosensing technology. We wanted to
investigate what influences the precision, in particular, if
variations in the activity signal are limited by fundamental
Poisson statistics or whether the variations are determined by
other (experimental) factors. To answer that question, we
compared simulated and experimental results for 30 min
measurements binned in 3 min intervals. In the simulation, we
modeled the switching as a stochastic Poisson process with an
effective association rate κ and a dissociation rate koff; see
Figure 4a. In the simulation, we assume that the binding and

Figure 4. Stochastics and signal variations of the single-particle digital switch sensor. (a) Simulated time trace of one particle with set association
(κ) and dissociation (koff) rates that match the measured values. The model assumes Poisson statistics with an exponentially distributed waiting
time between events. The low signal corresponds to the immobilized (bound) state. Simulated (b) and measured (c) time traces of five single
particles in which events were collected for 3 min. The red lines represent the activity averaged over 100 particles. (d) Distribution of the mean
switching events of single particles obtained from the time traces in panels b and c. (e) SD of the switching events of single particles obtained from
the measured time traces in panel c. The dotted lines are a guide to the eye and show the scenario when the SD would scale linearly with the mean
switching events, or as the square root as expected from Poisson statistics. (f) CV of activity (SD divided by mean) as a function of the total
number of detected events across all particles, from the simulated dose−response curve in Figure S7 and measurement data from 10 independent
measurements of 3 min over up to 300 particles (Table S2). Error bars are the uncertainty of the CV.
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unbinding of a single particle can be described as a two-state
switch in which the lifetime of each state is exponentially
distributed with a mean effective switching rate that matches
the measured values, κ = 0.1 s−1 and koff = 0.2 s−1 in this
example. We simulated time traces (Figure 4a) for 100
particles from which the number of switching events and
activity were calculated and binned in 3 min intervals to match
the experiment.
The open circles show examples of binned switching events

from individual particles, whereas the solid red line shows the
activity averaged over all 100 particles (Figure 4b,c). The
activity level is the same in the simulation and measurement
because we use measured rates as input in the model.
However, the particle-to-particle variation in switching events
is significantly higher in the experiment than in the simulation,
which is further highlighted in the histogram of Figure 4d.
Particle-to-particle variations in the switching events can be
caused, for example, by different numbers and distributions of
detection molecules on the particles and the sensor surface, or
by surface roughness of the particles. Interestingly, at the level
of individual particles, we find that the fluctuations in the
number of switching events over 10 measurements scale with
the square root of the mean of switching events; see Figure 4e.
This indicates that the temporal fluctuations seen for individual
particles (as in Figure 4c) are indeed determined by Poisson
statistics.
Figure 4f shows the coefficient of variation (CV) of the

activity, that is, the standard deviation (SD) divided by the
mean, as a function of the number of detected events, from the
simulated dose−response curve (shown in Figure S7) and
from the measured data (see Table S2). The simulated data
scale as the reciprocal square root of the total number of
detected switching events, in agreement with Poisson statistics.
The curve shows how many events need to be detected to
achieve a desired CV. For example, to achieve a CV of 5%, a
total of 400 events need to be collected per measurement
interval (3−5 min) from all the particles (usually around 400
particles in a typical field of view). The measured CV closely
follows the trend of simulated CV with a slight increase.
Deviations are possibly caused by event misidentifications in
the experiments and also drift of activity over 30 min
measurements, which will be further investigated in follow-up
research. The main conclusion of these results is that the
variations in the replicate measurements can be reduced and a
higher precision can be achieved by increasing the number of
detected events, so by increasing the duration of the
measurement or by observing more particles; the latter can
be realized by enlarging the field of view or increasing the
density of particles on the surface.

■ DISCUSSION AND CONCLUSION
For small-molecule BPM sensors to be used in real
applications, several aspects need to be further studied. The
stability of the sensor needs to be investigated for applications
that require unattended operation over long durations. In this
paper, DNA and creatinine sensors were studied over a few
hours. A gradual reduction of activity was observed in repeated
measurements at zero concentration, possibly caused by loss or
degradation of detection molecules or analyte analogue, or
incomplete fluid exchange after previous supply of the analyte.
In future work, we will optimize the fluidics and develop
covalent linking chemistries for the respective affinity
molecules. Furthermore, the sensor technology will be further

developed for use with complex matrices such as blood and
fluids extracted from industrial processes, using antifouling
strategies to block nonspecific interactions23,24 and sample
filtration with size-exclusion membranes25 or microdialysis26,27

to avoid potential interferences from cells and macromolecular
aggregates.
In conclusion, we have presented a digital single-particle

switch sensor suitable for continuous monitoring, where
molecular interactions between particle and sensor surface
depend on the concentration of small-molecule analytes in
solution. The sensor does not involve enzymatic conversion of
the analyte nor specialized conformational probes but relies on
reversible affinity interactions that are generalizable to other
analytes. Reversible signals were observed in the micromolar
range for creatinine and in the nanomolar range for DNA. We
envision that the sensor will open up new applications for
research in biological sciences,28−30 patient monitoring,31 and
industrial process monitoring.32

■ MATERIALS AND METHODS
DNA, Protein, and Chemicals. The DNAs used in the study are

summarized in Table S3, and they were purchased from IDT.
Chemicals used in the study were purchased from Sigma, except if
stated otherwise.

Preparation of Creatinine−DNA Conjugates. Creatinine acid
was synthesized from creatinine as reported by Arts et al.21 and
characterized by LC−MS. To obtain creatinine−DNA conjugates, 45
μL of 60 mM creatinine acid (Sigma-Aldrich; W387520) was mixed
with 4 μL of 60 mM HOBt (Sigma-Aldrich; 54802), 4 μL of 300 mM
EDC (Sigma-Aldrich; E6383), and 4 μL of DIPEA (Sigma-Aldrich;
387649) in dimethylsulfoxide (DMSO). The reaction mixture was
incubated at room temperature for 15 min. Amine-modified DNA
(Short arm) was diluted to 10 μM in MOPS buffer (50 mM MOPS
(Sigma-Aldrich; M1254) and 0.5 M NaCl, pH 8.0), of which 72 μL
was added to the mixture and left to react for 16 h (room
temperature, 850 rpm). A fresh reaction mixture of creatinine acid,
HOBt, EDC, and DIPEA was prepared as before, incubated for 15
min, added to the amine−DNA mixture and left to react for 6 h. The
reaction was quenched by adding 25 μL of 500 mM NH4OAc (Sigma-
Aldrich; A1542). The reaction mixture containing creatinine−DNA
was dissolved in 0.15 mM NaCl in 98% ethanol, stored at −20 °C for
16 h, followed by spinning down at 17,000g for 15 min at 4 °C. The
pellet was washed a second time (0.15 mM NaCl in 98% ethanol),
incubated at −20 °C for 75 min, centrifuged, and washed with 70%
ethanol. After incubation at −20 °C for 75 min, it was centrifuged,
and the creatinine−DNA was obtained after lyophilization. The
creatinine−DNA was dissolved to 25 μM and further purified via spin
filtration (3 K 500 μL Amicon spin filter). Purified creatinine−DNA
conjugates were analyzed using mass spectrometry by flow injection
analysis on a LCQ Fleet (Thermo Finnigan) ion-trap mass
spectrometer in the negative mode with 1:1 isopropanol/water +
1% triethylamine (pH 10); 5 μL of 10 μM creatinine−DNA was
directly injected, and deconvoluted m/z spectra were obtained with
MagTran 1.03 software. Finally, the creatinine−DNA was dissolved to
25 μM and mixed with equal volume of 25 μM long arm
oligonucleotide in phosphate-buffered saline (PBS) and ready for
analogue binding.

Biotinylation of Antibody. The antibody (2 mg/mL) was first
buffer-exchanged to PBS with Zeba Spin Desalting Columns, 7k
MWCO (89882, Thermo Fisher Scientific) according to manufac-
turer’s instruction. EZ-Link NHS-PEG4-biotin was dissolved in
DMSO at a final concentration of 4 mM. Then, 10-fold molar excess
of NHS-PEG4-biotin was added to the antibodies and incubated at
room temperature for 1 h. Then, excess NHS-PEG4-biotin was
removed by Zeba Spin Desalting Columns, 7k MWCO (89882,
Thermo Fisher Scientific), and the biotinylated antibodies are stored
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in PBS with 0.1% bovine serum albumin (BSA) at a concentration of
1 μM.
Functionalization of Particles. To prepare the tether, the main

tether was mixed with the end tether at final concentrations of 1 and 2
μM in PBS. The mixture was heated to 95 °C for 3 min and gradually
lowered to 25 °C for 20 min. The tether was diluted to 2 nM and
ready for particle functionalization. For particle functionalization, 5
μL of the streptavidin-coated magnetic particles (10 mg/mL,
Dynabeads MyOne Streptavidin C1, Thermo Scientific) were
incubated with 5 μL partial dsDNA tether (prepared before) at a
concentration of 2 nM in PBS buffer solution for 30 min on rotating
fins (VWR, The Netherlands). The particle mixture was washed three
times with 500 μL PBST (PBS with 0.05% Tween 20) and
reconstituted in 10 μL PBS. Next, 5 μL PBS with 10 μM of particle
binder 20nt was added to the particle mixture and incubated on
rotating fins for 30 min. Then, 10 μL mPEG-biotin (PG1-BN-1k,
Nanocs) of 100 μM in PBS was incubated with the particle mixture
for 5 min. After that, the particle mixture was washed three times with
500 μL PBST (PBS with 0.05% Tween 20), reconstituted in 500 μL
assay buffer (PBS with 1% BSA filtered with a 0.22 μm filter and
degassed in a vacuum desiccator) and kept on the rotating fin for 30
min. Finally, the particle mixture was sonicated with 10 pulses at 70%
with 0.5 duty cycle (Hielscher, Ultrasound Technology).
Functionalization of Streptavidin-Coated Glass. The strepta-

vidin-coated glass NEXTERION Slide HS (1087816, SCHOTT
Technical Glass Solutions GmbH) was first washed with PBS for 1
min with the measurement chamber attached to the glass. The glass
was then incubated with biotinylated Tether capture oligonucleotide
(2.5 nM in PBS) for 30 min. For the DNA system, double-stranded
detection oligonucleotides were prepared by mixing 40 μL Detection
oligo docking (100 μM) and 10 μL Docking strand 20-nt (100 μM)
for 30 min in room temperature and then diluted to 500 nM in PBS
according to the concentration to Docking strand 20-nt. Double-
stranded detection oligonucleotides were added to the glass and
incubated for 30 min. Then, assay buffer was aspirated and incubated
for 30 min. For the creatinine assay, the biotinylated anti-creatinine
antibody (5 nM in PBS) was added to the glass and incubated for 30
min. Afterward, two steps of blocking were carried out in assay buffer
with first neutravidin (2 μM) for 30 min and then biotin polyT (10
μM) for 30 min.
Finally, the functionalized particles were added to the glass to form

tethered particles. The incubation time was 1 h for the DNA system
and 30 min for the creatinine system. Untethered particles were then
washed away by PBS with the glass flipped upside down. The
withdrawal speed for the syringe pump was 300 μL/min during glass
functionalization and 100 μL/min after particle incubation. The
internal volume of the flow cell is 65 μL, and the total surface area of
the substrate inside the flow cell is 1.6 mm2.
Analogue Binding to Particle and Measurement of Analyte.

The tethered particles were provided with analogues by aspirating
DNA analogues (250 pM) for the DNA system and creatinine−DNA
conjugates (50 and 100 pM) for the creatinine system and incubated
for 30 min to 1 h. Excess DNA analogues or creatinine−DNA were
washed away by aspirating PBS into the flow cell. Concentration
series of analyte (DNA Competitor11nt, Competitor12nt, or
creatinine) were prepared in PBS and aspirated sequentially into
the flow cell. The withdrawal speed for the syringe pump was 100 μL/
min during analogue binding and analyte addition. The flow was
stopped during measurement.
Image Recording and Data Analysis. Videos were recorded

before, during, and after analogue binding, and after each
concentration change, on a Nikon Ti-E inverted microscope (Nikon
Instruments Europe BV, The Netherlands), at a total magnification of
20× using an iXon Ultra 897 EMCCD camera (Andor, Belfast, UK).
The particle motion in a field of view of 405 × 405 μm2 was recorded
for 3, 5, or 30 min at a frame rate of 33.7 Hz with 5 ms exposure time
under dark-field illumination conditions with Nikon NIS-Elements
software.
Detection and analysis of particle motion and the detection of

switching events were described in the previous publication.17 Motion

patterns of the particles were selected by criteria (major amplitude
less than 150 nm, symmetry larger than 0.33, radial confinement less
than 0.2) to exclude particles with too large, asymmetrical, or ring-
shaped motions. Switching events of particles passing selection were
included for activity analysis. In the continuous monitoring experi-
ment, blank signal levels were measured repeatedly in between analyte
injections. A linear fit of blank activity signal versus time was used to
calculate the loss of activity and correct for the drift (see Figure S2a).

Dose−response curves were fitted with a Hill equation, with Hill
coefficient n = 1

= +
−

+
A A

A A

1 Cmin
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IC50

Here, A is the activity and C is the concentration of the analyte. Amax is
the maximum activity when there is no analyte, and Amin is the
minimum activity at infinite concentration of the analyte. IC50 is the
analyte concentration causing a 50% inhibition of the activity
amplitude Amax − Amin.

The CV is calculated as the SD divided by the mean (mean). The
uncertainty of CV (σCV) is calculated with propagation of
uncertainties, from the uncertainty of the mean (σmean, standard
error of the mean) and the uncertainty of SD (σSD), which is the error
of fitting the measurement replicates into a normal distribution.
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The state lifetime, that is, the number of frames or seconds between
two detected events, was analyzed by first separating the bound and
unbound states using area ratio neighboring comparison (see Figure
S8). The area ratio was defined as the convex hull area of each state
divided by the convex hull area of the total measurement frames. If
the area ratio of one state is less than the previous and following state,
then this state is recognized as a bound state. If the area ratio of one
state is more than the previous and following state, then this state is
recognized as an unbound state. For the first and the last state in the
measurement, the comparison was only carried out with their
following or previous state. If these conditions do not apply, then the
state is attributed as unidentified. Particles with less than two
switching events, and the first and the last of the switching states, were
excluded from the analysis. Bound and unbound state lifetimes were
collected and plotted in a survival plot and fitted with a single-
exponential equation: a·exp(−k·t). Lifetimes were calculated as 1/k
from the single exponential fit.

Stochastic Simulations. The response of a competitive sensor
was simulated using a stochastic model. The model assumes that
association and dissociation are random (thermally activated)
processes that follow Poisson statistics. We first generate a time
trace in which the lifetimes of the bound and unbound states were
exponentially distributed. The random numbers generated from the
exponential distribution have a mean effective association and
dissociation rate (κon

0 and koff
0 , both units [s−1]) that describe the

interactions of the particle with the underlying sensing surface. The
superscript indicates that these are rates in the absence of the analyte.
These rates depend in a complex way on the particle size and shape,
distribution of binding sites on the particle and the sensing surface,
and the proximity of the particle to the sensing surface. We used mean
rate constants that match the measured values (κon

0 = 0.1 s−1 and koff
0 =

0.2 s−1). The activity (defined throughout as the number of events per
3 min) is determined for individual particles from their respective
time traces (see Figure 4a for an example).

The kinetics of the sensor in the presence of the analyte were
simulated by assuming that a large number of binding sites on the
particle are available for analyte binding. This assumption is based on
an estimated number of 30,000 binding sites per particle, of which 1%
faces the sensing surface. This results in 300 binding sites being
available to bind to the underlying detection molecules (Figure S9).
In this limit of a large number of binding sites, the presence of the
analyte reduces κon

0 according to the fraction of sites that is occupied
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by the analyte. This fraction is determined using the Langmuir

isotherm, in which the fraction of bound sites is given by = +f C
K Cb D

,

with C being the analyte concentration and KD being the analyte
affinity (set to 100 nM to correspond to the measured affinity). This
results in a particle association rate that scales with the bound fraction

of sites as κ κ κ= − = +f(1 ) K
K Con on

0
b on

0 D

D
. The particle dynamics in

the presence of the analyte then proceeds as outlined above, with κon
0

replaced by κon.
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