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S U M M A RY

Sensing technologies for the continuous monitoring of biomolecu-
les will allow studies of dynamic changes in biological systems
and control based on measured responses. Biosensing by par-
ticle mobility (BPM) is a novel sensing technology for contin-
uous biomarker monitoring, based on measuring the motion
of particles near a surface and resolving their interactions with
single-molecule resolution. A critical aspect that determines the
functionality, stability, and generalizability of the sensor is the
biofunctionalization of the surface. This thesis investigates click-
based coupling to an anti-fouling polymer as a strategy for re-
alizing assays with oligonucleotides and antibodies as binder
molecules, for achieving stable and generalizable continuous
monitoring biosensors.

In chapter one, an introduction is given into the field of con-
tinuous monitoring biosensors for applications in healthcare.
Strategies for biofunctionalization of biosensor surfaces are com-
pared, with special attention to recent developments in fast and
oriented immobilization methods.

In chapter two, we describe a molecular architecture consisting
of anti-fouling bottlebrush polymers (PLL-g-PEG) and covalently
coupled affinity binders. The aim is to make biosensors with
stable responses over long durations. With the molecular archi-
tecture, reversible responses were observed over long durations
with BPM biosensors having a dsDNA tether between particle
and surface, for a sandwich oligonucleotide assay, a compet-
itive oligonucleotide assay and a competitive small molecule
immunoassay, in buffer and in filtered blood plasma, with pico-
molar, nanomolar, and micromolar analyte concentrations, and
with continuous sensor operation over 10 hours.

In chapter three we present a BPM sensing principle with
free diffusional motion of particles, called f-BPM, that does not
include a dsDNA tether between particle and surface. Here,
target-induced reversible bonds are detected by changes of the
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diffusion coefficient between unbound states (free Brownian mo-
tion) and bound states (confined motion). The sensing principle
is demonstrated with a DNA competition assay in buffer and
in undiluted filtered blood plasma. An operational lifetime of 6

days is achieved, demonstrating the high stability of the biofunc-
tionalized surface.

In chapter four, we investigate how to preserve and store both
the biofunctionalized surfaces and the sensor device, aiming to
fabricate ready-to-use sensor cartridges. We studied different
sugar compositions and demonstrate that a coating of sucrose
and trehalose preserves the functionality of the particles and
sensor surface in a dry state. We report a protocol that allows for
at least three weeks of dry storage of the f-BPM biosensors.

In chapter five, we study site-specific antibody modification
based on glycan remodeling to covalently couple oligonucleotides
onto the fragment crystallizable region of the antibodies. The
aim is to immobilize antibodies on PLL-g-PEG surfaces with a
defined orientation. Since the coupling anchor is specific, the anti-
body activity is expected to be maximally retained. We quantified
the coupling efficiency with quadrupole time-of-flight (QTOF)
mass spectrometry and SDS-PAGE. The functionality of oriented
anti-PCT antibodies on both particles and PLL-g-PEG surfaces is
demonstrated in f-BPM experiments. Finally, chapter six summa-
rizes the findings of the thesis, discusses the impact for applica-
tions, and describes directions for further research.
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1
I N T R O D U C T I O N

Applications in the fields of fundamental biological research,
health care, bioprocessing industry, and environmental surveil-
lance call for continuous monitoring techniques which allow
rapid and sensitive measurement of molecular substances as a
function of time. Developments in biofunctionalization strategies
play a large role in the analytical performance of continuous
monitoring devices. There are unmet needs for robust molecular
architectures and coupling processes to immobilize biomolecules
on anti-fouling surfaces with good stability. This chapter intro-
duces the topic of the thesis, explains the roles of biofunctional-
izations in sensing devices, and specifies the central questions
that will be studied.
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2 introduction

1.1 continuous monitoring biosensors

A biosensor can be defined as a “compact analytical device or
unit incorporating a biological or biologically derived sensitive
recognition element integrated or associated with a physico-
chemical transducer that transforms a measurand into an output
signal”.1 There are three main components of a biosensor: (i)
the biological recognition elements that differentiate the target
molecules in the presence of non-relevant biomolecules or chemi-
cals, (ii) a transducer that converts the biorecognition event into
a measurable signal, and (iii) a signal processing system that
converts the signal into a readable form. The general diagram
of a biosensor is demonstrated in Figure 1.1.1 The molecular
recognition elements include antibodies, aptamers, enzymes, and
nucleic acids for example.

Figure 1.1: General diagram of a sensor system. The biological recognition elements in-
clude antibodies, aptamers, enzymes, and nucleic acids for example. Biorecog-
nition events are converted into measurable signals by a transducer. The
signals are processed and finally converted into a concentration. The sensing
performance of biosensors can be evaluated and compared in terms of e.g.
sensitivity, precision, and operational range.

A biosensor should be able to measure the relevant concentra-
tion range of the target of interest with good analytical performan-
ces.2 The analytical performance of biosensors is often character-
ized by sensitivity, precision, and operational range, as shown
in Figure 1.1. The sensitivity (limit of detection) is defined as
the lowest quantity of a target that can be distinguished by the
biosensor from the absence of the target. Precision demonstrates
the ability of providing alike concentration outputs for duplicate
measurements, while accuracy indicates how close the mean
value of the concentration value distribution is to the true value.
The range of concentrations over which the biosensor functions
is the operational range. In general, biosensors are needed with a
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high sensitivity, broad operational range and high precision. To
meet the requirements, the ratio between the detected output sig-
nal and the analyte concentration should be large, resulting in a
steep slope in the dose-response curve. Furthermore, parameters
such as reproducibility and stability are important for biosensor
development.

One of the well-known categories of biosensors is point-of-care
testing (POCT), defined as "biochemical testing at or near the site
of patient care whenever the medical care is needed". For exam-
ple, control of blood glucose levels by POCT is widely applied.
A new trend in biosensors is towards continuous monitoring of
biomarkers. The concentration of interest, the desired frequency
of sampling, and the turnaround time are important factors for
the development of continuous monitoring biosensors.3

Various continuous monitoring devices have been developed
for detecting subcutaneous glucose. Enzymatic electrochemical
biosensors offer the required analytical performance and ease of
use.4 Also for other targets, wearable and noninvasive electro-
chemical biosensors are being investigated e.g. for monitoring
electrolytes and metabolites in sweat, tears, or saliva.

Enzymatic electrochemical biosensors are based on enzymatic
catalytic reactions that cause changes in electrical properties. Im-
provements of the enzyme stability have been important research
topics to ensure the operation over longer periods. Enzymatic
electrochemical biosensors have been demonstrated for precise
detection of millimolar concentrations during several weeks.5–8

A continuous monitoring sensing principle that achieves higher
sensitivities is electrochemical aptamer-based sensing, based
on analyte-induced conformational changes of surface-coupled
aptamers.9 The specificity is achieved by the binding properties
of an electrode-bound RNA or DNA aptamer. Research groups
have demonstrated the monitoring of micromolar and nanomo-
lar analyte concentrations.10–12 Electrochemical aptamer-based
biosensors have been demonstrated for the detection of targets
in whole blood with micromolar precision over many hours.13
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1.2 from ensemble to single-molecule detection

Biosensing techniques such as surface plasmon resonance (SPR),
enzyme-linked immunosorbent assay (ELISA) and quartz crys-
tal microbalance (QCM) typically measure large numbers of
molecules in an ensemble manner, i.e. averages over a large num-
ber of molecules, without resolving individual molecules. Single-
molecule biosensors aim at detecting individual biomolecules
with high specificity and accuracy. Single-molecule detection of
biomolecular interactions can reveal kinetic parameters, includ-
ing lifetimes, rates, binding events, and distributions of these
parameters. Since high numbers of biorecognition events are col-
lected, non-specific interactions or outliers can be distinguished
and filtered out, which leads to a higher specificity, precision and
accuracy.14

An example of biosensor development towards single-molecule
measurements is the category of digital assays. ELISA has been
used for decades for detecting and quantifying e.g. antibodies,
antigens, proteins, peptides and food allergens. To improve the
sensitivity and specificity, an enzyme-linked digital immunoas-
say platform with a single-molecule array technology was intro-
duced in 2010, called digital ELISA.15 The digital assay employs
femtoliter-sized reaction chambers for single-molecule entrap-
ments. Each chamber is loaded with one magnetic bead ,with
capture and labelled detection antibodies. At low protein con-
centrations, only a small fraction of beads demonstrate catalytic
enzyme activity, which is the typical signature due to beads car-
rying either a single immunocomplex or none.16 Femtomolar
sensitivity and single molecule resolution have been achieved in
digital ELISA assays. However, multiple reagent and washing
steps are required, which limits developments towards continu-
ous monitoring devices.

A sensing technology that combines single-molecule resolution
with continuous monitoring is Biosensing by Particle Mobility
(BPM), which is based on particles that are tethered to a substrate
via flexible double-stranded DNA (dsDNA). The particles and
substrate are coated with binder molecules such as proteins,
oligonucleotides or antibodies, as shown in the left panel of
Figure 1.2. In a sandwich assay format, target molecules can
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simultaneously bind to a binder molecule on the particle and
another binder molecule on the substrate. The formation of a
target-induced sandwich bond between the particle and substrate
causes the particle motion to become more restricted, which can
optically be detected. By recording binding and unbinding events,
DNA and protein biomarkers can be monitored with picomolar
to nanomolar sensitivity. The sensing principle is reversible and
does not consume or produce any reagents, making it suited for
continuous monitoring with single-molecule resolution over long
durations.

Figure 1.2: Schematic overview of the basic sensing principle and the output param-
eters of BPM biosensors. Particles are tethered to a substrate via flexible
double-stranded DNA. The particles and substrate are coated with binder
molecules such as proteins, antibodies, and oligonucleotides. Once the targets
bind to the binders, the motion patterns of the particles are changed, which
can be optically detected. Single-molecule events and ensemble signals are
recorded for the understanding of molecular kinetics and the detection of
target concentrations. Analytical performance can be evaluated in terms of
sensitivity (LOD), precision and operational range, which are influenced by
the stability and reproducibility of the system.

The BPM biosensors are capable of extracting both single-
molecule kinetics of targets and reporting ensemble output sig-
nals based on large statistics, as shown in the right panel of
Figure 1.2. Firstly, since the target binding causes the particle to
intermittently switch between unbound states and bound states,
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the effective association rate and dissociation rate of the particle
can be obtained. Secondly, the unbound states and bound states
are distinguished based on the changes in mobilities or motion
patterns of particles. Therefore, the corresponding unbound state
and bound state lifetimes can be extracted, reflecting the binding
affinities, on-rate and off-rate kinetics of target molecules. In
addition, ensemble signals such as average switching activity,
bound fraction and characteristic lifetimes can also be extracted,
due to the large number of particles (500-1000) tracked at the
same time. The strength of single-molecule based measurement
is its capability of recording both single-molecule events and
multiple output parameters.

To enable applications of the BPM biosensor, investigations of
the stability and reproducibility of analytical performance over
long durations are of importance. Table 1.1 describes mechanisms
in the molecular systems of BPM biosensors and their potential
consequences in terms of analytical parameters. In principle, the
loss of responsive beads, biomolecules, or anti-fouling properties
might lead to loss of sensitivity of BPM biosensors. As shown in
the bottom right panel of Figure 1.2, a signal decay and a higher
background both cause a shift in the measured does-response
curve, resulting in a higher detection limit and a smaller dynamic
range. Therefore, we aim at developing robust coupling strategies
and anti-fouling coating materials, and quantifying changes in
sensing performance.

Table 1.1: Potential degradation mechanisms in the molecular systems of BPM biosensors
and their possible consequences in terms of analytical parameters.

Potential degradation mechanisms
in BPM biosensors

Potential consequences for analyti-
cal performances

Lose responsive beads Lower statistics and larger error bars:
limited operational lifetime

Lose responsive biomolecules EC50 shifts to higher concentrations:
LOD goes up. The contrast becomes
smaller: smaller dynamic range

Loss of anti-fouling properties Higher background and smaller
contrast: Lose sensitivity, dynamic
range, and LOD
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1.3 molecular assembly strategies

1.3.1 Anti-fouling polyelectrolytes

Since the surface of a biosensor comes into contact with complex
biological mixtures, efforts have been dedicated over the years
to engineer anti-fouling coatings for modifications of sensor
surfaces.17,18 Anti-fouling coatings are designed to be biologi-
cally “inert”; i.e., the anti-fouling materials should not directly
influence the bio-recognition process or the chemical reactions
involved in a biosensor.19 Bottle-brush (comb-like) polymers, pep-
tides, non-amphoteric hydrophilic materials, zwitterionic com-
pounds, PEG-based materials, and polysaccharides-based mate-
rials are the main categories of anti-fouling coatings that have
been developed for the field of biosensing.20,21

PLL-g-PEG is a commonly used bottle-brush polymer for pre-
venting the non-specific binding of proteins or particles. The ad-
sorption mechanism of PLL-g-PEG on the substrate involves mul-
tivalent electrostatic interactions between the positively charged
PLL backbones and the negatively charged oxide surface, which
can be either glass or plastic substrates. As a result, the polymer
backbone lies parallel to the substrate and the PEG side-chains
stretch perpendicularly into the bulk environment, resulting in
a brush-like structure. In literature, it was shown that protein
resistance is maintained when the PLL-g-PEG coating is exposed
to multiple serum injections over several hours or stored dry for
several months.18 Due to the good anti-fouling properties and
the simple, fast and robust physisorption process, PLL-g-PEG is
highly suitable for incorporation in a multi-step molecular archi-
tecture designed for a biosensor. The goal is to achieve simple
application of the anti-fouling intermediate layer, which enables
further coupling of biomolecules such as oligonucleotides and
antibodies.

1.3.2 Coupling strategies

Physisorption
Physisorption is the interfacial adsorption of biomolecules

through Van der Waals, hydrophobic, polar, or electrostatic interac-
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tions.22 It is a simple coupling method but the orientation of
immobilized biomolecules can vary. In imunoassays, structural
changes and inadequate orientation of binding paratopes upon
physisorption can negatively influence the functionality of anti-
bodies.

Covalent coupling
Biomolecules can be coupled to surfaces by chemical reactions

between an activated solid substrate and the complementary
functional groups on the biomolecule itself. The most common
covalent coupling strategies include the use of amine groups,
carboxy groups, or thiol groups in lysine or cysteine residues.
These covalent strategies give strong coupling but can lead to
undesirable orientation or multipoint attachment of biomolecules
due to a relatively high abundance of both amine and carboxy
groups on the surfaces of proteins, resulting in an increase in the
heterogeneity and the loss of bioactivity.22

Affinity-based attachment
Affinity-based immobilization techniques include DNA-directed

immobilizations, recombinant proteins with engineered histidine-
tag, protein A or protein G-mediated immobilization for specific
interactions with Fc fragments of antibodies, and immobilization
of glycoproteins through their carbohydrate moiety.22 Another
popular bioaffinity immobilization method is based on the spe-
cific binding of biotin to avidin and streptavidin, since the biotin-
avidin interaction is the strongest noncovalent bond found in
nature.

Antibody orientation
The orientation of immobilized bioreceptors, such as antibod-

ies affects the sensitivity of the biosensor in detecting the analyte.
The sensitivity is dependent on presentation of functional anti-
bodies, requiring the antigen binding sites be directed toward
the solution phase, as shown in the end-on orientation in Figure
1.3.23
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Figure 1.3: The structure, orientations, and dimensions of an antibody. The molecu-
lar mass of an antibody is approximately 150 kDa and the dimension is
14 × 10 × 4 nM. An antibody is comprised of two fragment antigen binding
(Fab) regions and a fragment crystallizable region (Fc). The ideal orientation
of immobilized antibodies is referred to as “end-on”. With end-on orientation,
the two Fab regions are accessible, allowing the maximum binding capacity
of antigens. Other possible orientations include “head-on,” “side-on,” and
“lying-on”.23

Antibody immobilization via physisorption often results in
a low proportion of antibodies with accessible and functional
binding sites. Covalent attachment of antibodies to chemically ac-
tivated substrates via functional groups has resulted in improve-
ments in antibody density and stability, though these covalent
methods are generally not site-directed. An example of splitting
the Fab fragments from the antibodies and covalently immobi-
lizing the Fab fragments on substrates has been demonstrated.
The Fab fragments were oriented via their functional groups and
coupled on an activated thiol surface.24 Other approaches study
how antibodies can be immobilized in their native form in a
homogeneous arrangement such that their antigen binding sites
are free from steric hindrance and are oriented so as to maximize
the binding capacity of targets.23

DNA is a highly stable molecule which better tolerates covalent
immobilization onto reactive surfaces without losing its binding
capacity. Also, oligonucleotides bearing chemical modifications
for the direct attachment to surfaces are readily available via click
chemistry. Hence the DNA-directed immobilization method has
been used to generate biofunctionalized surfaces for antibody-
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based immunoassays. The binding of DNA strands to antibodies
can be conducted in homogeneous solution with higher efficiency
compared to heterogeneous reactions on a surface. Thereafter,
the DNA-antibody conjugates can be captured subsequently by
robust DNA hybridization onto the surface.8

1.3.3 Molecular assembly strategies

To develop a robust biofunctionalization strategy for biosen-
sors, strong and stable coupling methods can be combined
with anti-fouling coatings. For example, a biotin-poly(L-lysine)-
g-poly(ethylene glycol) (biotin-PLL-g-PEG) and protein A-based
technique was developed to immobilize antibody on the sur-
face of microchannels.25 The surface was first activated with
functional carboxyl group for subsequent binding of biotin-PLL-
g-PEG molecules through the electrostatic interactions. Biotiny-
lated protein A was immobilized on the surface through a linking
molecule, neutravidin.25 In this case, the PLL-g-PEG polymers
reduce the non-specific interactions, while the biotin-neutravidin
bond offers a robust and stable coupling strategy for immobiliz-
ing antibodies onto the polymer surface.

Another example is based on the combination of anti-fouling
polymer coatings and a DNA-directed coupling method. Com-
plexes of streptavidin and biotinylated ssDNA were arrayed onto
a PLL-g-PEG/ PEGbiotin coated microarray chip.26 A mixture
of liposomes covalently tagged with different complementary
DNA sequences was sorted via the specific binding of DNA
strands. Single liposome arrays may increase the throughput due
to the increased spot density, and may enlarge the understanding
of biorecognition events on the single-molecule level.26 In con-
clusion, anti-fouling polymers and covalent coupling strategies
offer advantages such as minimized non-specific interactions
and stronger anchoring bonds which can be combined into a
promising strategy for developing a biofunctionalization strategy,
while the use of DNA-directed immobilization prevents the loss
of antibody bioactivity upon attachment to the biofunctionalized
surface.
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1.3.4 Preservation strategies to achieve ready-to-use biosensors

A challenge in the development of protein-based biosensors like
immuno-sensors is maintaining the functional activity and the
three-dimensional structure of proteins during processing and
storage. A common method of stabilizing proteins for long-term
storage and later use is lyophilization (freeze drying). However,
freeze-dried reagents are not easily integrated into a biosensor
cartridge.27

Anhydrous, or dry state, preservation such as sugar-based
drying is commonly used in biosensor devices, e.g. in immunoas-
say lateral flow tests. For example, anhydrous preservation in
a trehalose matrix is suitable for the preservation of biological
samples.28 Trehalose is a disaccharide found at high concentra-
tions in many organisms that naturally survive dehydration.28

The preservation principle is based on restricting molecular mo-
tion to a small volume over a finite time period, which can
prevent the degradation of proteins.27

An example of a successfully demonstrated ready-to-use biosen-
sor is the Magnotech system, which is an immunoassay technol-
ogy based on magnetically controlled movement of particles de-
tected optically.29,30 The biosensor with dry-reagents was demon-
strated with blood plasma and whole saliva. In this thesis, we
will study the functionality of a biofunctionalized surface with
anhydrous preservation strategies for a ready-to-use biosensor
with long-term operational lifetime.
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1.4 outline of the thesis

Sensing technologies for the continuous monitoring of biomolecules
will allow studies of dynamic changes in biological systems and
control based on measured responses. Biosensing by particle
mobility (BPM) is a novel sensing technology for continuous
biomarker monitoring, based on measuring the motion of parti-
cles near a surface and resolving their interactions with single-
molecule resolution. A critical aspect that determines the func-
tionality, stability, and generalizability of the sensor is the biofunc-
tionalization of the surface. This thesis investigates click-based
coupling to an anti-fouling polymer as a strategy for realizing
assays with oligonucleotides and antibodies as binder molecules,
for achieving stable and generalizable continuous monitoring
biosensors.

In chapter two, we describe a molecular architecture consisting
of anti-fouling bottlebrush polymers (PLL-g-PEG) and covalently
coupled affinity binders. The aim is to make biosensors with
stable responses over long durations. With the molecular archi-
tecture, reversible responses were observed over long durations
with BPM biosensors having a dsDNA tether between particle
and surface, for a sandwich oligonucleotide assay, a compet-
itive oligonucleotide assay and a competitive small molecule
immunoassay, in buffer and in filtered blood plasma, with pico-
molar, nanomolar, and micromolar analyte concentrations, and
with continuous sensor operation over 10 hours.

In chapter three we present a BPM sensing principle with
free diffusional motion of particles, called f-BPM, that does not
include a dsDNA tether between particle and surface. Here,
target-induced reversible bonds are detected by changes of the
diffusion coefficient between unbound states (free Brownian mo-
tion) and bound states (confined motion). The sensing principle
is demonstrated with a DNA competition assay in buffer and
in undiluted filtered blood plasma. An operational lifetime of
6 days was achieved, demonstrating the high stability of the
biofunctionalized surface.

In chapter four, we investigate how to preserve and store both
the biofunctionalized surfaces and the sensing particles, aiming
to fabricate ready-to-use sensor cartridges. We studied different
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sugar compositions and demonstrate that a coating of sucrose
and trehalose preserves the functionality of the particles and
sensor surface in a dry state. We report a protocol that allows for
at least three weeks of dry storage of the f-BPM biosensors.

In chapter five, we study site-specific antibody modification
based on glycan remodeling to covalently couple oligonucleotides
onto the Fc fragment region of the antibodies. The aim was to
immobilize antibodies on PLL-g-PEG surfaces with a defined
orientation. Since the coupling anchor is specific, the antibody
activity is expected to be maximally retained. We quantified the
coupling efficiency with quadrupole time-of-flight (QTOF) mass
spectrometry and SDS-PAGE. The functionality of oriented anti-
PCT antibodies on both particles and PLL-g-PEG surfaces was
demonstrated in f-BPM experiments.

Finally, chapter six summarizes the findings of the thesis, dis-
cusses the impact for applications, and describes directions for
further research.





2
C L I C K - C O U P L I N G T O A N T I - F O U L I N G
P O LY M E R S F O R C O N T I N U O U S M O N I T O R I N G
W I T H S I N G L E - M O L E C U L E R E S O L U T I O N

Sensing technologies for the real-time monitoring of biomolecules
will allow studies of dynamic changes in biological systems and
control based on measured responses. Here we describe a molecu-
lar architecture and coupling process that allows continuous mea-
surements of low-concentration biomolecules over long durations
in a sensing technology with single-molecule resolution. The sen-
sor is based on measuring temporal changes of the motion of
particles upon binding and unbinding of analyte molecules. The
biofunctionalization involves covalent coupling by click chem-
istry to PLL-g-PEG bottlebrush polymers. The polymer is cou-
pled to a surface by multivalent electrostatic interactions, while
the grafted poly(ethylene glycol) suppresses non-specific bind-
ing of biomolecules. With this biofunctionalization strategy, we
demonstrate the continuous monitoring of single-stranded DNA
and a medically relevant small-molecule analyte (creatinine), in
sandwich and competitive assays, in buffer and in filtered blood
plasma, with picomolar, nanomolar as well as micromolar an-
alyte concentrations, with continuous sensor operation over 10

hours.

Parts of this Chapter have been published as:

Lin, Y., Vermaas, R., Yan, J., de Jong, A. M., & Prins, M. W. J. "Click-Coupling to
Electrostatically Grafted Polymers Greatly Improves the Stability of a Continu-
ous Monitoring Sensor with Single-Molecule Resolution." ACS Sensors (2021).

Alvisi, N., Gutiérrez-Mejía, F. A., Lokker, M., Lin, Y. T., de Jong, A. M., van
Delft, F., & de Vries, R. "Self-Assembly of Elastin-like Polypeptide Brushes on
Silica Surfaces and Nanoparticles." Biomacromolecules (2021).
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2.1 introduction

Biological systems exhibit dynamics that are at the most basic
level driven by time-dependent changes of molecules such as
metabolites, hormones, proteins, and nucleic acids. For healthcare
and engineering purposes, it would be highly valuable to be able
to continuously monitor specific molecules that critically reflect
the biological dynamics, so that timely actions can be taken
and changes can be managed. A good example are sensors for
continuous glucose monitoring which are used for patient self-
monitoring31 as well as for controlling industrial fermentations
and bioreactors.32

Glucose is a metabolite that is present at millimolar con-
centrations. Biomarkers at lower concentrations can be mea-
sured with well-established detection techniques such as surface
plasmon resonance (SPR), quartz crystal microbalance (QCM),
and enzyme-linked immunosorbent assays (ELISA). However,
these methods involve fluid handling steps (e.g. washing steps)
which complicate the design of a monitoring system. A sens-
ing principle that does not require wash steps is electrochemical
aptamer-based sensing, based on analyte-induced conformational
changes of surface-coupled aptamers.9 Research groups have
demonstrated the monitoring of micromolar and nanomolar ana-
lyte concentrations.10–12 However, the continuous monitoring of
biomarkers in the picomolar concentration range has not come
within reach.

We have recently demonstrated a sensing technology for con-
tinuous biomarker monitoring at micromolar, nanomolar and
picomolar concentrations, called Biosensing by Particle Mobility
(BPM).33–35 The BPM sensing method has single-molecule reso-
lution and gives digital signals, which enables measurements at
low concentrations.36 BPM is based on particles tethered to a sub-
strate, where the particles and the substrate are functionalized
with specific binder molecules. Temporal changes are detected
in the mobility of the particles caused by the reversible binding
and unbinding of analyte molecules, generating digital on-off
switching related to single-molecule events. The BPM sensing
principle has been demonstrated with oligonucleotides and pro-
teins as binder molecules, for sensing DNA, protein, as well as
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small-molecule biomarkers. However, the reported data show
a decay of sensor signals, limiting the duration of the experi-
ments as well as the duration of sensor operation in prospective
applications. Potential causes of the signal decay are imperfect
anti-fouling strategies and a loss of binder molecules over time
due to non-covalent coupling methods.

In this paper, we describe a molecular architecture with anti-
fouling bottlebrush polymers (PLL-g-PEG)37 and covalent click
coupling38,39 for achieving real-time continuous monitoring of
analytes at low concentrations with stable response over long
durations. The bottlebrush polymer serves four purposes: (i) it
is strongly attached to the substrate by multivalent electrostatic
interactions for high sensor stability, (ii) polyethylene glycol
groups give anti-fouling properties18,40 in order to reduce non-
specific binding of biomolecules, (iii) the polymer serves as a
spacer between binder molecules and the solid substrate for
minimizing loss of biomolecular activity over time, and (iv) in-
tegrated click-functional groups allow facile covalent coupling
of binder molecules. We show that the molecular architecture
with click-coupling to anti-fouling polymers greatly improves
the stability of the BPM continuous monitoring sensor with
single-molecule resolution. We describe the molecular architec-
ture, compare it to previous coupling methods, and demonstrate
the continuous monitoring of single-stranded DNA (ssDNA)
and a small-molecule analyte (creatinine), in sandwich and com-
petitive assay formats, in buffer and in filtered blood plasma.
Picomolar, nanomolar as well as micromolar analyte concentra-
tions are measured with continuous sensor operation over long
durations.

2.1.1 Sensing approach

Biosensing by Particle Mobility (BPM) is based on particles that
are tethered to a substrate via double-stranded DNA (dsDNA),
with the particles and substrate coated with binder molecules
such as oligonucleotides or antibodies.33,35 The particles show
Brownian motion and explore a region related to the length of
the dsDNA tether. In a sandwich assay format (see Figure 2.1),
target molecules can simultaneously bind to a binder molecule
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on the particle (particle-side binder, also referred to as ‘particle
binder’) and a binder molecule on the substrate (substrate-side
binder, also referred to as ‘substrate binder’). The formation
of a target-induced sandwich bond between the particle and
substrate causes the particle motion to become more restricted
(bound state), which can optically be detected. Upon dissociation
of the target molecule, the larger motion amplitude of the particle
is restored (unbound state). The increase and decrease of particle
motion, as a result of binding and unbinding of target molecules,
is detected over time.33 The output of the BPM biosensor is
the particle switching activity, defined as the average frequency
of binding and unbinding events per particle, which can be
quantitatively related to the target concentration. The sensing
principle is reversible and does not consume or produce any
reagents, making it highly suited for continuous monitoring over
long durations. However, operation over long durations requires
a high stability of the biofunctionalizations in the system, which
is the topic of this study.



2.2 results and discussion 19

2.2 results and discussion

2.2.1 Develop a stable particle-based biosensor by covalent coupling
to anti-fouling polyelectrolytes
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Figure 2.1: Schematic overview of Biosensing by Particle Mobility (BPM) using click-
coupling to anti-fouling bottlebrush polymer, exemplified by a sandwich
assay for detecting ssDNA target molecules (not to scale). The substrate is
coated with PLL-g-PEG-N3 molecules, for anti-fouling properties and for
click-coupling of DBCO-tagged double-stranded DNA tether molecules (red-
blue). The particle and the substrate are provided with binders that have
a specific affinity to the target molecule. Target molecules (blue) hybridize
with the complementary particle and substrate binders, forming a sandwich
arrangement (right). The formed sandwich bond leads to a restriction of the
motion of the particle. Due to the reversible affinity interactions, the particle
switches between the unbound state (left) and the bound state (right). The
switching frequency depends on the target concentration: the frequency is
low for low target concentration, and the frequency is high for high target
concentration.

The design of the molecular architecture and the particle-based
biosensor are shown in Figure 2.1. A mixture of cationic PLL-g-
PEG and PLL-g-PEG-N3 polymers are adsorbed onto the nega-
tively charged glass substrate. The grafted polyethylene glycol
(PEG) groups are strongly hydrophilic and provide biofouling
resistant properties, used here to reduce non-specific interactions
between particles, substrate and matrix components. The dsDNA
tether as well as the substrate-side binder molecules are coupled
to the PLL-g-PEG layer via the integrated azide groups, using sec-
ond generation click chemistry that is copper-free, catalyst-free,
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specific and biocompatible.41–44 The surface density of clickable
azide groups was controlled by mixing PLL-g-PEG and PLL-
g-PEG-N3 polymers at a 10:1 ratio. This provides a sufficient
number of azide groups on the surface while still enabling a
low degree of non-specific binding. The single-tethering of par-
ticles was created by coupling DBCO-dsDNA-biotin tethers to
the azide groups and thereafter exposing the surface to particles
functionalized with streptavidin moieties.

The stability of the tethered particles was characterized by
measuring the number of tethered particles over time. Figure
2.2 shows the percentage of particles that remain tethered to the
surface over a 24 h monitoring period. In the reference experi-
ment the dsDNA tethers were provided with digoxigenin tags
and coupled to the substrate using anti-digoxigenin antibodies
(see our earlier work33). The observed time profiles of the two
coupling methods are fitted with single-exponential decay curves.
The curves show that the click-based coupling is much more sta-
ble than the antibody-antigen based coupling: the rate of particle
loss is about 50 times slower for the click-based coupling.

For the click-based coupling, the loss of particles over a period
of 24 h is about 20%. Possible origins of the observed loss are
the detachment of the PLL-g-PEG layer from the glass substrate,
the breaking of the DBCO-azide bond, or the dissociation of the
biotin-streptavidin bond on the particle. The dissociation rate
of biotin-streptavidin is about (5.5 ± 2.2)× 10−6s−1,45 which is
very close to the rate observed in Figure 2.2. The DBCO-azide
conjugate, formed through click chemistry, has been proven to
be stable under a pulling force of 150 pN for more than 24 h.42,46

The strength of the PLL-g-PEG coupling to the glass substrate is
dependent on the surface charge density of the substrate; studies
have shown that PLL-g-PEG modified surfaces stay passivated
over days.47–50 Therefore, the loss rate of particles in the PLL-
g-PEG experiment in Figure 2.2 is most likely caused by the
dissociation of biotin-streptavidin bonds between the biotinylated
dsDNA tether and the streptavidin-functionalized particle.
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Figure 2.2: Number of tethered particles measured over time, for two methods of cou-
pling the dsDNA tether to the substrate: DIG-AntiDIG coupling (green) and
click chemistry (blue). The fluid cell was turned over so that dissociated
particles sediment and move away from the glass substrate. The curves were
normalised at t=0 and have been fitted with an exponential decay function:
f (t) = (1 − a) + a × exp(−t · ko f f ), with f (t) the fraction of particles bound
to the substrate as a function of time, ko f f the dissociation rate constant of
single-tethered particles, a the initial fraction of single-tethered particles, and
(1 − a) the initial fraction of particles that are strongly bound, i.e. double-
tethered or non-specifically bound. The fitted ko f f values are indicated at the
curves. The initial number of particles in the experiments was around 500.
Negative control experiments are discussed in Appendix 2.5.1.

2.2.2 DNA sandwich assay performed in buffer and in filtered blood
plasma

The reversibility of the BPM sensor with click-based coupling is
studied in Figure 2.3, for a DNA sandwich assay as sketched in
Figure 2.1. The particle and substrate are provided with ssDNA
molecules having 10-bp and 9-bp complementarity to the ssDNA
target respectively, resulting in a bound state lifetime in the order
of seconds. Figure 2.3a shows the applied concentration profile
(top panel) and the measured switching activity (bottom panel).
The switching activity is the frequency of binding and unbind-
ing events observed per particle, averaged over the number of
tethered particles in the microscopic field of view and over a
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measurement duration of 5 minutes. Typically, a few hundred
particles are simultaneously imaged and tracked. The averaging
makes the switching activity a normalized parameter that is in-
dependent of the number of observed particles. The total number
of particles is important for achieving good event statistics and
small error bars in the measured switching activity parameter.
Measurements with less particles give lower numbers of switch-
ing events, and therefore larger measurement uncertainties due
to lower event statistics. We typically have 500 to 1000 particles
in one field of view. To achieve a CV of 5%, at least 400 events
need to be collected per measurement point.35

The switching activity signal in Figure 2.3a dynamically re-
sponds to both increasing and decreasing target concentrations.
The activity increases for increasing target concentration, as is
expected for a sandwich assay. When the target concentration is
decreased to zero in a single step, the activity drops with a finite
response time. The three measured step responses are fitted with
exponential decay curves, see the grey lines, showing that the
dynamic response can be described with a single time constant
τo f f of 26.5±2.0 min. The fitted τo f f values of the three subse-
quent step responses are equal within their uncertainty intervals,
demonstrating that the time constant is independent of analyte
concentration. This implies that the binding between particle and
substrate is monovalent and that the relaxation time reflects the
single-molecule dissociation constant of the weakest link, i.e. the
binding between target molecule and substrate binder. Further-
more, the data prove that the sensor system is reversible and
stable over a time period of several hours.

Figure 2.3b shows the data points measured in panel a, but now
plotted as a dose-response graph, i.e. the measured signal as a
function of the applied target concentration. The correspondence
between the data points in the two panels is highlighted by their
colors. Figure 2.3b shows that the data measured with the click-
coupling is consistent over the different time periods. The data is
fitted with a Hill equation A([T]) = Abg + Aa × [T]

EC50+[T] , with A
the switching activity, Abg the background activity, Aa the activity
amplitude, [T] the target concentration, and EC50 the target
concentration at which the response reaches 50% of the activity
amplitude. The data show that the sensor response is consistent
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over a period of 10 hours, using the molecular architecture with
click-based coupling on anti-fouling polymer. Other than PBS
buffer, the capability of performing DNA sandwich assay in high
ionic strength buffers has been tested (see Appendix 2.5.9). The
interactions between PLL-g-PEG and DNA have been further
investigated by varying salt concentration.

The PEG side chains of the PLL-g-PEG polymer are expected
to function as an anti-fouling layer that resists protein adsorption.
Figure 2.3c and Figure 2.3d show the response of the BPM sensor
in filtered undiluted blood plasma. The data in plasma and in
buffer show good correspondence, both in time response and in
dose-response curve, proving that ssDNA target in the picomolar
concentration range can be dynamically monitored in very differ-
ent solutions over long durations. The anti-fouling properties of
the PLL-g-PEG polymer are also apparent in other parameters:
(i) the percentage of non-specifically bound particles is less than
10% (see Appendix 2.5.1), (ii) the room-temperature shelf-life of
the PLL-g-PEG surface functionalized with oligonucleotides and
dsDNA tethers is at least three months (see Appendix 2.5.2), and
(iii) analyte measurements in 10% unfiltered blood plasma can
be done over a period of 9 hours (see Appendix 2.5.3).

The stability of the click-based BPM sensor is improved rel-
ative to that of the antibody-anchoring BPM sensor (Appendix
2.5.4). Under similar conditions, the click-based sensor responds
quantitatively to the target in filtered undiluted blood plasma
with a signal decay rate of (8.3 ± 1.1)× 10−6s−1 (on average less
than 10% signal loss was observed over five hours), while the
antibody-anchored sensor exhibits a higher loss of signal (ap-
proximately 50% signal loss was observed over five hours) with
a decay rate of (4.5 ± 0.3)× 10−5s−1.
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Figure 2.3: Dynamic response to target concentration of a BPM sensor with click-coupling
to PLL-g-PEG polymer, for a DNA sandwich assay in buffer and in filtered
undiluted blood plasma. The substrate is functionalized with ssDNA oligonu-
cleotide binders having 9-bp complementarity to the ssDNA target. Particles
are provided with ssDNA oligonucleotide binders having 10-bp complemen-
tarity. (a) The switching activity measured over time for ssDNA target in
PBS. The top panel shows the concentration-time profile applied to the flow
cell. The target concentration was gradually increased in small steps and
thereafter returned to zero in a single step; four such profiles were consec-
utively applied. The bottom panel shows the switching activity of the BPM
sensor. The switching activity, defined as the average frequency of binding
and unbinding events per particle, shows a positive and reversible response
to target concentration. The signal response after application of zero con-
centration was fitted with a single-exponential decay function (indicated as
light grey lines), revealing a time constant of = 26.5±2.0 min. (b) The data
of panel a plotted in a dose-response graph, i.e. the measured signal as a
function of target concentration. The colors of the data points refer to the
consecutive concentration-time profiles in panel a. The inset shows the data
with a logarithmic concentration scale. The data points collapse onto a single
curve, demonstrating the consistent response and reversibility of the sen-
sor. The data were fitted with a Hill equation A([T]) = Abg + Aa × [T]

EC50+[T]
(black line), revealing EC50 = 680 ± 268 pM. The measurement errors are the
standard errors given by the standard deviation of switching activity divided
by the square root of the number of particles.51 The standard errors show the
accuracy of the mean and are strongly dependent on sample size. The grey
shade indicates the 95% confidence range of the fit. (c) The switching activity
measured for ssDNA target in 50 kDa spin-filtered bovine blood plasma. The
single-exponential decay fits (light grey lines) reveal a time constant of τo f f
= 27.0±2.0 min. The protein composition of the filtered blood plasma was
determined with SDS-PAGE, see Appendix 2.5.5. (d) The data of panel c
plotted in a dose-response graph. The data points collapse onto a single curve
with EC50 = 524 ± 257 pM
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2.2.3 Continuous small molecule monitoring via competition assays

Sandwich assays are suitable for measuring analytes that have
two binding sites, since the analyte needs to simultaneously bind
to both the particle binder and the substrate binder. For monitor-
ing small molecules with only one binding site, it is necessary to
employ a competition assay. Figure 2.4 shows the sensor design
and the sensor response for two competition assays, namely for
monitoring ssDNA and creatinine.35 Creatinine is a byproduct of
muscle metabolism and an important biomarker for monitoring
kidney function.52 In the competition assays, either the parti-
cles or the substrate are provided with molecular binders that
compete with the analyte for transient binding of the particles.

In the ssDNA competition assay, the PLL-g-PEG surface is
covalently functionalized with partially double stranded sub-
strate binders that function as the analogues (green) with a 9-nt
single stranded binding region pointing outward. Particles are
provided with initial biotinylated oligos (grey) having 20-nt com-
plementarity to particle binders (orange). The reversible 9 bp
hybridization between substrate binders (ssDNA analogues) and
particle binders results in transient switching of particle mobility.
In the presence of the 11-nt analyte (blue), the binding region
on particle binders is blocked, causing a decrease of switching
events. In the creatinine assay, the PLL-g-PEG surface is cova-
lently functionalized with substrate binders (grey) having 20-nt
complementarity to ssDNA-creatinine conjugates that function
in the assay as the analogues (green). Particles are functionalized
with anti-creatinine antibodies (orange) by biotin-streptavidin
coupling. In the absence of creatinine analyte, the reversible bind-
ing of creatinine antibodies to analogues results in switching of
particles. When creatinine analyte is present in solution, then
the binding sites on the anti-creatinine antibodies are blocked by
analyte and the switching events of the particles are reduced. For
a detailed explanation of the competition assays, see Appendix
2.5.6 and Appendix 2.5.7.
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Figure 2.4: BPM competition assays on anti-fouling PLL-g-PEG polymer, for measuring
ssDNA (a, b, c) and creatinine (d, e, f) in PBS. (a) Schematic drawing of ssDNA
competition assay (molecules are not to scale). (b) The switching activity
measured over time for ssDNA target. The top panel shows the concentration-
time profiles and the bottom panel the measured switching activity. The
switching activity shows an inverted response (high analyte concentration
gives low switching activity), as expected for a competition assay. The open
squares show the uncorrected data and the solid squares show the signal
corrected for loss; the correction method is described in Appendix 2.5.6. Red
and orange data points represent equal decreasing concentration series; green
and blue data points represent sequences of alternating concentration values.
Lines are guides to the eye. (c) Dose-response graph containing all data
points of panel b. The data were fitted with a Hill equation (colored lines).
The fitted EC50 values are 51±6 nM (red), 37±8 nM (orange), 24±17 nM
(green), and 19±13 nM (blue). Small variations in flow conditions within
experiments and incomplete exchange of fluid cause small differences in
the measured EC50 values. The inset shows the Hill equation fit through all
data points simultaneously, with an EC50 of 35±9 nM. The measurement
errors are the standard errors of the mean, given by the standard deviation
of switching activity divided by the square root of the number of particles.51

Lines are guides to the eye. (d) Schematic drawing of creatinine competition
assay (molecules are not to scale). (e) Competitive BPM assay with creatinine-
analogue on the substrate and anti-creatinine antibody on the particle. The
colored squares show the signal corrected for signal loss. The open squares
represent the uncorrected data. Two grey triangles on the x-axis mark the time
points when a chemical reactivation processes was applied. The correction
method and the reactivation process are described in Appendix 2.5.7. Lines
are guides to the eye. (f) Dose-response graph containing all data points
of panel e. Dose-response curves for the two time periods (red, blue) were
separately fitted with a Hill equation. The fitted EC50 values are 42±6 µM
(red) and 78±9 µM (blue). The inset shows the Hill equation fit through all
data points simultaneously, with an EC50 of 66±8 µM.

The data in Figure 2.4 show reversible sensor responses over
long durations for the two very different molecular systems,
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namely the competitive oligonucleotide assay (panels a-c) and
the competitive small molecule immuno-assay (panels d-f). The
time-dependent data in Figure 2.4b and Figure 2.4e show that
the signal dynamically responds to repeated increases as well as
decreases of analyte concentration, applied over a time period
of many hours. Compared to the sandwich assays, three inter-
esting differences are seen. First, the competition assays give a
sensor with inverted response: an increase of analyte concentra-
tion causes a decrease of switching activity, because the analyte
molecules compete with the analogues. Second, the responses
in the competition assays are much faster than the responses
in the sandwich assays. The faster response is caused by the
law of mass action, as the analyte concentrations are higher in
the competition assays compared to the sandwich assays. Third,
the competition assays are prepared with a reduced density of
binders on the particle side or on the substrate side. A low den-
sity is essential in order to achieve reversible monovalent bonds
and avoid irreversible multivalent bonds between particle and
substrate. The density of binders is approximately three orders of
magnitude lower in the competition assays compared to the sand-
wich assay. The open squares in Figure 2.4b show the raw data
of the DNA competition assay. The observed signal decrease fol-
lows a straight line with a loss rate of 6 × 10−6s−1 (see Appendix
2.5.6). This rate is equal to the dissociation rate constant of the
biotin-streptavidin bonds that are involved in the coupling of the
particle-side binders (see Figure 2.4a). A similar time-dependent
dissociation of particle-side binders should have occurred in the
sandwich assay experiment of Figure 2.3, but in that data the
dissociation is not visible due to the small loss of signal com-
pared to the error bars. The predictable nature of the signal loss
allows the application of a mathematical correction method. The
solid data points in Figure 2.4b represent the measured signal
after correction for the loss (see Appendix 2.5.6). The resulting
dose-response curves are shown in Figure 2.4c.

In the creatinine assay, a signal loss rate is observed of 2 ×
10−5s−1 (see Appendix 2.5.7). Since proteins are generally less
stable than oligonucleotides, the higher loss rate is potentially
caused by a gradual loss of activity of the antibodies. Again, the
observed rate of signal loss allows the application of a mathemat-
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ical correction. The solid data points in Figure 2.4e represent the
measured signal after correction for the loss (see Appendix 2.5.7).
Alternatively, the original signal can be recovered by supplement-
ing fresh analogues into the flow cell (see experimental results
in Appendix 2.5.7). In summary, Figure 2.4 shows consistent
time-dependent responses and dose-response curves, for two
very different competition assays (ssDNA oligonucleotide assay,
and small-molecule immunoassay), over a wide concentration
range (nM to mM), over monitoring periods of many hours.
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2.3 conclusion

We have described a biofunctionalization strategy based on click-
coupling to an anti-fouling polymer for improving the control
and durability of real-time continuous biosensing with single-
molecule resolution. The bottlebrush polymer (PLL-g-PEG) is
strongly attached to the substrate by multivalent electrostatic in-
teractions and serves as a spacer between immobilized molecules
and the solid substrate. Reversible and consistent responses were
observed over long durations in different molecular systems,
namely a sandwich oligonucleotide assay, a competitive oligonu-
cleotide assay and a competitive small molecule immunoassay,
showing the general applicability of the approach. Picomolar,
nanomolar as well as micromolar analyte concentrations were
measured with continuous sensor operation over many hours.
The presented molecular architecture is suited for a variety of
substrates (see Appendix 2.5.8) and for further industrialization
with inexpensive fabrication cost. We tested that the shelf life of
the modified surface in wet state is several months (Appendix
2.5.2). We expect that the sensor with novel biofunctionalization
strategy will enable real-time monitoring for a wide range of
applications that can benefit from series of biochemical data and
dynamic process control, including biological research as well as
medical, pharmaceutical and industrial applications.
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2.4 materials and methods

2.4.1 DNA and chemicals

The ssDNA oligonucleotides (standard desalting and HPLC pu-
rification for chemically modified DNA) used in the study were
purchased from IDT (Integrated DNA Technologies). Chemicals
used in this protocol were purchased from Sigma, except if stated
otherwise.

2.4.2 PLL-g-PEG functionalization and tether anchoring

Poly(l-lysine)-grafted poly(ethylene glycol) was purchased from
SuSoS (Switzerland) with a grafting ratio of 3.5. The molecular
weight of the PLL backbone and PEG side chains are 20 kDa and
2 kDa respectively. Azide functionalized PLL-g-PEG (Nanosoft
Biotechnology LLC, USA) is composed of a 15 kDa PLL backbone
and 2 kDa PEG chain with a grafting ratio of 3.5.

Glass slides (25 x 75 mm, #5, Menzel-Gläser) were pre-cleaned
by 30 minutes of sonication in isopropanol (VWR, absolute) and
10 minutes of sonication in MilliQ. After the substrate was dried
with a nitrogen stream, 1 minute of oxygen plasma was applied
to the slides to plasma-oxidize the surface. PLL(20)-g[3.5]-PEG(2)
and PLL(15)-g[3.5]-PEG(2)-N3 were pre-mixed in MilliQ with the
ratio of 9:1 by weight at a final concentration of 0.45 mg/mL
and 0.05 mg/mL respectively. Custom-made fluid cell stickers
(Grace Biolabs) with an approximate volume of 20 µL were then
attached to the substrate and the PLL-g-PEG/PLL-g-PEG-N3

polymer mixture was immediately injected to the flow chamber
and incubated for two hours. After the polymer self-assembled
onto the negatively charged substrate, the unbound or loosely
bound polymers were removed by withdrawing the solution out
of the chamber. Then, a double-stranded DNA tether (dsDNA)
modified at one end with DBCO and the other end with biotin
was injected and coupled to the azide group on PLL-g-PEG at
a final concentration of 0.5 nM in 500 mM NaCl in PBS (130

mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4 at pH 7.4).53 The
dsDNA tether was incubated for approximately 15 hours at room
temperature.
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2.4.3 Surface functionalization and dose-response experiments for
ssDNA sandwich assay in PBS and filtered blood plasma

The substrate-side binder is a partially double stranded DNA
consisting of two complementary oligos, namely a 31nt oligo
(3 ’ C ATT ATT ACA AGC TAA GCT CTT GCA CTG ACG 5 ’)
and a DBCO functionalized oligo (5 ’ CGA TTC GAG AAC GTG
ACT GCT TTT T 3 ’ DBCO). The 100 µM 31nt oligo was pre-
hybridized with 100 µM DBCO functionalized oligo at a volume
ratio of four to one, making the DBCO functionalized oligo the
limiting reagent. After the glass substrate was modified with PLL-
g-PEG and dsDNA tether, the partially double stranded DNA
was diluted to 1 µM with 500 mM NaCl in PBS (130 mM NaCl, 7

mM Na2HPO4, 3 mM NaH2PO4 at pH 7.4) and injected into the
flow cell, followed by 48 hours of incubation at room temperature.
The coupling of the substrate-side binder to the PLL-g-PEG
saturated most of the binding sites, preventing the exposure
of azide groups, which reduces non-specific interactions. These
modified substrates can be stored at room temperature in a
humid chamber for months.

One microliter of streptavidin-coated magnetic particles (10

mg/mL, Dynabeads MyOne Streptavidin C1, 65001, Thermo Sci-
entific) was incubated with 4 µL of 11nt biotinylated ssDNA (5 ’
TCACGGTACGA 3 ’ Biotin) at a final concentration of 2 µM in
PBS buffer for 70 min on a rotating fin (VWR, The Netherlands).
The particle mixture was washed with 0.05 vol.-% Tween-20

(Sigma-Aldrich) in PBS and reconstituted in 500 µL of 500 mM
NaCl in PBS. Right before injecting particles into flow cells, the
particle solution was sonicated with 10 pulses at 70% with 0.5
duty cycle (Hielscher, Ultrasound Technology). Particle solution
was injected into the flow chamber with a flow rate of 40 µL/min
and a volume of 400 µL in total. After the flowing procedure was
completed, the reaction was continued for another 5 minutes,
allowing capture of the particles by the biotin groups on dsDNA
tethers. Then the flow cell was turned over to allow the unbound
particles to sediment away from the functionalized surface. 200

µL of 100 µM mPEG-biotin (PG1-BN-1k Nanocs) in high salt
buffer (500 mM NaCl in PBS) was added to the flow cell to avoid
the formation of multiple-tethered particles. The high salt buffer
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in the flow cell was replaced by PBS before adding the ssDNA
analytes. For each target concentration, 200 µL of the ssDNA
target (5 ’ TCG TAC CGT GTG TAA TAA TGC G 3 ’) in PBS was
injected into the chamber with a flow rate of 40 µL per minute,
after which the particle motion was recorded for 5 min in the
absence of flow. For the DNA sandwich assay in filtered blood
plasma, bovine plasma (P4639-10ML, Sigma Aldrich) was recon-
stituted in MilliQ and then filtered with 50-kDa molecular weight
cut-off centrifugal filter (UFC905008, Millipore). The ssDNA tar-
get (5 ’ TCG TAC CGT GTG TAA TAA TGC G 3 ’) in plasma
filtrate was injected into the flow cell with a flow rate of 40 µL
per minute and a total volume of 200 µL.

2.4.4 Surface functionalization and dose-response experiments for the
ssDNA competition assay

The surface was first functionalized with PLL-g-PEG/PLL-g-
PEG-N3, dsDNA tether and substrate-side binder (which in this
case also functions as ssDNA analogue) via the same procedure
as described in the ssDNA sandwich assay. The particles were
coated with 20 nt biotinylated ssDNA (Biotin 3 ’ CAT CTG TAG
GTT GGA CTG AT 5 ’) at a concentration of 2 µM in high salt
buffer (500 mM NaCl in PBS). After the standard wash and
sonication of the particles, the particles were added to the flow
cell and captured by the biotin groups on dsDNA tethers. 200

µL of 100 µM mPEG-biotin (PG1-BN-1k, Nanocs) in high salt
buffer (500 mM NaCl in PBS) was added to the flow cell to
avoid the formation of multiple-tethered particles. The high salt
buffer in the flow cell was replaced by PBS before adding the
particle-side binder (5 ’ GTA GAC ATC CAA CCT GAC TA C
GTG A GT AAT AAT G CG 3 ’). The particle-side binder has 20

bp complementarity to the 20 nt ssDNA on the particle and 9

bp complementarity to the substrate-side binder on the surface.
When the switching activity of the BPM sensor reached the
baseline signal, the unbound particle-side binder was removed
and 300 µL of 11nt ssDNA (5’ TCA TTA TTA CGA AAA 3’)
analyte in PBS was injected into the flow cell with a flow rate
of 30 µL per minute via a fully automated flow and sampling
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system (see below), after which the particle motion was recorded
for 5 min in the absence of flow.

2.4.5 Surface functionalization and dose-response experiments for the
creatinine competition assay

The DBCO modified ssDNA (5 ’ GTC TGT AGA CAG TTT CAT
CGG TGA C 3 ’ -PEG4-DBCO) was prepared by labeling amine-
modified oligo (5 ’ GTC TGT AGA CAG TTT CAT CGG TGA C -
3 ’ amine) with Dibenzocyclooctyne-PEG4-N-hydroxysuccinimidyl
ester (Sigma-Aldrich). The DBCO-PEG4-NHS Ester was dis-
solved in DMSO at a final concentration of 10 mM. Then, amine-
modified oligo at a final concentration of 100 µM was added
to the DBCO-PEG4-NHS Ester solution and incubated at room
temperature for 2 hours. The oligonucleotides were purified via
ethanol precipitation and stored in PBS. The glass substrate was
first functionalized with PLL-g-PEG/PLL-g-PEG-N3 and dsDNA
tether via the same procedure as described in section 2.4.3. 1

µM of DBCO modified ssDNA was provided to the surface and
incubated for 48 hours. These modified substrates can be stored
at room temperature in a humid chamber for months.

Two microliters of streptavidin-coated magnetic particles (10

mg/mL, Dynabeads MyOne Streptavidin C1, 65001, Thermo Sci-
entific) was incubated with 2 µL of biotinylated antibody against
creatinine at a concentration of 400 nM in PBS buffer for 40 min
on a rotating fin (VWR, The Netherlands). The biotinylation of
the creatinine antibody was described in a previous paper.35

An additional blocking process was done by incubating the par-
ticle solution with 5 µL of 2 µM PolyT (5 ’ Biotin - TTT TTT
TTT TTT TTT T 3 ’) for 40 min on a rotating fin. The creatinine-
antibody coated particles were tethered to the substrate and 200

µL of 100 µM mPEG-biotin (PG1-BN-1k, Nanocs) in high salt
buffer (500 mM NaCl in PBS) was added to the flow cell to avoid
the formation of multiple-tethered particles. The preparation
of creatinine-DNA conjugates (5 ’ GTC ACC GAT GAA ACT
GTC TAC AGA C-3 ’ creatinine) was discussed in the previous
publication.35 The high salt buffer in the flow cell was replaced by
PBS before adding the creatinine-DNA conjugates (also referred
to as creatinine analogues). When the switching activity of the
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BPM sensor reached the baseline signal, the unbound creatinine
analogues were removed and 200 µL of creatinine analyte in
PBS was injected into the chamber with a flow rate of 40 µL per
minute, after which the particle motion was recorded for 5 min
in the absence of flow.

2.4.6 Automated flow and sampling system

The flow cell was connected to a 10 mL syringe (Norm Jet) at one
side and to a microfluidic distribution valve device (MUX distrib-
utor, Elveflow) at the other side with flexible tubing (Freuden-
berg Medical). A control program written with Matlab provides
a simple user interface to control the syringe pump (Standard
Infuse/Withdraw 11 Elite, Harvard Apparatus), valve device,
camera and particle localization software. The system allows
sample taking from reservoirs with specific analyte concentra-
tions, with control of flow rate, sample volume, and timing of
the measurement. Once the valve tubing was primed with a spe-
cific analyte solution, 300 µL of sample was injected with a flow
rate of 30 µL per minute, after which the particle motion was
recorded for 5 min in the absence of flow.

2.4.7 Particle tracking and event analysis

The 5 min particle motion measurements in the absence of flow,
were recorded on a Nikon Ti-E inverted microscope (Dark field
microscopy, Nikon Instruments Europe BV, The Netherlands)
and a Leica DMI5000M microscope (Dark field microscopy, Leica
Microsystems GmbH, Germany). The position of the particles
was recorded in a field of view of 883 × 552 µm2 on Leica
microscope or 405 × 405 µm2 on Nikon microscope for 5 minutes
at a frame rate of 30 Hz with an integration time of 5 ms. By
applying a Gaussian fitting over the intensity of pixels around
the particle, the center of every particle could be determined over
each time frame. We also used another particle tracking method,
based on a phasor based localization.54 The tracking of particles
is independent of microscope models and analysis algorithms.
The details of the particle tracking and event detection were
described in a previous publication.33
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2.5 appendix

2.5.1 Negative control experiments for the click-based coupling ap-
proach

DIG

Azide
DBCO

(a) (b) (c) (d)

Co
un

ts
 (-

)

Figure 2.5: The negative control experiments showing the number of properly tethered
particles anchored to the surface based on click coupling and the physisorp-
tion of PLL-g-PEG polymer. The circles represent the number of particles
observed in four or five different field of views. (a) Positive control exper-
iments, showing a high number of properly tethered particles (bright red
circles) and a low number of non-specifically bound particles (dark red cir-
cles). The percentage of non-specifically bound particles is less than 10%;
(b) Negative control experiment, where the DBCO group on the dsDNA
tether was replaced by a non-relevant functional group, Digoxigenin (DIG);
(c) Negative control experiment, with absence of dsDNA tether; (d) Negative
control experiment, with absence of azide groups. A low number of bound
particles were observed in experiments b, c, and d, in the absence of DBCO,
tether, or azide.

The described click-based BPM sensor has PLL-g-PEG with azide
groups on the surface and dsDNA tethers with a DBCO group,
which connect the particles to the PLL-g-PEG coated surface.
If the DBCO group on the dsDNA tether is replaced by a non-
relevant functional group, such as a Digoxigenin, the chemistry
should not work. Moreover, by removing the dsDNA anchor or
the azide groups on the polymer, the system should show a rela-
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tively low number of non-specific binding. To demonstrate the
specificity of the click-based coupling approach, negative control
experiments were performed with the absence of either the DBCO
group, dsDNA tether, or azide group. After standard cleaning
steps, the substrates were treated with 1 minute of oxygen plasma
and a pure PLL-g-PEG or PLL-g-PEG/PLL-g-PEG-N3 mixture
was applied to the surface, followed by 2 hours of incubation.
The substrates then were either provided with DBCO modified
tether, Digoxigenin modified tether, or without tether. In both
the positive control and negative control experiments, particles
were partially blocked by mPEG-biotin (PG1-BN-1k, Nanocs) and
washed with standard procedure described in Appendix 2.4.2
before injecting to the modified substrate. After 10 minutes of
incubation, all samples were turned over and unbound particles
gradually sedimented to the bottom of the chamber. The focal
plane was fixed at the top of the chamber and the motion patterns
of particles tethered to the upper surface were recorded. Particles
are designated as singly tethered, based on the shape, radius, and
symmetry of their motion patterns. Based on the contour length
of the 221 base pairs dsDNA tether used in our system, properly
tethered particles show a circular motion pattern with a radius of
150 nm. In contrast, the non-specifically bound particles show a
much more confined motion.33 The number of properly tethered
particles (bright red) and non-specifically bound particles (dark
red, yellow, green and blue) are shown in Figure 2.5. Colored
circles represent independent measurements from different field
of views. The percentage of non-specifically bound particles was
less than 10%. Further tests for characterizing the anti-fouling
properties of polymer coated surfaces are demonstrated in Ap-
pendix 2.5.10.

2.5.2 Shelf-life of the biofunctionalized surface

The stability of biomolecules and the coupling approaches influ-
ence the shelf-life of a biosensor, which is an important feature
for further development of sensors. Thus, we tested the shelf-life
of the PLL-g-PEG surface functionalized with substrate binders
and dsDNA tether. After the glass substrate was modified with
PLL(20)-g[3.5]-PEG(2) and PLL(15)-g[3.5]-PEG(2)-N3 mixture, ds-
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DNA tether solution and substrate binder solution were added
to the sensor chamber sequentially. Then the sensor was sealed
and stored in a humid chamber at room temperature for approx-
imately three months (82 days). Particles were freshly prepared
and the covalent-based BPM biosensor was produced with the
experimental procedures described in Section 2.4.3. The time
dependent measurements and the dose response curve were
recorded as shown in Figure 2.6. The good performance of the
sensor demonstrates the high stability of the covalent bonds and
the components such as PLL-g-PEG, dsDNA and ssDNA.
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Figure 2.6: The ssDNA sandwich assay measured with the sample that was stored for
82 days. (a) The switching activity of the BPM sensor as a function of time
recorded under a step-wise increased concentration of ssDNA analyte (red
solid squares) followed by a complete removal of analyte (black solid squares).
The concentration profile is shown in the top panel. (b) The dose response
curve plotted with linear scales. The curve was fitted with a Hill equation,
revealing EC50 = 362 ± 121 pM. The inset shows the data with a logarithmic
concentration scale. The measurement errors are calculated by the standard
deviation of switching activity divided by the square root of the sample size.

2.5.3 DNA competition assay in 10% blood plasma over 9 hours

The sensing principle for a competition assay is the competition
for binding between analogues and analytes. The particle binder
(5 ’ GTA GAC ATC CAA CCT GAC TAC GTG AGT AAT AAT
GCG 3 ’) for the ssDNA competition assay has 20 bp comple-
mentarity to the initial biotinylated oligo (Biotin 3 ’ CAT CTG
TAG GTT GGA CTG AT 5 ’) coupled on particles, and 9 bp
complementarity to the ssDNA analogue on the substrate (sub-
strate binder). The particle binder hybridizes and de-hybridizes
to the substrate binder on a relatively fast time scale of around
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20 seconds and causes the particle to switch between bound state
and unbound state. When the 11 nt ssDNA analyte is added, it
competes with the substrate binder (ssDNA analogue) by partly
hybridizing to the particle binder. The hybridization of 11 nt
ssDNA analyte to the 9 bp binding region on particle binders
hinders the particle to switch from unbound state to bound state.
The particle binder cannot bind to the substrate binder (ssDNA
analogue) again, until the analyte molecule dissociates. Therefore,
the BPM biosensor shows high switching activity at low analyte
concentration and shows low switching activity at high analyte
concentration.

To investigate the capabilities for measuring ssDNA analytes
in complex matrices over long durations, we performed the DNA
competition assay in 10% bovine blood plasma over many hours.
Without filtration, the resuspended lyophilized blood plasma
contained aggregated materials that perturb the optical tracking
and the motion of the particles. Filtration of the plasma resulted
in reproducible biosensing data. Bovine blood plasma (P4639-
10ML, Sigma Aldrich) reconstituted in MilliQ was first diluted to
10% and then filtered through a 0.22 µm filter. The protein com-
position of the diluted bovine blood plasma (1% and 2.5%) was
determined with SDS-PAGE, see Appendix 2.5.5. In Figure 2.7,
the switching activity rises (green square) after adding 250 pM
of particle binder (5 ’ GTA GAC ATC CAA CCT GAC TAC GTG
AGT AAT AAT GCG 3 ’). When enough switching events were
observed, the particle binders in bulk solution were removed
and the measurement chamber was washed with 10% bovine
blood plasma. The 10% bovine blood plasma was then spiked
with the 11nt ssDNA (5 ’ TCA TTA TTA CGA AAA 3 ’) analyte
at the concentration indicated in the top panel of Figure 2.7. The
switching activity shown in the bottom panel of Figure 2.7 in-
versely responds to different concentrations of the 11nt ssDNA
analyte, demonstrating the reversibility of the DNA competitive
assay over 9 hours in the complex matrix. Compared to assays
in pure buffer, the 10% bovine blood plasma solution gave more
non-specifically bound particles over time. The inactive and non-
specifically bound particles were excluded via data processing.
The signal at zero analyte concentration, measured right after the
supply of analyte with higher concentrations (500 nM and 1 µM),
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was generally much lower than the initial baseline signal. This
reduction of switching activity is attributed to remaining analyte
in the system because of incomplete fluid exchange. To calculate
the signal decay rate, measurements at zero analyte concentra-
tion were analyzed (excluding measurements after high analyte
concentration); the corresponding data points are indicated as
red squares. A fit with single-exponential decay gives a decay
rate of (5.3 ± 2.0)× 10−6s−1.
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Figure 2.7: DNA competition assay performed in 10% bovine blood plasma over 9 hours.
The top panel shows the concentration profile of the particle binder (green)
and the 11nt ssDNA analyte (orange). The bottom panel shows the switch-
ing activity measured for ssDNA target in 10% bovine blood plasma. The
switching activity rises with the addition of particle binder (green square)
and responds inversely to different concentrations of the 11nt ssDNA analyte.
The signals measured in the presence of analyte are represented by orange
squares. The signal at zero concentration measured right after 100 nM analyte
concentration, is indicated by red squares; the fitted curve gives a decay rate
of (5.3 ± 2.0)× 10−6s−1.

2.5.4 Signal decay rate of the click-based and antibody anchoring-
based BPM sensor

The stability of the BPM sensor was characterized by measuring
the number of tethered particles over time (see Figure 2.2) and
the signal decay rate. The time dependent measurements in undi-
luted bovine blood plasma filtered with 50 kDa molecular weight
cut-off membranes, were recorded with the antibody-anchored
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sensor and the click-based sensor, as shown in Figure 2.8. Under
similar conditions, the antibody anchoring-based sensor exhibits
a signal decay rate of (4.5 ± 0.3)× 10−5s−1 and the click-based
sensor shows a decay rate of (8.3 ± 1.1) × 10−6s−1. Figure 2.8
indicates that less than 10% signal loss was observed in the click-
based sensor over five hours, while the antibody anchoring-based
sensor exhibits approximately 50% signal loss. Potential causes of
the larger signal loss observed in the antibody anchoring-based
sensor are larger non-specific interactions of particles and a loss
of substrate-side binders over time due to non-covalent coupling
methods.
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Figure 2.8: DNA sandwich assay measured with antibody-anchored BPM sensor in 50

kDa spin-filtered undiluted bovine blood plasma (see Figure 4c in our earlier
work33). The top panel shows the concentration-time profile applied to the
flow cell. The bottom panel shows the corresponding switching activity of
the BPM sensor, defined as the average frequency of binding and unbinding
events per particle. The signal measured at the same concentration but at
different time points are highlighted in red (250 pM). The data point with open
square is considered to be an outlier, as it deviates from measurements before
and after. The signal decay rate of the antibody-anchored BPM sensor is (4.5±
0.3)× 10−5s−1. (b) The DNA sandwich assay measured with the click-based
BPM sensor under similar conditions in 50 kDa spin-filtered undiluted bovine
blood plasma. The top panel and the bottom panel show the concentration
profile and the signal response respectively. The signal measured with the
same concentration but at different time points are highlighted with red (200

pM) and blue (400 pM). The click-based BPM sensor exhibits less than 10%
signal loss over five hours with a signal decay rate of (8.3 ± 1.1)× 10−6s−1.
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2.5.5 SDS-PAGE characterization of filtered blood plasma and diluted
blood plasma

Figure 2.9: (lane a-f) The undiluted bovine blood plasma filtered with 3 kDa, 50 kDa, or
100 kDa molecular weight cut-off membranes. Lane a-c and lane d-f originate
from two different batches of bovine blood plasma. (lane g, h) The bovine
blood plasma was first diluted to 1% and 2.5%, then filtered through a 0.22

µm filter.

The protein composition of undiluted bovine blood plasma spin-
filtered with different membrane pore sizes, and of diluted bovine
blood plasma, was determined with SDS-PAGE, see Figure 2.9.
The gel was stained with Coomassie blue for 10 min after elec-
trophoresis was performed for 2 hours with 120 V at room tem-
perature. The 50 kDa filtered undiluted blood plasma was used
as complex medium in Figure 2.3c and Figure 2.3d, while 10%
diluted blood plasma was used in Figure 2.7.

The clear band detected in all sample lanes at around 67 kDa
is assigned to bovine serum albumin. In lanes b and e (50 kDa
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filtered) we observe two bands at around 10 kDa, three major
bands at 60-70 kDa and another clear band at 250 kDa. Bands
in the range 50-250 kDa and above, indicate that possibily large
stretched proteins passed through the membrane or that smaller
proteins aggregated after the filtration.

The protein concentration in 1% blood plasma is too high
for SDS-PAGE experiments, thus we measured 1% and 2.5%
plasma. As expected, the diluted plasma (lanes g-h) contains
larger proteins compared to the spin-filtered blood plasma (lanes
a-f).

2.5.6 Correction of signal decay for ssDNA competition assay

The molecular design and sensing principle of the DNA com-
petition assay are described in Appendix 2.5.3. To summarize,
the sensing principle for a competition assay is the competition
for binding between analogues and analytes. When the 11 nt
ssDNA analyte is added, it competes with the substrate binder
(ssDNA analogue) by partly hybridizing to the particle binder
and therefore hinders the particle to switch from unbound state
to bound state. In a competition assay, the BPM biosensor shows
high switching activity at low analyte concentration and shows
low switching activity at high analyte concentration.

The first and second dose-response curves in Figure 2.13 were
measured with equal decreasing concentration series, while the
third and forth curves were measured with randomly alternating
concentration series. The alternating concentration variations
result in stronger dispersion and flow effects. Hence, the effective
concentrations are between the consecutive feed concentrations,
resulting in a signal response that is effectively more averaged.

alternating concentration variations result in stronger disper-
sion and flow effects, resulting in concentrations that are between
the consecutive feed concentrations. This leads to a signal re-
sponse that is effectively more averaged.

We observed a decay of baseline signal (red open squares) dur-
ing a period of 10 hours. The red open squares can be fitted with
a decay rate k of (6.3± 1.8)× 10−6s−1. This can be used to correct
the measured signals (light-grey open squares). The corrected
switching activity signal Acorrected is shown as solid squares in
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Figure 2.13, calculated by implementing a correction factor ekt as
given in the following equation: Acorrected (t) = A (t)× (ekt)

Figure 2.10: The signal loss correction for the ssDNA competition assay. The corrected
(solid squares) and non-corrected (open squares) switching activity of the
BPM biosensor as a function of time, for monitoring different concentrations
of 11nt ssDNA analyte. The signal measured over time at zero analyte
concentration (red open square) was fitted with an exponential function,
showing a decay rate of (6.3 ± 1.8)× 10−6s−1. Due to the predictable and
steady loss rate, the signal loss correction can be applied to all data points,
giving a flat baseline (blue solid squares).

2.5.7 Correction of signal decay for creatinine competition assay

The sensing principle for the creatinine competition assay is
shown in Figure 2.4d. The analogue, in this case an ssDNA-
creatinine conjugate, induces switching of particles while the
analyte competes with the analogue and therefore reduces the
switching frequency. The concentration profile of the creati-
nine analogues is shown with green dashed lines in the top
panel of Figure 2.11. The switching activity rises (green open
squares) with the gradual increase of analogue concentration.
When enough switching events were observed, the analogues in
bulk solution were removed and the measurement chamber was
washed with PBS buffer. Free analogues bound to the antibodies
on particles dissociate during the washing steps due to the weak
affinity, while the analogues bound to the surface by the 20 base
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pair hybridization remain after each activation process (green
open squares).
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Figure 2.11: Top panel: The concentration-time profile of creatinine analogues (green)
and creatinine (black). Bottom panel: Measured switching activity as a func-
tion of time. Grey open squares: non-corrected data. Green open squares:
non-corrected data in the presence of creatinine analogue, indicating the
activation processes. Black solid squares: corrected signals based on a de-
cay rate of (2.2 ± 0.5)× 10−5s−1. Red open squares: non-corrected signals
measured at zero creatinine concentration, giving an estimated decay rate of
(2.2 ± 0.5)× 10−5s−1. Blue solid squares: corrected signals measured at zero
creatinine concentration, using a decay rate of (2.2 ± 0.5)× 10−5s−1.

It is expected that the analogues on the surface should not
dissociate over time, causing the system to show a stable baseline
activity at zero analyte concentration. However, variations in
flow conditions within experiments and incomplete exchange of
fluid can lead to residual amounts of analytes in the chamber,
causing an underestimated baseline signal, as shown in the first
section (up to 250 min). Moreover, the analogues can still slowly
detach from the surface due to dissociation of 20 base pair ds-
DNA and the total number of active antibodies on particles can
also decrease because of the dissociation of biotin-streptavidin
complexes or a gradual loss of activity of the antibodies, result-
ing in a signal decay (red open squares) as shown in Figure
2.11. The decay rate of the baseline signal, (2.2 ± 0.5)× 10−5s−1,
was calculated by fitting the recorded signal at zero creatinine
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concentration (red open squares) with a single-exponential decay
curve. Due to the predictable and steady loss rate, the signal loss
correction described in Appendix 2.5.6 can be applied to all data
points, giving a flat baseline (blue solid squares). The corrected
(solid squares) and non-corrected (open squares) switching ac-
tivity of the BPM biosensor are shown in the bottom panel of
Figure 2.4 as a function of time.

Reactivation (grey triangles) was performed by providing the
system with the same concentration of creatinine analogues as in
the first activation process. The switching activity goes back to
the baseline level, compensating for the loss of active antibodies
or binders with the addition of creatinine analogues.

2.5.8 Biofunctionalization of plastic substrates

A balance between production cost and biosensor performance
is of major importance for industrial applications. The proposed
biofunctionalization approach can be easily adapted to different
substrates such as plastic slides, as long as the substrate can be
modified to carry a net negative surface charge. Plastic slides
(e.g., polycarbonate, cyclic olefin copolymer) are all optically
transparent and potentially suitable for particle-based biosensing.
In addition, one of the advantages of using plastic materials is
that the flexibility allowed by the plastic molding process meets
the requirement for industrial applications. We successfully func-
tionalized polycarbonate (PC) slides with PLL-g-PEG polymer
and subsequently attached oligonucleotides on the surface. The
molecular design and sensing principle of the DNA sandwich
assay are described in Section 2.2.2.

The results showed that particles can be properly tethered
onto PLL-g-PEG-N3 functionalized plastic slides. Figure 2.12a
indicates that the activity signal responds to both increase and
decrease of target concentrations. As shown in Figure 2.12b, the
data of the first dose-response curve measured with the PC slide
was fitted with a Hill equation A([T]) = Abg + Aa × [T]

EC50+[T] (red
line), revealing EC50 = 590 ± 164 pM. Since the plateau value
of the second dose-response curve was not measured, a plateau
of approximately 85 mHz was set manually and the estimated
EC50 is 1728 ± 490 pM. Moreover, the time dependent data
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in Figure 2.12a shows that the relaxation process after the first
dose-response is slower than the second one. The possible cause
is due to incomplete exchange of fluids, since the last applied
concentration in the first dose-response curve is relatively high
compared to the second curve.

(a) (b)

Figure 2.12: (a) DNA sandwich assay performed on the PC slide. The switching activity
of the BPM sensor as a function of time recorded under two series of step-
wise increased concentration of ssDNA analyte (red and blue solid squares).
In between the two concentration series, a complete removal of analyte (grey
solid squares) was applied. The top panel shows the measured switching
activity, while the bottom panel shows the concentration-time profile. (b)
Dose-response graph containing all data points of panel a. The data were
fitted with the Hill equation. The fitted EC50 values are 590 ± 164 pM (red)
and 1728 ± 490 pM (blue).

Compared to the DNA sandwich assay performed on glass
slides, as shown in Section 2.2.2, two major differences are ob-
served for the DNA sandwich assay performed with PC slides.
Firstly, the EC50 values extracted from the two dose-response
curves in Figure 2.12b are less consistent. Secondly, the sensor is
sensitive in the range of 10-5000 pM, while the activity signal is
generally saturated at 500 pM for the system using glass slides.
The hypothesis is that the coupling conditions are different for
plastic materials like PC and therefore lead to a different density
of immobilized molecules on the surface. Further investigations
on tuning the binder densities and surface modification condi-
tions are needed to optimize the sensitivity, operational range
and stability.



2.5 appendix 47

2.5.9 DNA sandwich assay performed in high salt buffer

Schlapak et al. proved that an increased salt concentration within
the PEG layer would lead to a screening of positive charges in the
PLL layer. In the absence of salt, stronger electrostatic interactions
between DNAs and PLL-g-PEG polymer layers were observed.
These attractive interactions between the negatively charged DNA
tethers and positively charged PLL backbone are non-specific.
In the presence of salt, the interactions can be shielded by the
addition of salt. That is, weak interactions at high ionic strengths
and strong interactions at low ionic strengths.53 To avoid the
non-specific interactions, 500mM of NaCl was used for tethering
particles and attaching DNA molecules onto the surface.

(a)
(b)

Figure 2.13: Dynamic response of the DNA sandwich assay performed in high salt buffer.
(a) Motion distribution plot of 1 µm particles tethered with dsDNA. Each
black dot corresponds to the symmetry and minor motion amplitude of a
single particle motion pattern. The color-map indicates the local density of
the black dots. The dashed line corresponds to the thresholds for identifying
particles with or without switching behaviors. Particles that have a symmetry
larger than 0.75 and a minor motion amplitude higher than 50 nm are single-
tethered particles at their unbound states. After applying 4 fM of target, the
particle population shifts to the bound state region, indicating more binding
events occurring. (b) The corresponding switching activity measured at
different target concentrations. The black data points represent the average
switching activity of the particles that have a symmetry larger than 0.75 and
a minor motion amplitude higher than 50 nm. The red data points represent
the average switching activity of all the particles.

The interactions between PLL-g-PEG and DNA have been
investigated by varying salt concentration. Under high salt condi-
tion, a shift of the dose-response curve to lower concentrations is
observed. But when the target solution is mixed with high concen-
tration of mismatch ssDNA, the dose-response curve shifts back
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to the original level. The hypothesis is that the structure of the
PEG side chains changes while the ionic strength becomes larger.
It is hypothesized that the negatively charged DNA accumulates
in the PLL-g-PEG layer. The resulting high local concentration
of target thus enhances the sensitivity of the BPM system and
shifts the limit of detection to the femtomolar range. However,
further investigations on the reversibility and the relaxation of
the system is needed to achieve continuous monitoring of targets.

2.5.10 Characterization of bottle-brush polyelectrolytes via particle
mobility analysis, zeta potential and supernatant assay

The anti-fouling properties of bottlebrush polymers or polypep-
tide brushes (see Appendix 2.5.11) play an important role in
biosensing systems and immunoassays, since the hydrophilic
character and high grafting density of the side chains of the bot-
tlebrush polymer can significantly reduce the background signal
by avoiding non-specific binding of proteins to the surface. Since
the fabrication strategies and the composition of polymer solu-
tion lead to different structures and molecular ordering of the
polymer adlayer, which significantly influence the performance
of the anti-fouling surfaces, the characterization of the particles
and surfaces is essential.

In Appendix 2.5.1, we tested the anti-fouling properties of the
PLL-g-PEG polymer by evaluating the the percentage of non-
specifically bound particles after the tethering process, which is
less than 10%. Another simpler way to study the anti-fouling
properties of the surface is to estimate the fraction of nonspecifi-
cally bound particles before the tethering process, that is based
on freely-moving particles. We apply video microscopy to study
particle-surface interactions with mean squared displacement
analysis to extract the diffusion coefficient of freely moving par-
ticles. Furthermore, the excursion of immobilized particles pro-
vides information about the interactions between particles and
surfaces with different coatings. In order to optimize parameters
of the coating procedure and lower the non-specific interactions,
we estimated the degree of polymer coverage on particles by
calculating the fraction of stuck particles. Zeta potential measure-
ments were used to measure the effective total surface charge
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of particles, which is related to the amount of electrostatically
adsorbed polymers.
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Figure 2.14: The top panel shows the measured zeta potential of the PLL-g-PEG coated
silica particles prepared at different pH. The magnitude of the zeta potential
serves as an indirect measure of the grafting density and is measured for
different pH values. The bottom panel shows the corresponding fraction of
stuck particles. The PLL-g-PEG coated silica particles prepared at different
pH were added onto PLL-g-PEG coated glass substrates respectively and
the mobility of particles were measured after 30 minutes of incubation. The
degree of polymer coverage reached a maximum value at pH 8.5.

Based on the zeta potential measurements and particle mo-
bility analysis shown in Figure 2.14, we conclude that pH 8.5 is
the appropriate conditions for achieving the highest loading of
PLL-g-PEG polymers on particles, resulting in the lowest degree
of non-specific binding. We also study the influence of pH values
on the particle size and the zeta potential for both bare carboxyl
functionalized silica particles and PLL-g-PEG coated silica par-
ticles. By lowering the pH, carboxylate moieties at the particle
surface gradually become more protonated, thus becoming neu-
tralized. As for the PLL-g-PEG coated particles, the absolute
value of zeta potential also decreases. The DLS measurements in-
dicate a higher degree of cluster formation in buffers with lower
pH values.55 Furthermore, as shown in Table 2.1, the anti-fouling
behaviour and the stability of PLL-g-PEG layer was compared
with that of traditionally used blocking agents such as bovine
serum albumin (BSA). The result shows that PLL-g-PEG is a
relatively stable coating material and its anti-fouling property
can be maintained over one day.
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Table 2.1: Particles and surfaces blocked with PLL-g-PEG and BSA were tested separately
considering the degree of non-specific interactions. The stability of the two
aforementioned blocking materials were characterized by measuring the frac-
tion of stuck particles after two hours and one day of incubation. The fraction
of stuck particles for the PLL-g-PEG blocked system are approximately 17%
(2 hours) and 13% (1 day). The fraction of stuck particles for the BSA blocked
system are approximately 37% (2 hours) and 86% (1 day).

Surface blocking Particle coating Incubation time Stuck particles

PLL-g-PEG PLL-g-PEG 2 hours 17 %

PLL-g-PEG PLL-g-PEG 1 day 13 %

BSA BSA 2 hours 37 %

BSA BSA 1 day 86 %

2.5.11 Characterization of the anti-fouling properties of the brush-
forming polypeptides

Direct covalent immobilization or physissorption of antibodies
on surfaces may lead to significant loss of antibody activity. To
avoid misorientation or denaturation, one of the solutions is
to indirectly attach biomolecules to the surface via anti-fouling
polymer brushes. Besides the commercially available PLL-g-PEG
polymers, recombinant or synthetic polypeptides are another
options. Polypeptides offer the advantage of precise control of
polymer chemistry including the conjugation of biomolecules
such as antibodies, and the possibility to directly include other
functional peptide or protein blocks in the design. The polypep-
tide shown in Figure 2.15 was made by Alvisi et al. and was
designed for immobilizing biomolecules on the substrate-side in
the BPM system introduced in Section 2.1.1.

In a particle-based biosensor system, it is essential to avoid the
non-specific interactions between the particles and the surface.
As a first demonstration of the functionality of the self-assembled
brushes in a biosensing application, we demonstrate the effective-
ness of the BRT-ES40 diblocks in blocking non-specific particle-
surface interactions in Figure 2.16.

Blocking of non-specific interactions by polypeptide brushes
formed by BRT-ES40 diblocks on silica nanoparticles and glass
slides was tested using a particle mobility assay, illustrated in
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Figure 2.15: Schematic structure of BRT-
ES40 diblocks for forming hy-
drophilic polypeptide brushes
on silica surfaces.

Figure 2.16. The interactions between particles and surface are di-
rectly reflected by the mobility. To record the mobility of micron-
sized particles over time, we used dark field microscopy. The
position of every particle at each frame is localized with an ac-
curacy of about 20 nm and then reconstructed into a trajectory
over time. Silica particles and polystyrene particles with specific
modifications are sedimented onto the surface of coated glass
slides and their trajectories are reconstructed. For each particle,
the diffusion coefficient D is determined from the mean squared
displacement.

Figure 2.16: Schematic representation of the particle mobility assay. Particles coated
with biomolecules such as ssDNA, streptavidin, and BRT-ES40 sediment
to the surface of the substrate and show Brownian motion. The mobility
and fraction of stuck particles is influenced by the interactions between
particles and surfaces. (a,b) Schematic of a particle not interacting with the
surface and a particle strongly interacting. (c) Example of particle position
trajectories recorded over time for multiple particles. The insets show typical
observed trajectories for a stuck and freely moving particle.

By analyzing the particle trajectories and setting a threshold
for the diffusion coefficient, freely moving particles and stuck
particles are distinguished and percentages are obtained for par-
ticles that ultimately become stuck. Results are given in Table
2.2, for various types of particles, and for particle and surface
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coatings with BRT-ES40 diblock polypeptides and PLL-g-PEG
copolymers, the current standard for self-assembled anti-fouling
brushes. While both BRT-ES40 and PLL-g-PEG coatings are effec-
tive in preventing non-specific interactions if both the particle and
the surface are non-functionalized, various functionalized parti-
cles with biosensing applications such as ssDNA-, biotin-PEG-
and streptavidin-coated particles stick stronger to PLL-g-PEG
coated glass slides. In contrast, minimal non-specific interactions
are found between these functionalized particles and glass slides
coated with BRT-ES40, demonstrating the usefulness of BRT-ES40

as a blocker of non-specific particle-surface interactions.

Table 2.2: Fraction of differently modified particles stuck to differently modified silica
surfaces (%), as obtained from a particle mobility assay.

glass modification

particle type, modification polypeptide PLL-g-PEG

silica, polypeptide 1.3 ± 0.6 3.8 ± 0.9

silica, PLl-g-PEG 1.9 ± 0.6 2.5 ± 0.2

polystyrene, ssDNA 1.0 ± 0.7 25.0 ± 14.6

polystyrene, biotin-PEG 1.7 ± 0.8 12.6 ± 6.0

polystyrene, streptavidin 3.2 ± 1.0 80.1 ± 13.0

We have found that at least for some cases, such as in blocking
non-specific interactions of functionalized particles with glass
surfaces, BRT-ES40 performs very well. Nonetheless, further test-
ing is necessary to evaluate the anti-fouling properties of this
polymer brush compared to PLL-g-PEG. Since binding peptides
have been investigated for many types of surfaces, such as plas-
tics, metals and other oxides, the polypeptide approach also
appears to be easier to generalize than the synthetic adsorbing
bottle-brush systems.
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F R E E PA RT I C L E M O T I O N S E N S I N G F O R
C O N T I N U O U S B I O M A R K E R M O N I T O R I N G

3.1 introduction

Technologies that enable continuous monitoring of biomolecu-
lar concentrations in dynamic biological systems offer exciting
opportunities, for applications in fundamental research, studies
on organs-on-a-chip, monitoring of patients in critical care, and
monitoring of industrial processes and bioreactors as well as
ecological systems.20,56,57 However, it is fundamentally difficult
to develop measurement technologies that are not only sensitive
and specific, but also allow monitoring over long time spans.
Technologies such as ELISA and flow cytometry are sensitive,
but also consume reagents such as antibodies, fluorophores and
enzymes in every assay. The repeated use of reagents complicates
monitoring applications over long periods. On the other hand,
sensing technologies like surface plasmon resonance58, redox
cycling12,59 and quartz crystal microbalance can operate without
consuming reagents, but have not been designed for monitoring
biomolecules at very low concentrations.

A sensing technology that combines high sensitivity with con-
tinuous measurements is biomarker monitoring using particles
coupled to a surface via a flexible DNA-based tether. Target
molecules facilitate the formation of reversible single-molecular
bonds between the particle and the substrate, leading to changes
in the Brownian motion of the tethered particle. By recording
binding and unbinding events, DNA and protein biomarkers can
be monitored with pico- to nanomolar sensitivity.33,35 However,
the tether is an essential element in the assay configuration, so

Parts of this Chapter are included in manuscript: Buskermolen, A., Lin, Y., van
Smeden, L., et al; to be submitted. (A.B., Y.L. and L.S. are equally contributing
first authors.)
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tether breakage or detachment leads to a loss of sensor function-
ality. Furthermore, the presence of a tether restricts the rotation of
the particle and the range of angles that the particle can assume.
This implies that only a small fraction of the particle surface inter-
acts with the substrate, which can limit the achievable sensitivity
and precision.60

Here, we demonstrate a biomarker monitoring methodology
that is based on free diffusion of particles near a surface, which
we refer to as free-diffusion-based biosensing by particle mobility
(f-BPM). The proximity of particles to the surface is not imposed
by a molecular tether but by gravitational force, which facilitates
free translational and rotational motion of the particles. The
particles are tracked over long periods of time, reversible single-
molecular interactions are probed with high motion contrast, and
the total surfaces of particles and sensing substrate are used.

In this chapter, we describe the basic concepts of the f-BPM
sensing methodology and demonstrate it for the continuous mon-
itoring of oligonucleotides in a competition assay format, with
biomarker concentrations across the nanomolar and micromolar
range. We demonstrate the versatility of the technology by com-
paring different sample matrices, and data analysis methods. In
the next chapter, we present a cartridge preparation method for
long-term storage and immediate use of the f-BPM sensors.
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3.2 basic concept

3.2.1 Continuous biomarker monitoring based on measuring free dif-
fusional motion of particles

The molecular monitoring concept proposed in this chapter is
based on the continuous tracking of the free Brownian motion
of biofunctionalized particles near a sensor surface, in order to
monitor time-dependent fluctuations of analyte concentrations
in solution. We refer to the methodology as free-diffusion-based
biosensing by particle mobility (f-BPM). To perform a sandwich
assay, the particles and the sensor surface are functionalized with
affinity binders specific to the target molecule, and particles are
tracked over time using video microscopy. When target molecules
are absent, the particles exhibit free Brownian motion. At higher
target concentrations, target-induced sandwich complexes are
reversibly formed between the particle and the sensor surface,
restricting the particle motion intermittently to a confined area.
All affinity-based interactions are designed to be reversible, so
that over time target molecules bind and unbind, and sandwich
complexes associate and dissociate. In the case of a sandwich as-
say, the activity is low for low target concentration and increases
with higher target concentrations.

Sandwich assays are suitable for measuring analytes that have
two spatially separate binding sites. In this Chapter, our focus
is on measuring molecules with only one binding site, by im-
plementing a competition assay format. Figure 3.1a describes
the measurement concept for a competition assay configuration.
Here, the particles functionalized with initial biotinylated oli-
gos (grey) diffuse in the vicinity of a substrate functionalized
with substrate-side binders (green). During the activation pro-
cess, particle-side binders (orange) were captured by the initial
biotinylated oligos. The particle binder has 20 bp complemen-
tarity to the initial biotinylated oligo and 9 bp complementarity
to the ssDNA analogue on the substrate (substrate binder). The
particle binder hybridizes and de-hybridizes to the substrate
binder with a bound state lifetime of around 5 seconds due to
9bp DNA hybridization and causes transient binding of the parti-
cles. When the 11 nt ssDNA analyte (blue) is present, it competes
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with the substrate binder (ssDNA analogue) by hybridizing to
the 9 bp binding region on particle binders. Therefore, it hin-
ders the particle to switch from unbound states to bound states.
At a higher concentration of 11 nt ssDNA analyte, the binding
sites on all particle binders are blocked and cannot bind to the
ssDNA analogue again, until the analyte molecule dissociates.
Therefore, the competition assay format of the f-BPM biosensor
shows high switching activity and high bound fraction at low
analyte concentration.

To distinguish the two characteristic motion types, that is free
Brownian motion and confined Brownian motion, and extract the
bound fraction and switching activity, the movement of particles
was tracked over time using video microscopy. Particle trajecto-
ries are reconstructed by determining the particle center positions
in every recorded video frame. The effective diffusion coefficient
of each particle is determined as a function of time via the mean
squared displacement (MSD). Significant changes in the diffusion
coefficient (D) of the particle are assigned as binding or unbind-
ing events. Timespans with high D (0.15 µm2/s) relate to free
Brownian motion (unbound state) and periods with low D (0.03

µm2/s) to confined Brownian motion (bound state). Subsequent
state attributions define single-molecule binding and unbinding
events at transitions between high and low D of particles (Figure
3.1b). In a DNA competition assay, sandwich complexes are re-
versibly formed between the particle and the sensor surface after
adding the particle binders (activators), restricting intermittently
the particle motion to a confined area with a significant decrease
in the diffusion coefficient of particles. In the presence of target,
the target binds to the particle binders and competes with the
analogue. Thus, particles switch to free Brownian motion with a
higher diffusion coefficient at high target concentrations.

The switching activity, defined as the average number of bind-
ing and unbinding events per particle per unit of time, depends
on the target concentration: the switching activity is high for
low target concentration and is low for high target concentration.
Typically, between 500 and 1000 particles are imaged and tracked
simultaneously in one field of view. Due to the large statistics,
the distributions of diffusion coefficients measured in the un-
bound states and the bound states show bell-shaped curves with
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a Gaussian-like distribution, as discussed later in Section 3.3.2.
In the absence of target, the fraction of low diffusion coefficients
increases due to higher frequency of binding. With increasing
target concentration, the target competes with the analogues and
results in a larger fraction of unbound particles. Both the switch-
ing activity and bound fraction can be used as output parameters
in the f-BPM system.

(a)

(b)

Figure 3.1: Basic principle of continuous biomarker monitoring based on measuring free
long-range diffusional motion of biofunctionalized particles having reversible
molecular binding with a substrate, exemplified for a ssDNA competition
assay format. (a) Microparticles are functionalized with initial biotinylated
oligos (grey) and particle-side binders (orange). The particles diffuse in the
vicinity of a substrate functionalized with substrate-side binders (green). The
particle binder (orange) has 20 bp complementarity to the initial biotinylated
oligo and 9 bp complementarity to the ssDNA analogue on the substrate
(substrate binder). The particle binder hybridizes and de-hybridizes to the
substrate binder with a bound state lifetime of around 5 seconds due to 9bp
DNA hybridization, causing transient binding of the particles. When the 11 nt
ssDNA analyte (blue) is added, it competes with the substrate binder (ssDNA
analogue) by hybridizing to the 9 bp binding region on particle binders.
Therefore, it hinders the particle to switch from unbound states to bound
states. At a higher concentration of 11 nt ssDNA analyte, the binding sites
on all particle binders are blocked and cannot bind to the ssDNA analogue
again, until the analyte molecule dissociates. Therefore, the f-BPM biosensor
shows high bound fraction at low analyte concentration. (b) The diffusion
coefficient of one particle as a function of time for a competition system with
oligonucleotide binders and target. In the presence of low concentrations of
analyte, particles show transitions from unbound to bound states. The inset
shows the corresponding trajectory of the particle. State transitions can be
detected by setting a threshold between the two states (dashed line).

Single-molecule binding and unbinding events can be identi-
fied in the data due to significant changes in the diffusion co-
efficient. The time between two consecutive events corresponds
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to the lifetime of the bound and unbound states, as indicated in
Figure 3.1b. In the absence of target, the unbound state lifetimes
relate to the effective association rate of particles, which depends
on the densities of particle binders (activators) and substrate
binders (analogues), and on the hit-rate between particle and
substrate. The hit-rate is determined by the average distance
between particle and substrate. The average distance is given by
the barometric height distribution, with a mean of approximately
1 µm for the 1 µm particles. At proper activator concentrations,
most particles are bound via a single interaction with the surface
(single-molecular bonds). In this case, the corresponding mean
bound state lifetimes are independent of activator concentrations,
as expected for single-molecular bonds. Upon the addition of
targets, the targets compete with the analogues and block the
binding region on the activators, which results in a transition
from bound states to unbound states.
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3.3 results and discussion

3.3.1 Monitoring DNA target with f-BPM sensors in PBS and in
filtered blood plasma

The competition assay design is shown in the inset of Figure
3.2b. The DBCO-tagged substrate-side binders (orange) func-
tion as analogues. These are coupled to the PLL-g-PEG layer
(grey) via the integrated azide groups using click chemistry. The
particle-side binders (blue) are coupled to 1 µm particles via
biotin-streptavidin bonds and DNA hybridization. The reversible
9 bp hybridization between substrate binders (analogues) and
particle binders results in particle switching between unbound
and bound states. Hence, at zero analyte concentration, the parti-
cles show a high switching activity. In the presence of the 11-nt
analyte (green), the binding region on particle binders is blocked,
causing a decrease in the particle switching rate. For a detailed
explanation of the functionalization approach, see Section 3.5.2.

Figure 3.2 shows the sensor response in buffer for monitor-
ing ssDNA with a competition assay format. Here, the analytes
compete with the analogues giving the fBPM sensor an inverted
response comparing to the sandwich assay format: higher analyte
concentration leads to lower switching activity and bound frac-
tion. The switching activity, fraction of bound particles, and the
unbound state lifetime dynamically respond to different analyte
concentrations. Figure 3.2a shows the dose-response curves for
11-nt analyte in terms of the bound fraction and the switching
activity (inset), as a function of the applied target concentration.
Two profiles (red, blue data) of gradually increased target con-
centration were consecutively applied. The two dose-response
curves plotted in terms of the bound fraction were fitted with a
Hill equation with EC50 values of 79 ± 22 nM and 100 ± 33 nM
respectively. The inset shows the dose-responses plotted with
switching activity. The fitted EC50 values are 110 ± 78 nM and
127 ± 58 nM. The EC50 values of the red and blue curves are
similar, showing that the molecular functionality is consistent
over time.

The characteristic bound state lifetimes and unbound state life-
times as a function of target concentration are shown in Figure
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3.2b with logarithmic-logarithmic scales. In the ssDNA compe-
tition assay, the characteristic bound state lifetimes (triangles)
remain unchanged, indicating that the affinity of the binding
interactions is independent of the target concentration. The un-
bound state lifetimes represent the characteristic of the switching
caused by the binding of analytes with a certain association rate.

At a low concentration region, the unbound state lifetimes are
higher than the theoretical values. The main cause is the con-
tribution of inactive or less-active particles. The corresponding
bound fraction shown in Figure 3.2a at low concentration region
does not reach 100%, which means that there is a small fraction
of particles that show less switching or get loose once in a while
due to reversible binding. The above origins cause the unbound
state lifetime to reach a plateau of approximately 70 seconds at
a low concentration region. At a high concentration region, the
unbound state lifetimes becomes longer than the measurement
time and therefore it only levels up to 850 seconds and reaches
the second plateau. The bound fraction also shows a plateau at
15%, potentially caused by non-specific interactions between the
particles and the substrate. These bindings also lead to a decrease
in the unbound state lifetimes. The influence of non-specific in-
teractions and the bias caused by the finite measurement length
is reflected in the sigmoidal shape of the dose-response. Fitting
the unbound state lifetimes with a sigmoidal curve yields an
EC50 of 421 ± 130 nM. The EC50 obtained via the unbound state
lifetimes is higher than the values extracted in panel a. Since we
discarded the incomplete lifetimes measured at the beginning
and the end of the measurements, the unbound state lifetime
might be underestimated especially when particles are exhibiting
less switching, which is the concentration region corresponding
to a bound fraction lower than 50%. Hence, the EC50 values ex-
tracted by different output parameters, i.e. the switching activity,
bound fraction and unbound state lifetimes, can be different.
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Figure 3.2: Dynamic response to target concentration of an f-BPM sensor with 1 µm
particles, for a DNA competition assay in PBS and in filtered undiluted blood
plasma. (a) The bound fraction as a function of target concentration. The red
and blue squares represent two consecutive dose-responses with decreasing
concentration series. The EC50 of the two dose-response curves fitted with
a Hill equation are 79 ± 22 nM and 100 ± 33 nM respectively. The inset
shows the dose-responses plotted in terms of switching activity. The fitted
EC50 values are 110 ± 78 nM and 127 ± 58 nM. (b) Characteristic unbound
state lifetimes are dependent on the target concentration in a range of 10

to 2000 nM. Fitting a sigmoidal curve yields an EC50 of 461 ± 41 nM. The
bound state lifetimes (triangles) are independent of the target concentration,
with an average of 5 seconds (solid horizontal lines). The inset shows 1 µm
particles functionalized with particle binders (blue) via biotin-streptavidin
interactions and DNA hybridization. DBCO-tagged substrate binders (orange)
are coupled to the PLL-g-PEG polymer (grey) via the integrated azide groups,
using second generation click chemistry. The reversible 9 bp hybridization
between substrate binders and particle binders results in transient binding
of particles to the substrate. In the presence of the 11-nt target (green), the
binding region on particle binders is blocked, causing a decrease in switching
events. (c) Switching activity measured for the ssDNA target in 50 kDa
spin-filtered bovine blood plasma. Dashed lines indicate the 95% confidence
interval of the Hill equation fit. (d) Characteristic unbound and bound state
lifetimes measured in filtered bovine blood plasma. Fitting the unbound state
lifetimes with a sigmoidal curve yields an EC50 of 421 ± 130 nM.
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To demonstrate the capability of detecting analytes in biologi-
cally relevant media, we performed the ssDNA competition assay
in filtered undiluted blood plasma. The dose-response curves
are shown for the bound fraction and unbound state lifetime
(figure 3.2c, d). The EC50 values measured in plasma and in
buffer show good correspondence, proving that ssDNA analyte
can be dynamically monitored in a filtered biological matrix. The
background signal observed in plasma is generally higher than
in PBS. The non-specific interactions between the particles and
the surface result in a higher bound fraction and lower unbound
state lifetime at a high concentration region, causing a decrease
in the contrast and the sensitivity of the system.

Compared to the ssDNA sandwich assay, several interesting
differences are seen. First, in the competition-based f-BPM sensor,
the density of particle binders is about 1000 times lower com-
pared to the sandwich-based f-BPM sensor, to avoid irreversible
multivalent bonds. Second, the ssDNA competition assay re-
sponds within minutes, which is much shorter than the ssDNA
sandwich assay. The fast response can be attributed to the higher
concentration of the target molecules. Third, the signal drift ob-
served over time is higher in the ssDNA sandwich assay. Possibly
the observed signal drift in the sandwich assay originates from
irreversible multivalent bonds between particles and substrate.

3.3.2 Single-binding events and multivalent interactions

In a competition assay format, the average mobility of particles
reaches the lowest level right after the activation process is done,
i.e. when the particle-side binders are supplied. Upon the addi-
tion of analytes (competitors), the particles become more mobile.
As shown in Figure 3.3, if one single activator molecule (particle-
side binder) captured by the particle binds to the substrate, the
particle moves within a confined region with a circular motion
pattern. If two particle binders captured by the same particle
simultaneously bind to the substrate, two bonds between the par-
ticle and the substrate can be formed, leading to a double-bound
state. The motion of the double bound state is either a stripe-like
or a dot-like pattern.
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Figure 3.3: Schematic representation of the unbound, single-bound, and double-bound
states of particles. Both the particles and the substrate are functionalized
with binder molecules, which are able to bind to the particle-side binders
(activators, orange). In its unbound state, the particle moves freely in the bulk
solution with a Brownian motion. Upon addition of particle-side binders, the
binder-induced sandwich bond can be formed, resulting in reduced mobility
of the particle. When two bonds are formed between the particle and surface,
the particle shows a more confined motion, referred to as a double-bound
state.

The three main possible states, i.e. free Brownian motion,
circular-motion and stripe-like motion, of the particles can be
determined by analyzing the motion pattern and the correspond-
ing diffusion coefficient of the particles over time. In Figure 3.4a,
an example of a particle switched between unbound states and
single-bound states is shown. The right panel indicates the trajec-
tory of the particle reconstructed over a 20-minutes measurement.
The different colors represent every switch between unbound
states and single-bound states. In Figure 3.4b, another example of
a particle switched between unbound states, single-bound states
and double-bound states is shown. The corresponding motion of
the particle switched between single-bound states and double-
bound states is plotted in the inset of Figure 3.4b. Additionally,
unbound state lifetimes and single-bound state lifetimes can be
extracted based on simply setting a threshold or by using deep
learning algorithm (See Section 3.5.4). The thresholding-based
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event detection utilizes the differences in the diffusion coefficient
of particles encountering the unbound states and single-bound
states. To obtain the diffusion coefficient of the particles at each
time frame, we use the mean squared displacement calculated
with a sliding window. The unbound state lifetime is defined as
the time-span of a particle showing free Brownian motion (D>0.1
µm2/s), which is dependent on the analyte concentration. The
lifetimes of the single-bound states and double-bound states are
defined as the time-span of a particle showing circular motion
(0.025<D<0.1 µm2/s) and stripe-like pattern (D<0.025 µm2/s)
respectively, as shown in figure 3.4b.

(a)
(b)

Figure 3.4: (a) Left: Trajectories of a single particle in presence of binders that can simul-
taneously bind to the particle and the substrate. The dashed circles indicate
bound states caused by single-molecular bonds. Right: The D calculated as
a function of time based on the displacements derived from the particle
trajectories. Particles show transitions from unbound to single-bound states.
(b) The diffusion coefficient traces of a particle switched between unbound
states, single-bound states and double-bound states. The inset shows the
corresponding trajectory when the particle mainly switched between single-
bound states and double-bound states. The particle exhibits a circular motion
pattern at single-bound state and shows stripe-like or dot-like motions at
multivalently-bound states.

The major disadvantage of using a threshold is that it is less
suitable for distinguishing the single-bound and double-bound
states. Since the contrast between the diffusion coefficient of the
single-bound and double-bound states is lower compared to the
fluctuations of the diffusion coefficient, as shown in Figure 3.4b,
false-positive events are detected and thereby lead to an over-
estimated switching activity. A deep-learning model developed
by Petrus Bult was used to separate the single-bound and double-
bound states.61 As shown in Figure 3.5, the diffusion coefficients
of the detected unbound, single-bound, and double-bound states
are plotted in the histogram. The overlapping region between the
single-bound and double-bound states which cannot be distin-
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guished by setting a threshold is successfully separated via the
deep-learning algorithm.

Brownian motion of a particle is a stochastic process and the
corresponding diffusion coefficient depends on the size of the
particle and its environment. The width of the curves represents
the variability in calculated diffusion coefficients due to particles
diffusing at various distances from the surface. When a parti-
cle approaches the surface, the diffusion coefficient decreases
because of drag forces acting on the particle. In the absence of
particle binders, most particles diffuse freely (prominent pur-
ple curve in the left panel), with some non-specific interactions
occurring (small red and green curves in the left panel). With
increasing concentration of particle binder, the fraction of low
diffusion coefficients i.e. bound states increases (more prominent
purple curve compared to low binder concentration), because
more molecular sandwich complexes are formed by the binding
of particle binders, which restrict the diffusion of the particles. In
conclusion, the three main peaks separated by the deep learning
algorithm show clear transitions between unbound, single-bound
and double-bound states. The diffusion coefficient distributions
are clearly different for the three states, allowing for state assign-
ments based on measured diffusion coefficient values.

Figure 3.5: Distributions of measured D of 700 particles showing unbound state (pur-
ple), single-bound state (green), and double-bound state (red) populations
dependent on the concentration of particle binders. The three states were
determined by the deep-learning algorithm. The concentrations of the particle
binders (from the left panel to the right panel) are 0, 50, 100, and 200 pM.

3.3.3 Regenerating f-BPM sensors for achieving continuous monitor-
ing of ssDNA over weeks

The functionality of f-BPM biosensors can decay due to dissoci-
ation of functionalized biomolecules, non-specific interactions,
or aggregation of particles for example. Regeneration refers to
procedures to recover the functionality of a biosensor that has
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been used for some time. In this section we study the feasibility
of two regeneration methods, namely the regeneration of the
sensor surface and the regeneration of the particles.

The first regeneration of f-BPM biosensors was done by di-
rectly adding more particle binders (activators), which we refer
to as the reactivation process. The loss of biosensor response
due to dissociation of substrate-side binders or particle binders
can then be compensated. A drawback of this reactivation pro-
cess is that it is difficult to control the final surface coverage of
the particle binders and the sensor response after the reactiva-
tion process. Moreover, the loss of statistics over time due to
non-specific binding of particles is still a problem. The second
regeneration process is based on removing all particles and re-
placing them with freshly prepared particles. By employing an
air-water interface, approximately 90% of the non-specifically
bound or multivalently bound particles can be dragged away.
The advantage of this method is that we can re-do the same
particle activation process as in the beginning and therefore it’s
easier to control the signal after the reactivation.

Here we study the use of both regeneration methods in order
to achieve a 2-week operational lifetime of the f-BPM sensor. As
shown in Figure 3.6, the particles and surface remain functional
in approximately 48 hours without the need of applying any
regeneration process. After 48 hours, the system becomes less
responsive because of the dissociation of particle-side binders.
The particle-side binders (activators) are coupled to the particles
via biotin-streptavidin interactions and 20bp DNA hybridization.
As discussed in Section 2.2.1, the dissociation rate of biotin-
streptavidin is about (5.5± 2.2)× 10−6s−1,45 which is the weakest
bond in the system. For an operational lifetime shorter than a
week, reactivating the system by adding more particle binders is
generally enough. However, the non-specifically bound particles
cannot be regenerated by the reactivation process. Though the
system is still capable of responding to the analyte within one
week, we observed a clear drop in the unbound fraction over time,
which is possibly caused by non-specific binding or multivalent
interactions.
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Figure 3.6: Continuous monitoring of single-stranded DNA target with competition
assay format over two weeks. The top panel shows the fraction of unbound
particles measured during the activation and sensing process. Blue data points
represent the unbound fraction measured over the activation process. Black
data points show the sensor response when adding alternating high and
zero analyte concentrations. The corresponding bound fraction is shown
with green circles. Lines are guides to the eyes. The bottom panel shows
the applied 11nt ssDNA target and the activator concentration profiles. The
reactivation process (light grey, dashed lines) was done by directly adding
particle binders. The regeneration process (dark grey, dashed lines) is based
on removing inactive particles with an air-water interface and replacing them
with freshly prepared particles and particle binders. The applied time points
of the two processes are indicated with dashed lines in the bottom panel.

After approximately one week, most of the particle probes are
not functional anymore due to non-specific binding or multi-
valent interactions. In addition, the continuous flushing of an-
alytes and buffers also gradually washed the particles out of
the measurement chamber. In this case, replacing the old par-
ticles with freshly prepared particles is necessary. By applying
an air-water interface, the non-specifically bound particles were
removed and new particles were supplied. The lost signal caused
by non-specific interactions was also recovered by the regener-
ation process. The same activation process (blue data points)
was done to ensure the similarity of the signal. As shown in
Figure 3.6, the regenerated f-BPM biosensor responds to the ad-
dition of particle binders and different concentrations of analytes.
Hence, it is demonstrated that the oligonucleotide-functionalized
PLL-g-PEG surface is functional for over two weeks.
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3.4 conclusion

There is a demand in fields of fundamental and ecological re-
search, patient care, and industry for measurement technologies
that are sensitive, specific, and also allow for the monitoring of
biomolecular concentrations over long time spans. Here, we de-
scribed a methodology referred to as free-diffusion-based biosens-
ing by particle mobility (f-BPM), which combines continuous
monitoring and single-molecule resolution with wide dynamic
range (nM to µM). The DNA competition assay was used to
demonstrate the capability and applicability of this approach.

Continuous monitoring was shown of oligonucleotides in PBS
and in filtered blood plasma. Due to the reversible binding-
based sensing principle, the system can provide single-molecule
kinetics. On single slides, biosensing data was recorded over
several days. The molecular architecture of the f-BPM biosensor
is less complex than the t-BPM system demonstrated in Chapter
2, because the f-BPM sensor uses free-diffusing particles instead
of tethered particles. Tether breakage or detachment in the t-BPM
system can lead to a loss of sensor functionality. Furthermore,
the f-BPM biosensor gives higher contrast, which helps to e.g.
distinguish mono-, and multivalent bonds. A larger area-probing
of the sensing surfaces is achieved with the f-BPM sensor due
to the freely rotating particles. This may reduce sensitivities to
intra-particle heterogeneities, because interactions are recorded
from the total particle surface area. The sensing principle of
f-BPM technique is based on affinity binding events of target
molecules, allowing quite general applications for measuring a
broad range of detection molecules. Together this can realize
continuous monitoring for applications in fundamental research,
for studies on organs on a chip, for the monitoring of patients in
critical care, and for the monitoring of industrial processes and
bioreactors as well as ecological systems.
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3.5 materials and methods

3.5.1 Materials

Custom-made fluid cell stickers were obtained from Grace Bio-
labs (USA). PBS tablets, and NaCl were purchased from Sigma-
Aldrich. Dynabeads MyOne Streptavidin C1 were purchased
from ThermoFisher Scientific. Poly(l-lysine)-grafted poly(ethylene
glycol) was purchased from SuSoS (Switzerland) with a graft-
ing ratio of 3.5. The molecular weight of the PLL backbone and
PEG side chains are 20 kDa and 2 kDa respectively. Azide func-
tionalized PLL-g-PEG (Nanosoft Biotechnology LLC, USA) is
composed of a 15 kDa PLL backbone and 2 kDa PEG chain with
a grafting ratio of 3.5. The ssDNA oligonucleotides (standard
desalting and HPLC purification for chemically modified DNA)
used in the study were purchased from IDT (Integrated DNA
Technologies).

3.5.2 Surface functionalization and particle preparation

Preparation of biofunctionalized surfaces
Glass slides (25 x 75 mm, #5, Menzel-Gläser) were pre-cleaned

by 40 minutes of sonication in isopropanol (VWR, absolute) and
30 minutes of sonication in MilliQ. After the substrate was dried
with a nitrogen stream, 1 minute of oxygen plasma was applied
to the slides to plasma-oxidize the surface. PLL-g-PEG and PLL-g-
PEG-N3 were pre-mixed in MilliQ with the ratio of 9:1 by weight
at a final concentration of 0.45 mg/mL and 0.05 mg/mL respec-
tively. Custom-made fluid cell stickers (Grace Biolabs) with an
approximate volume of 20 µL were then attached to the substrate
and the PLL-g-PEG/PLL-g-PEG-N3 polymer mixture was imme-
diately injected to the flow chamber and incubated for two hours.
After the polymer self-assembled onto the negatively charged
substrate, the unbound or loosely bound polymers were removed
by withdrawing the solution out of the chamber.

The substrate-side binder is a partially double stranded DNA
consisting of two complementary oligos, namely a 31nt oligo (3 ’
C ATT ATT ACA AGC TAA GCT CTT GCA CTG ACG 5 ’) and a
DBCO functionalized oligo (5 ’ CGA TTC GAG AAC GTG ACT
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GCT TTT T 3 ’ DBCO). The 100 µM 31nt oligo was pre-hybridized
with 100 µM DBCO functionalized oligo at a volume ratio of four
to one. After removing the unbound or loosely bound PLL-g-
PEG and PLL-g-PEG-N3, the partially double stranded DNA was
diluted to 1 µM with 500 mM NaCl in PBS (130 mM NaCl, 7 mM
Na2HPO4, 3 mM NaH2PO4 at pH 7.4) and injected into the flow
cell, followed by 72 hours of incubation at room temperature.

Preparation of particles
1 µL of Dynabeads MyOne Streptavidin C1 (Invitrogen) was

mixed with 1 µL of 10 µM biotinylated particle binder and 4 µL
PBS. The mixture was incubated for 1 hour at room temperature
(RT) on a rotating fin (VWR, The Netherlands). Subsequently, 1

µL of 100 µM polyT was added and the mixture was incubated
for 15 minutes at RT on the rotating fin. The particle mixture was
washed with 0.05 vol.-% Tween-20 (Sigma-Aldrich) in PBS and
reconstituted in 4000 µL of PBS. Right before injecting particles
into flow cells, the particle solution was sonicated with 10 pulses
at 70% with 0.5 duty cycle (Hielscher, Ultrasound Technology).

3.5.3 Dose-response experiments for the ssDNA competition assay in
PBS and undiluted filtered blood plasma

The flow cell was washed with 40 µL of PBS, followed by the
injection 40 µL of particles. After 15 minutes of incubation, the
particle-side binders were added to the flow cell. The particle-
side binder has 20 bp complementarity to the 20 nt ssDNA on the
particle and 9 bp complementarity to the substrate-side binder
on the surface. When the bound fraction of the f-BPM sensor
reached the baseline signal, the unbound particle-side binder
was removed and ssDNA analyte was injected into the flow cell
chamber.

DNA competition assay in PBS
For each target concentration, 40 µL of 11nt ssDNA (5 ’ TCA

TTA TTA CGA AAA 3 ’) analyte in PBS was injected into the
flow cell chamber, after which the particle motion was recorded
for 5 min in the absence of flow.

DNA competition assay in filtered blood plasma
Bovine plasma (P4639-10ML, Sigma Aldrich) was reconstituted

in MilliQ and then filtered with 50-kDa molecular weight cut-off
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centrifugal filter (UFC905008, Millipore). The ssDNA target (5 ’
TCG TAC CGT GTG TAA TAA TGC G 3 ’) in plasma filtrate was
injected into the flow cell chamber with a total volume of 40 µL,
after which the particle motion was recorded for 5 min in the
absence of flow.

3.5.4 Analysis of particle mobility

Particle tracking by phasor localization
The 5 min particle motion measurements in the absence of

flow, were recorded on a Leica DMI5000M microscope (Dark
field microscopy, Leica Microsystems GmbH, Germany). The
position of the particles was recorded in a field of view of 883 ×
552 µm2 for 5 minutes at a frame rate of 60 Hz with an integration
time of 5 ms. By analyzing the intensity of pixels around the
particle with a phasor-based localization method,54 the center of
every particle can be determined over each time frame.

State detection based on deep learning algorithm
Simulations are performed to generate motion resembling

particles in the f-BPM system by modeling the overdamped
Langevin equation. During a simulation run, bonds can form and
dissociate between the particle surface and points distributed
in a square lattice on the substrate. Up to two bonds can be
formed between the particle surface and substrate. The particle
is modeled as a sphere with several protrusions, representing
roughness on the particle surface. These protrusions are not
allowed to overlap with the substrate, confining the particle’s
motion, resulting in various motion patterns. The simulated
data are used to train a deep learning model for processing the
experimental data.62

Analysis of switching activity, lifetimes, and bound fraction
The position of every particle at each frame is localized with

an accuracy of about 20 nm. The particle trajectories over time
are reconstructed based on a phasor based localization. By ana-
lyzing the position of particles over time with the deep learning
model, freely moving particles and particles at single-binding
state and multiple-binding state are distinguished. For each par-
ticle, a diffusion coefficient D is determined from the mean
squared displacement. The diffusion coefficients corresponding
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to the detected three main states, i.e. unbound, single-bound
and double-bound, are plotted in a histogram, as shown in Fig-
ure 3.5. The switching activity, defined as the average number
of binding and unbinding events per particle per unit of time,
is extracted based on the detected changes in different states.
The state lifetimes correspond to the timespan of the detected
states. The percentages of bound particles (single-binding and
multiple-binding) are obtained as an output parameter "bound
fraction".

Calculation of the diffusion coefficient
The calculation of the diffusive properties of particles in the

f-BPM assay is based on analyzing the mean squared displace-
ment of consecutive intervals of measured particle motion. The
particle trajectory within the measurement window can be used
to calculate the corresponding mean squared displacement over
the time step. The corresponding measured diffusion coefficient
is determined via a weighted average. When measuring free
motion, the mean squared displacement is linear in time. In this
case, the diffusion coefficient (parallel) can be calculated by linear
fitting of the mean squared displacement curve.61,62
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3.6 appendix

3.6.1 The reversibility of the f-BPM biosensor

The reversibility of the f-BPM biosensor is demonstrated by
recording the bound fraction as a function of time. For a com-
petition assay, the bound fraction rises with decreasing target
concentration and goes down with increasing target concen-
tration. Figure 3.7 shows the applied 11nt target concentration
profile and the measured bound fraction as a function of time.
The target concentration was first decreased in a step-wise fash-
ion (red squares), and thereafter the target was removed. Due
to the law of mass action, the competition assay system shows
a faster response comparing to the sandwich assay. The second
dose-response (blue squares) was measured with a similar con-
centration series. It is expected that the substrate-side binders
on the surface should not dissociate over time, resulting in a
stable baseline signal. As shown in Figure 3.7, similar level of
bound fraction was measured at zero target concentration over a
measurement time of approximately 8 hours.

Figure 3.7: The top panel shows the bound fraction measured over time and the bottom
panel shows the applied 11nt target concentration profile. The red and blue
data points represent two consecutive dose-responses with equal decreasing
concentration series applied in a stepwise fashion. The reversibility of the f-
BPM biosensor is demonstrated by recording the bound fraction as a function
of time before and after the removal of targets.
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3.6.2 Continuous monitoring of femtomolar ssDNA target with sand-
wich assay format

(a) (b)

Figure 3.8: Continuous monitoring of femtomolar single-stranded DNA target with
sandwich assay format. Particles and substrate are functionalized with ssDNA
binders such that a 49 nt ssDNA target can bind to either side. The binders
have 40 nt (particle-side) and 9 nt (substrate-side) complementarity with
the target molecule. (a) The orange, blue, and green data points represent
the fraction of unbound particles, single-bound particles, and multivalently-
bound particles respectively. The dynamic range of the f-BPM sensor is tuned
to femtomolar region by increasing the affinity of particle-side binders. Five
does-responses were measured and regeneration processes were done in
between. Continuous monitoring of target in a concentration range of 1 fM to
10000 fM was achieved with an operational lifetime of approximately 4 days.
(b) The dose-response curves measured over time. The fitted EC50 values are
248 ± 39 fM (orange), 539 ± 180 fM (green), 141 ± 50 fM (blue), and 139 ±
44 fM (black).

Particles and substrate are functionalized with ssDNA strands as
binders such that a 49 nt ssDNA target can bind to either side. The
binders have 40 nt (particle-side) and 9 nt (substrate-side) comple-
mentarity with the target molecule. Upon the addition of target,
the target-induced sandwich bond can be formed, resulting in a
decrease in the particle mobility. Figure ?? shows the dynamic
response of the f-BPM biosensor to ssDNA targets. The orange,
blue, and green data points represent the fraction of unbound
particles, single-bound particles, and multivalently-bound parti-
cles respectively. With increasing target concentrations, the bound
fraction (single-bound, multivalently-bound) becomes larger. Be-
cause of the high affinity of the binder molecules (particle-side),
the operational range is tuned to femtomolar region. However,
since the particle-side binders cannot dissociate due to the high
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affinity, the system needs to be regenerated by the regeneration
process described in Section 3.3.3. Old particles were removed
by an air-water interface, and thereafter the flow cell was sup-
plied with new particles. Continuous monitoring of target in a
concentration range of 1 fM to 10000 fM was achieved with an
operational lifetime of approximately 4 days.

3.6.3 Particle trajectories and the corresponding diffusion coefficients

Examples of single particle trajectory and the corresponding dif-
fusion coefficients are shown in Figure 3.9 and Figure 3.10. In
Figure 3.9, single-stranded DNA target with a concentration of
10 pM was added to perform the DNA sandwich assay, while in
Figure 3.10, 50 pM of ssDNA target was added. The position of
particles were tracked over a duration of 10 minutes and particle
trajectories (inset graphs) can be reconstructed. The diffusion
coefficient of every particle is calculated as a function of time
and the binding/unbinding events are digitally detected in par-
allel for all of the particles in the field of view. At low target
concentration, as shown in Figure 3.9, particles mainly switched
between unbound states and single-binding states.

Figure 3.9: Single particle trajectory and the corresponding diffusion coefficients. Single-
stranded DNA target with a concentration of 10 pM was added to perform the
DNA sandwich assay. At low target concentration, particles mainly switched
between unbound states and single-binding states.

In Figure 3.10, particles switched between single-binding states
and multiple-binding states. Time traces with the two bound
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states is shown, corresponding to the time-span marked by dif-
ferent color in the insets. In general, particles move freely on the
substrate with Brownian motion when exhibiting unbound states.
When the analyte binds to the binders, particles show circular
motion patterns in a single bound state and stripe-like motion
patterns at double-bound states.

Figure 3.10: Single particle trajectory and the corresponding diffusion coefficients. Single-
stranded DNA target with a concentration of 50 pM was added to perform
the DNA sandwich assay. At higher target concentration, particles mainly
switched between single-binding states and multiple-binding states.

3.6.4 The flow rate effect on different-sized particles

(a)
(b)

Figure 3.11: The dimensions of the flow cells. (a) A small flow cell with a total volume of
20 µL per cell. (b) A large flow cell with a total volume of 60 µL per cell.

Since the proximity of particles to the surface is not imposed
by a molecular tether but by gravitational force, particles can be
flushed out of the chamber if the flow rate is too high. To study
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Figure 3.12: Two different size of particles (1
µm and 2.8 µm) and flow cells
(20 µL and 60 µL) were used to
study the flow effect on the f-
BPM biosensor. The average ve-
locity of the different-sized par-
ticles in the two flow cells is
plotted as a function of the ap-
plied flow rates.

the flow effect on the f-BPM biosensor for further continuous
monitoring applications in flow cell systems, two different size of
particles (1 µm and 2.8 µm) and flow cells (20 µL and 60 µL) were
used. The dimensions and design of the flow cells are shown in
Figure 3.11. If the direction of the applied flow remains the same,
the total residence time of a particle approximately equals to
the total length of the flow cell chamber divided by the average
particle velocity. We observed that larger and heavier particles
can withstand a higher flow rate.

Figure 3.12 shows the average velocity of the different-sized
particles as a function of the applied flow rates, measured in
two different flow cells. A linear correlation between the particle
velocity and the flow rate was observed for 1 µm particles in
both small and large flow cells, indicating that the higher the
flow rates are, the shorter the particles can remain in the flow
cell. A linear correlation with a steeper slope was observed for
1 µm particles. As for larger particles, the average slope of the
correlation is much smaller. Upon a continuous flow injection
with a flow rate of 20 µL/min, the residence time of a 1 µm
particle in a 20 µL flow cell is around 125 minutes, while the
residence time of a 2.8 µm particle in a 20 µL is approximately
250 minutes, indicating the possibility of continuous monitoring
in a flow cell system. Further extension of particle residence time
can be achieved by applying a flow switch, i.e. by reversing the
flow direction.





4
D E V E L O P M E N T O F R E A D Y- T O - U S E F - B P M
B I O S E N S O R

In this chapter, we study the ability to prepare an f-BPM biosen-
sor in dry form for the development of ready-to-use cartridges.
We present a simple and cost-effective drying method for pre-
serving the oligonucleotides functionalized PLL-g-PEG surface
and the particle probes for at least three weeks. To protect the
functionalized surface during dry storage, it is dried in the pres-
ence of a sugar mixture. Upon drying, a thin sugar coating is
formed, which preserves the functionality of the biomolecules
and the particles. Here, we describe a set of sugars including a
combination of trehalose, sucrose, glucose, fructose, and pullulan,
and a method for using them that allows long-term dry storage
of the f-BPM biosensor, demonstrated with a DNA competition
assay.

The first part deals with the preservation of a biofunctional-
ized surface during dry storage. The sensor surface was treated
with different sugar mixtures and vacuum dried for 48 hours,
while the particles were freshly prepared. After providing the
rehydrated surface with fresh particles, the responsiveness of the
integrated biosensor and the functionality of the surface were
determined. The second part of this chapter focuses on drying
both the biofunctionalized surfaces and particles. The f-BPM
biosensors in dried form were kept under vacuum for a long
period (48 hours, 1 week, and 3 weeks), thereafter rehydrated
and tested for their responsiveness and concentration-dependent
behavior.

Parts of this Chapter are included in manuscript: Buskermolen, A., Lin, Y. T.,
Smeden, L., et al; to be submitted. (A.B., Y.L. and L.S. are equally contributing
first authors.)
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4.1 introduction

To develop ready-to-use biosensors that meet the demands for
practical applications, various techniques to preserve biomolecules
and biofunctionalized surfaces have been reported, including
freeze-drying, vacuum drying, and immobilization in biocom-
patible polymers of organic or inorganic origin.63 Specifically,
several dehydration methods in the presence of protectants are
widely used to facilitate the industrial chain supply, reduce stor-
age associated costs, and increase the product shelf-life.64

In Section 2.5.2, we reported the successful long-term stor-
age of the biofunctionalized PLL-g-PEG surface in wet form for
three months at room temperature. The covalently functional-
ized oligonucleotides and PLL-g-PEG surfaces have been proven
to stay functional. However, for BPM biosensors, both biofunc-
tionalized surfaces as well as particles need to be preserved for
extended periods. The possible instability factors are particle
aggregation, dissociation of biomolecules, loss of bioactivity, and
non-specific interactions over time. An effective conservation
method should preserve the functionality of biomolecules as
well as the analytical performance of the biosensor as a whole,
ideally under room temperature and without the demands of
strict storage conditions or complicated sample handling.

Freeze-drying is a commonly used method for the preservation
of oligonucleotides, proteins, bacteria and cells. Briefly, freeze-
drying (lyophilization) is a three-step process that produces a
structurally intact and easily reconstituted end product. Initial
freezing is performed with the usage of a cryoprotective in such
a fashion that the amounts and sizes of ice crystals are kept to
a minimum. When the temperature is controlled to be below
the highly critical collapse temperature, free water present in
the sample is subsequently removed by direct vaporization of
ice under vacuum. The remaining bound water is forced out in
the secondary drying step by gradually increasing the process
temperature. The resulting product can normally be stored un-
der vacuum conditions for long term with good activity upon
rehydration.63

The usage of cryoprotectant additives for the maintenance of vi-
ability of cells or bacteria and bioactivity of biomolecules through
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freeze-drying has been extensively studied. Studies have shown
the protective effects of non-sugar additives through the freeze-
drying of bacteria.65 However, the disadvantages of freeze-drying
based preservation methods are the time-consuming process, the
complexity of the techniques and the associated costs due to strict
storage conditions. These are major concerns when developing
biosensors for on-site applications outside of the laboratory.

Vacuum-drying is an alternative to freeze-drying and is espe-
cially effective for the preservation of sensitive biomolecules or
complicated molecular systems that can be damaged due to freez-
ing. Carbohydrates are commonly used as protectants during
dehydration and storage of biomolecules, with sucrose and tre-
halose being the most extensively employed. One of the survival
strategies that desiccation-tolerant organisms seem to have in
common is the accumulation of high concentrations of small car-
bohydrates, such as trehalose, sucrose, maltose, or raffinose prior
to drying.66 There are several hypotheses of how sugars play a
role in the protection mechanism of cellular and macromolecular
structure in anhydrobiotes. Firstly, sugar can replace the water
that is normally hydrogen-bonded to polar residues.66 Secondly,
sugars are involved in the formation of a glassy matrix in the
cytoplasm. In a glassy state, molecules are randomly distributed
(like liquid) with low molecular mobility (like solid).

Here, we present a simple and cost-effective sugar-based vac-
uum drying method for preserving biofunctionalized PLL-g-PEG
surfaces and particle probes. The dried f-BPM biosensors can
be stored in a vacuum chamber for at least 3 weeks. The mea-
sured dose-response curves are comparable to freshly prepared
f-BPM biosensors. The rehydrated f-BPM biosensors are capa-
ble of detecting analytes in buffer and in filtered blood plasma.
The functionality of biomolecules on particles and PLL-g-PEG
surfaces were assessed in terms of activity and state lifetimes
using the f-BPM technique. In conclusion, we are able to achieve
long-term dry storage of ready-to-use f-BPM biosensors. The
results support the role of sucrose and trehalose as protective
compounds during the vacuum-drying process. This approach
holds promise for the future application of preserved biofunc-
tionalized surfaces and particles.
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4.2 theory

Drying of cells generally leads to massive damage to cellular
membranes which eventually leads to cell death. The removal
of water molecules in cells causes drastic changes in inter- and
intra-molecular interactions. In the presence of bulk water, intra-
cellular proteins and membranes are surrounded and bound with
water molecules by hydrogen bonds and normally would not
directly interact with other biomolecules. During the dehydra-
tion process, these proteins and membranes compensate for the
loss of hydrogen bonding with water by hydrogen bonding with
other molecules, causing protein-protein interaction, aggregation,
and denaturation. Therefore, the dehydration process can cause
structural damages (conformational changes) of the biomolecules,
and destabilization of other internal structures such as nucleic
acids.67

However, some organisms are able to survive almost com-
plete dehydration,66 a phenomenon known as anhydrobiosis. A
common theme in these organisms is the accumulation of large
amounts of disaccharides, especially sucrose and trehalose.68

In general, sugars such as disaccharides and polysaccharides
have the ability to form high viscosity and low mobility films,
leading to the increased stability of the preserved material. Be-
sides the formation of such films, a direct interaction between
the sugar and polar group in proteins appears to be essential for
stabilizing biomaterials of various composition during air drying
or freeze drying. Methods for stabilizing proteins in dry form
using sugars and sugar alcohols are widely used in the phar-
maceutical industry.69 Studies have shown that disaccharides,
such as sucrose, lactose, and trehalose, have been widely used as
protectants and stabilizers during dehydration.67

Monosaccharides such as D-glucose and D-fructose are reduc-
ing agents which can react with amino compounds on proteins.
This chemical reaction between amino acids and reducing sug-
ars is called the Maillard reaction.70 Sucrose is a disaccharide
of D-glucose and D-fructose. During dehydration of proteins,
sucrose can stabilize proteins by replacing the hydrogen bonds,
which are broken when water evaporates (known as the water
replacement hypothesis), preventing protein denaturation.71,72
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Trehalose, a nonreducing disaccharide, can stabilize proteins
and is the most effective carbohydrate in preserving the structure
and function of biological systems during dehydration and sub-
sequent storage. Crowe et al. first presented the so-called water
replacement hypothesis,66 asserting that the hydrogen bonding
between sugars and the polar headgroups of the lipids that con-
stitute biomembranes, contribute to preserving the integrity of
biological structures. As the systems are dried and frozen, these
interactions replace those of hydration water at the membrane-
fluid interface.68 In addition, a compact structure will be formed
in the presence of trehalose during drying due to its high solu-
bility in water, which makes it more difficult to fully dehydrate a
sample.

Pullulan is a highly soluble polysaccharide composed of mal-
totriose units. It has a molecular weight ranging from 45 kDa
to 600 kDa. Furthermore, it is highly soluble, due to its abil-
ity to form many intermolecular hydrogen bonds and its no-
table hydrophilicity.73–75 When drying a 5-10% pullulan solution
onto a smooth surface, it can form transparent films that exhibit
exquisite mechanical properties.73

Sugars have been used a lot for medical purposes, for example,
to stabilize therapeutics or vaccines. However, there are not many
examples where sugar drying is used in preserving biosensors.
An example that relates to this research is a biosensor based
on actuated magnetic particles that use a sugar solution for dry
storage.76This technology, like BPM, uses magnetic nanoparticles.
In this research, both the sensor surface and the nanoparticles
were dried. Another example is a paper sensor for bacterial detec-
tion which can be stored for 6 months at ambient temperature.77

A third example is a microfluidic immunoassay where antibody-
gold conjugates were dried with sucrose and trehalose (5% w/v
each). After 60 days of storage at elevated temperature, the sensor
still retained 80-96% activity.78
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4.3 results and discussion

The shelf-life of the oligonucleotide functionalized PLL-g-PEG
surface in wet state was proven to be at least three months in Sec-
tion 2.5.2. The fact that f-BPM is based on freely moving particles
makes it particularly suitable for the fabrication of a ready-to-use
sensor. The storage lifetime of biosensors depends on the reten-
tion of the biological activity of the used molecular components.
This may vary, depending on the coupling chemistry, the storage
conditions and the intrinsic stability of the biomolecules. The
challenges for the f-BPM sensor are to preserve the functionality
of biomolecules during dry storage and to prevent particles from
getting stuck or becoming aggregated. A known strategy is to
preserve biomolecules by embedding them in a sugar matrix.
The effects of various sugar mixtures, i.e., sucrose/trehalose, glu-
cose/fructose and pullulan/trehalose, on the preservation of the
biofunctionalized particles and surfaces were investigated.79

The first step is to study the functionality of the oligonucleotide
functionalized PLL-g-PEG surface after drying in the selected
three sugar mixtures, dried under vacuum for 48 hours. The
oligonucleotide functionalized particles were freshly prepared
in buffer and added to the rehydrated surface. The biological
activity was tested by a DNA competition assay with the f-BPM
sensing technique. Three different sugar conditions, including su-
crose/trehalose, glucose/fructose and pullulan, were tested and
analyzed for their response in terms of the switching activity and
the unbound fraction when different analyte concentrations were
applied. (Detailed information of the rehydration and activation
processes are described in Section 4.5.3)

4.3.1 Drying and rehydration of oligonucleotide modified PLL-g-PEG
surface with sugar mixtures

The illustration of the preservation procedure of the biofunction-
alized surface is shown in Figure 4.1. Our first goal is to study
the effect of different sugar drying methods on the preservation
of surfaces functionalized with oligonucleotides and PLL-g-PEG
polymers. The efficiency of this drying process is evaluated by
measuring the signal of the f-BPM biosensors when different con-
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centrations of ssDNA targets are present. There are two simple
output parameters for f-BPM biosensors, i.e., the bound fraction
and the switching activity. The switching activity is defined as
the average number of binding and unbinding events per particle
per unit of time, which depends on the target concentration. Par-
ticles that stay bound over the measurement time are classified as
inactive or non-specifically bound particles and were eventually
excluded in the data processing.

Figure 4.1: Schematic overview of the dehydration and rehydration processes of
oligonucleotide-functionalized PLL-g-PEG surface. The gray layer represents
the sugar mixtures (sucrose/trehalose, pullulan/trehalose, glucose/fructose).
In the top panel, the sugars present in high concentrations stabilize the
biomolecules and their structures by forming a high viscosity layer, leading to
a reduced possibility of non-specific interactions or rupture of the bonds. The
surface covered with sugars was stored in a vacuum chamber and gradually
dehydrated. As shown in the middle panel, after 48 hours of dry storage,
the sugars were dissolved and removed from the measurement chamber by
several times washing with PBS. In the bottom panel, the freshly prepared
1µm particles functionalized with particle binders (blue) were provided to
the preserved PLL-g-PEG surface coated with substrate binders, whereas the
DNA competition assay can be performed. The activation process is described
in Appendix 4.6.1. Finally, the target was added and could reversibly bind to
the particle binders and substrate binders.

The sensing principle for the ssDNA competition assay is the
competition for binding between analogues and analytes. The
particle binder (5 ’ GTA GAC ATC CAA CCT GAC TAC GTG
AGT AAT AAT GCG 3 ’) has 20 bp complementarity to the initial
biotinylated oligo (Biotin 3 ’ CAT CTG TAG GTT GGA CTG
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AT 5 ’) coupled on particles, and 9 bp complementarity to the
ssDNA analogue on the substrate (substrate binder). Due to the
high affinity of the 20bp DNA hybridization, when a particle
binder binds to the initial biotinylated oligo, it doesn’t dissociate
within a time scale of hours. However, on the other side, the
particle binder hybridizes and de-hybridizes to the substrate
binder with a bound state lifetime of around 10-20 seconds due
to 9bp DNA hybridization and causes transient binding of the
particles. Therefore, the addition of particle binder is defined as
the activation process.

Figure 4.2 shows that the switching activity rises with the
gradual increase of particle binder concentrations. When enough
switching events were observed, i.e., the bound fraction reached
40-50%, the activation process was terminated by washing away
the unbound binders. The density of particle binders is con-
trolled to be 5000 times lower than in sandwich assays. This is
essential in order to achieve reversible monovalent bonds and
avoid irreversible multivalent bonds between the particles and
the substrate.

When the 11 nt ssDNA analyte is added, it competes with
the substrate binder (ssDNA analogue) by hybridizing to the
9 bp binding region on particle binders. Therefore, it hinders
the particle to switch from unbound states to bound states. At a
higher concentration of 11 nt ssDNA analyte, the binding sites
on all particle binders are blocked and cannot bind to the ssDNA
analogue again, until the analyte molecule dissociates. Therefore,
the f-BPM biosensor shows high switching activity and high
bound fraction at low analyte concentration and vice versa.

To ensure the quality of different batches of biofunctionalized
slides, at least one sample from each batch was tested first with-
out going through any drying process. After confirming that the
biofunctionalized surface is functional, the rest of the slides were
dried with the same procedure but in different sugar mixtures.
The goal is to prove that the drying process effectively maintains
the functionality of the oligonucleotides and PLL-g-PEG poly-
mers on the surface, and the oligonucleotides still have the ability
to capture the complementary ssDNA target after dehydration,
dry storage and rehydration process.
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The switching activity signal in Figure 4.2 shows that the
oligonucleotides functionalized PLL-g-PEG surface is still func-
tional. Both bound fraction and switching activity increased
during the activation process. The crossover point where the
bound fraction continued to increase while the switching activity
started to decrease indicates the dominance of multivalent inter-
actions. Due to the finite measurement time, there is a maximum
number of switching events that can occur per particle within
each measurement, influenced by kinetic parameters such as state
lifetimes. When multivalent interactions or re-binding occurs, the
switching activity becomes lower while the bound fraction can
still increase until 100% of particles are bound.

Figure 4.2: Response of a f-BPM biosensor after drying the surface with pullulan. The
top panel shows the switching activity measured during activation (blue)
and sensing (red) process. The corresponding bound fraction is shown with
green circles. Lines are guides to the eyes. The bottom panel represents the
concentration profile of the 11nt ssDNA target (red) and the activator (blue).
In the activation process, the switching activity increased in the beginning and
dropped afterwards, while the bound fraction continued to increase. Upon
the addition of targets, the bound fraction decreased significantly, showing
that the system responds to the presence of targets.79

Upon addition of 1 µM ssDNA analyte, the bound fraction
significantly reduced, indicating the competition between the
analytes and the analogues. However, the corresponding switch-
ing activity remains similar before and after adding 1 µM of
ssDNA analyte. The activity measured at the end of the activa-
tion process dropped due to the transition from single bond to
multivalent interactions. When reaching the over-activation stage
with re-binding of analytes occurring, long bound state lifetimes
were observed and the number of switching events per particle
decreased. However, the activity signal is still lower than the
maximum activity. The result demonstrated the functionality of
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the oligonucleotides functionalized PLL-g-PEG after drying and
rehydration.

Figure 4.3a and 4.3b show the sensor response of the f-BPM
biosensor dried with glucose/fructose and with sucrose/tre-
halose respectively. After washing away the sugar mixtures, the
system was first activated and exposed to a sequence of different
concentrations of competing ssDNA analyte. The bottom panel
shows the sequence of corresponding analyte concentrations with
alternating high and zero analyte concentrations. The top panel
includes both the switching activity and the bound fraction as
the output signal, which dynamically respond to both increasing
and decreasing analyte concentrations. Similar over-activation
and re-binding events were observed in both cases.

Though the bound fraction data in Figure 4.3a and 4.3b show
good correspondence in time response, the baseline switching
activity measured at zero analyte concentrations appears to be
more stable when using a sucrose/trehalose sugar mixture. It
is expected that the particle binders on the particles should not
dissociate over a time scale of hours, causing the system to show
a stable baseline switching activity at zero analyte concentration.
One possible reason for the fluctuating signal at zero analyte
concentrations observed in Figure 4.3a is the incomplete fluid
exchange. The signal at zero analyte concentration, measured
right after the supply of higher concentrations (500 nM and 1

µM) of analyte, was often lower than the baseline switching ac-
tivity. This reduction of baseline switching activity is attributed
to the remaining analyte in the system due to incomplete fluid
exchange, which happens when washing away high concentra-
tions of analytes. In conclusion, among the tested sugar mixtures,
25% w/w sucrose with 10 mM trehalose and 0.05% v/v Tween20

show the most robust and consistent response.
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(a) (b)

Figure 4.3: Dynamic response to the target concentration of an fBPM sensor, for a DNA
competition assay in PBS. The top panel shows the switching activity mea-
sured during the activation and sensing process. Blue data points represent
the switching activity measured over the activation process. Red data points
show the sensor response when adding alternating high and zero analyte
concentrations. The corresponding bound fraction is shown with green circles.
Lines are guides to the eyes. The bottom panel shows the applied 11nt ssDNA
target and the activator concentration profiles. (a) Response of an f-BPM
DNA competition assay after drying the surface with glucose/fructose. (b)
Response of an f-BPM DNA competition assay after drying the surface with
sucrose/trehalose.79

4.3.2 Development of a ready-to-use f-BPM biosensor

The three sugar conditions were tested for drying both biofunc-
tionalized particles and PLL-g-PEG surfaces. The freshly pre-
pared particles functionalized with oligonucleotides were first
re-suspended in the three sugar mixtures and added separately to
the sensor surfaces. Then the sensors were dried under vacuum
for around 48 hours and 3 weeks. The drying and rehydration
procedure of the ready-to-use f-BPM biosensors is shown in Fig-
ure 4.4. The biosensor surface and particles were homogeneously
exposed to air and then vacuum dried with uniform conditions.

The dynamic response of an f-BPM biosensor vacuum-dried
in pullulan/trehalose with the procedure described in Figure 4.4
for approximately 48 hours are shown in Appendix 4.6.3. We
observed that the pullulan/trehalose mixture cannot easily be
washed away. It takes approximately one hour of flushing with
PBS to fully release the particles and to achieve a bound fraction
lower than 10%. The reproducibility of the analytical performance
of the ready-to-use biosensors stored in pullulan/trehalose is
relatively low.
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Figure 4.4: Schematic representation of the dehydration and rehydration processes for
ready-to-use f-BPM biosensors. The gray layer represents the sugar mixtures.
The 1 µm particles functionalized with particle binders (blue) were added
to PLL-g-PEG surface coated with substrate binders (red). In the top panel,
the sugars present in high concentrations hinder the diffusion of particles by
forming a high viscosity layer, leading to a reduced possibility of non-specific
interactions or aggregation. The system was stored in a vacuum chamber and
gradually dehydrated. After a certain dry storage period (two days, one week,
and three weeks), the disaccharide molecules were dissolved and removed
from the measurement chamber by several times of washing with PBS, as
shown in the middle panel. The activation process is described in Section
4.5.3. In the bottom panel, the target was added and can reversibly bind to
the particle binders and substrate binders.

The dose-response and time-response results of an f-BPM
biosensor vacuum-dried in glucose/fructose with the procedure
described in Figure 4.4 for approximately 48 hours are shown
in Appendix 4.6.3. The rehydration process was still longer than
expected. One hour of incubation and washing steps in between
are needed to reach a low bound fraction of approximately 10%.
The output signal including the switching activity and bound
fraction both respond to the addition of activators and different
concentrations of competitors. However, the reproducibility of the
response of these glucose/fructose-based dry cartridges is also
limited. Some samples show good preservation of anti-fouling
properties but lose the capability of responding to analytes.

In Section 4.3.1, the sucrose/trehalose mixture was proved to
be relatively suitable for preserving oligonucleotides functional-
ized PLL-g-PEG surface. To test the capability of drying both the
particle probes and biofunctionalized surface in a glassy matrix,
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the same sucrose/trehalose mixture was used. The whole f-BPM
biosensor was dried in sucrose/trehalose with similar procedures
and conditions described in Figure 4.4. After the rehydration pro-
cess, bright field video microscopy shows that the particles im-
mediately became mobile, indicating that the sucrose/trehalose
mixture dissolved quickly in PBS. The bound fraction was re-
duced to 10% after around 20 minutes of incubation with three
washing steps in between. The biosensor responds to both the
addition of activators and different 11nt ssDNA analyte con-
centrations ranging from 4 nM to 2 µM. Duplicate experiments
were performed, showing that the results are robust and repro-
ducible. Hence, the sucrose/trehalose mixture was selected as
the protectant for further studying on different storage times
and comparison of sensor response in PBS and in filtered blood
plasma.

Figure 4.5a shows two dose-response curves measured over
three hours to study the performance of the dried and rehydrated
f-BPM biosensors. The dose-responses expressed in the bound
fraction give EC50 values of 28 ± 4 nM (red) and 17 ± 3 nM (blue).
The EC50 of the two curves were comparable and the results
show relatively good consistency. The characteristic bound state
lifetimes shown in Figure 4.5b remain unchanged, indicating
that the affinity of the binding interactions is independent of
the target concentration. Furthermore, the bound state lifetime
is similar to what we observed in the t-BPM biosensors, since
the intrinsic dynamics of analyte molecules do not change while
using different systems. The unbound state lifetimes curve has a
sigmoidal shape. Fitting the characteristic unbound state lifetime
with a sigmoidal curve gives EC50 values of 691 ± 538 nM (red)
and 393 ± 85 nM (blue). At low target concentrations, the rate of
particle-substrate binding is governed by the density of binder
molecules, giving the plateau of mean unbound state lifetime
at 80 seconds. At higher concentrations, the targets occupy
part of the binder molecules causing the mean unbound state
lifetime to increase. At concentrations above 1µM, the unbound
state lifetimes become longer than the measurement time and
therefore a plateau is reached at 600 seconds.
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(a) (b)

Figure 4.5: Dose–response curves measured with sugar-matrix sensors that were stored
in a sucrose/trehalose matrix for dry storage of 3 weeks (measured in dupli-
cate). The red and blue data represent two consecutive dose-responses with
decreasing concentration series. (a) The bound fraction versus the applied
11nt ssDNA target concentration. The corresponding EC50 of the two dose-
response curves are 28 ± 4 nM (red) and 17 ± 3 nM (blue). The inset shows
the dose-response plotted in terms of the switching activity. (b) Characteristic
unbound and bound state lifetimes measured with a sugar-matrix sensor
stored for 3 weeks. Fitting the characteristic unbound state lifetime with a
sigmoidal curve gives EC50 values of 691 ± 538 nM (red) and 393 ± 85 nM
(blue). Characteristic unbound state lifetimes are dependent on the target
concentration in a range of 4 to 2000 nM. The characteristic bound state
lifetime shows independent behavior with an average of 5 seconds.

4.3.3 The performance of ready-to-use f-BPM biosensors for different
storage times.

In Section 4.3.2, a simple fabrication process for making ready-to-
use fBPM cartridges has been designed and executed as shown in
Figure 4.4. In order to test the shelf life of the sugar-dried f-BPM
biosensors under laboratory conditions, we prepared and dried
three cartridges by the same procedure but with different storage
time (2 days, 1 week and 3 weeks) in the vacuum chamber. The
cartridges composed of particle probes and functionalized sur-
faces were vacuum-dried homogeneously and thereafter followed
by the reassembling of flow cells and rehydration processes in-
cluding washing steps. (See Appendix 4.6.1) Once the particle
probes became mobile again and the bound fraction was reduced
to 10% or lower, the system was activated by applying activators.

The time-dependent responses of the rehydrated f-BPM biosen-
sors stored for one week and three weeks are shown in Figure
4.6a and 4.6b, respectively. The blue concentration profile in the
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two bottom panels indicates the activation process, while the
blue squares in the top panels show the corresponding switching
activity. The activation process was terminated after the bound
fraction reached 50%. As shown in the red concentration profiles
in the bottom panels, the target concentration was first returned
from 1µM to zero in a single step, followed by gradual decreases
in small steps. The switching activity (red squares) responds
inversely to the ssDNA analyte concentrations, as it should be for
competition assays. Upon adding activators or competitors, the
bound fraction, as the second output parameter, shows similar
trends compared to the switching activity in both cases.

(a) 1 week of storage (b) 3 week of storage

Figure 4.6: The top panel shows the switching activity measured during the activation
and sensing process. Blue data points represent the switching activity mea-
sured over the activation process. Red data points show the sensor response
when adding alternating high and zero analyte concentrations. The corre-
sponding bound fraction is shown with green circles. Lines are guides to the
eyes. The bottom panel shows the applied 11nt target concentration profile
(red) and the concentration of activators (blue) used in the activation process.
(a) The performance of an f-BPM biosensor after 1 week of dry storage in
sucrose/trehalose mixtures. (b) The performance of an f-BPM biosensor after
3 weeks of dry storage in sucrose/trehalose mixtures.

In Figure 4.7a and 4.7b, we evaluate the effects of sugar-drying
and subsequent storage by comparing the dose–response curves
of the f-BPM biosensors stored for different periods. As a refer-
ence, the results (orange squares) obtained by a freshly prepared
f-BPM biosensor are also plotted. After 2 days (green squares),
one week (black squares) and three weeks (red squares) of dry
storage at room temperature in a vacuum chamber, the f-BPM
biosensors are capable of responding to different target concen-
trations in a similar dose-dependent manner compared to the
freshly prepared sample.
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(a) (b)

Figure 4.7: Effect of dry storage period on the performance of the f-BPM biosensor
with DNA competition assay. The control sample (wet, orange squares) was
without any preservatives or dehydration processes. (a) Dose-response curves
plotted with switching activity. The corresponding EC50 values measured
with cartridges stored for different periods are 77 ± 15 nM (wet, orange), 195

± 72 nM (2 days, green), 29 ± 5 nM (1 week, black) and 30 ± 6 nM (3 weeks,
red). The shades indicate the 95% confidence range of the fit. (b) The bound
fraction versus the applied 11nt ssDNA target concentration. The fitted EC50

values are 24 ± 6 nM (wet, orange), 95 ± 15 nM (2 days, green), 16 ± 5 nM (1
week, black) and 71 ± 11 nM (3 weeks, red).

The rehydrated biosensors after dry storage respond to target
concentrations ranging from 4 nM to 2 µM. The corresponding
dose-response curves demonstrated in Figure 4.7a and 4.7b were
performed with two replicates for each ssDNA concentration,
showing that the results are robust and reproducible. The dose-
response obtained by the cartridge stored for 2 days deviates
from the other three curves. The possible causes are due to differ-
ent activation conditions and density of binders. Dose-response
curves plotted with switching activity give EC50 values of 77 ±
15 nM (wet, orange), 195 ± 72 nM (2 days, green), 29 ± 5 nM
(1 week, black) and 30 ± 6 nM (3 weeks, red), which are within
estimates of error. The contrast of the signal is slightly different,
but the EC50 values and dynamic range are similar, indicating
the preservation of the particle probe and functionalized surfaces
does not lead to significant changes in the molecular systems
nor the functionality of biomolecules such as oligonucleotides or
streptavidins. It is interesting to note that the rehydrated system
was even showing a higher contrast than their freshly prepared
counterparts.
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The results showed that the f-BPM biosensor, with appropriate
materials and conditions, can give reproducible DNA competi-
tion assay results for different periods of dry storage. In conclu-
sion, the rehydrated f-BPM biosensor has an operational life span
of several hours and the tested shelf-life is at least three weeks
when stored in a vacuum chamber. Further testing is required
to evaluate the suitability of this approach for immunosensor
applications.

Figure 4.8a and 4.8b demonstrate the capability of detecting
analytes in biologically relevant media, we performed the ssDNA
competition assay in 50kDa-filtered undiluted blood plasma with
a ready-to-use f-BPM biosensor after 3 weeks of dry storage in the
sucrose/trehalose mixture. The two output parameters including
switching activity and bound fraction are measured over time as
shown in Figure 4.8b. In comparison, the results performed by
a freshly prepared f-BPM biosensor in 50kDa-filtered undiluted
blood plasma is shown in Figure 4.8a. The PEG side chains of the
PLL-g-PEG polymer are expected to function as a low-fouling
layer that resists protein adsorption. In general, the results in the
beginning are similar to the reference sample and the system can
still respond to different target concentrations, proving that the
ssDNA target can be dynamically monitored in a more complex
environment even with the rehydrated f-BPM biosensor.

However, when performing a DNA competition assay in 50kDa-
filtered bovine blood plasma for over several hours, the total
number of active particles in a fixed-size of the field of view
decreased dramatically compared to measurements in PBS. Stuck
particles and aggregated particles are assigned to inactive parti-
cles and were filtered out via data processing, therefore causing
lower statistics and higher signal fluctuations. In comparison, for
the tethered-BPM system, it has been shown in different molecu-
lar systems33,80 that non-specific interactions were lower in the
50kDa-filtered plasma. This may be due to the limited range of
motion restricted by the tether and the antifouling properties. A
hypothesis is that particles are exploring a much larger area in
f-BPM systems. Therefore, the probability of particles interacting
with proteins, other particles or biomolecules suspended in the
solution is much higher.
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(a) (b)

Figure 4.8: Comparison of the sensor response in 50kDa-filtered undiluted blood plasma
with freshly prepared sensor and rehydrated sensor. The top panel shows
the switching activity measured during the activation and sensing process.
Blue data points represent the switching activity measured over the activation
process. Black data points show the sensor response when adding alternating
high and zero analyte concentrations. The corresponding bound fraction
is shown with green squares. Lines are guides to the eyes. The bottom
panel shows the applied 11nt target concentration profile (black) and the
concentration of activators (blue) used in the activation process. (a) A freshly
prepared f-BPM biosensor was used to perform DNA competition assay in
50kDa filtered bovine blood plasma (b) An f-BPM biosensor vacuum dried
for 48 hours in presence of sucrose and trehalose was used to perform DNA
competition assay in 50kDa filtered bovine blood plasma.
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4.4 conclusion

The lifetime of biosensors depends on the retention of the biolog-
ical activity of all the biocomponents included in the biosensor.
This may vary from hours, days, weeks to months, depending on
the coupling chemistry, the storage conditions and the intrinsic
stability of the biomolecules. In general, fast and simple on-
site sample-handling steps are key for developing ready-to-use
biosensors, especially for portable biosensing, for both health-
care and industry and for speeding up translation to real-life
applications.

Carbohydrates were investigated for their potential use as
multifunctional protectants and stabilizers during drying for
biomolecules such as proteins and oligonucleotides. Based on
the efficient protective properties for disaccharides reported in
other drying tests, three different sugar mixtures, including su-
crose/trehalose, pullulan/trehalose, and glucose/fructose, were
selected and tested as stabilizers for the long-term storage of
oligonucleotides, PLL-g-PEG and particles.

Firstly, a simple and effective method for the drying of oligonu-
cleotides functionalized PLL-g-PEG surface to be used directly in
a biosensor is reported. Oligonucleotides and PLL-g-PEG were
vacuum dried in the presence of the three aforementioned sugar
mixtures. The biosensor’s performance was experimentally eval-
uated based on its dynamic response and EC50 values. For all
three conditions, the biofunctionalized PLL-g-PEG surfaces were
successfully preserved for two days and still showed good anti-
fouling properties after adding freshly prepared particles. The
integrated system responds to the addition and removal of the
target, proving that the functionality of the dried and rehydrated
oligonucleotides is preserved.

Secondly, the dried biofunctionalized surface and particles
were used directly after rehydration and activation as the essen-
tial elements of a biosensor for determining the concentration of
ssDNA target. The sucrose/trehalose mixture rehydrates easily,
gave few stuck particles and the best uniformity. With a vac-
uum drying procedure, the glassy layer containing sucrose/tre-
halose has a consistent thickness throughout the cartridge, which
minimizes heterogeneities. In conclusion, sucrose and trehalose
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rendered good results, whereas other sugars, such as glucose
and pullulan were less effective. Reproducible and consistent
results were obtained with cartridges stored for a prolonged
period and the biofunctionalized surface exhibited nearly no loss
of bioactivity. The f-BPM biosensors dried for 2 days, 1 week and
3 weeks exhibited similar dose-response curves, indicating that
the drying and rehydration processes do not significantly affect
the sensor performance.

The results show that the sensor is highly suited for long-
term storage in sugar matrices and for immediate use upon
rehydration, both related to the fact that the sensor is based on
freely diffusing particles. This study highlighted the development
of a ready-to-use f-BPM biosensor based on dehydration with
commonly used carbohydrate protectants. The long-term dry
storage results showed that the f-BPM biosensor was stable in the
presence of sucrose and trehalose for at least 3 weeks at ambient
temperature in a vacuum chamber.
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4.5 materials and methods

Sugar mixtures with different mixing ratios have been tested
for dry storage of the f-BPM sensor: (i) 25% w/w sucrose, 10

mM trehalose and 0.05% v/v Tween20 in Milli-Q (ii) 276 mM
D-fructose, 184 mM D-glucose and 0.05% v/v Tween20 in Milli-
Q (iii) 100 mg/mL Pullulan, 250 mM Trehalose and 0.05% v/v
Tween20 in Milli-Q.

4.5.1 Materials

Custom-made fluid cell stickers were obtained from Grace Bi-
olabs (USA). D-glucose, D-fructose, sucrose, trehalose, pullu-
lan, PBS tablets, and NaCl were purchased from Sigma-Aldrich.
Dynabeads MyOne Streptavidin C1 were purchased from Ther-
moFisher Scientific. Poly(l-lysine)-grafted poly(ethylene glycol)
was purchased from SuSoS (Switzerland) with a grafting ratio
of 3.5. The molecular weight of the PLL backbone and PEG side
chains are 20 kDa and 2 kDa respectively. Azide functionalized
PLL-g-PEG (Nanosoft Biotechnology LLC, USA) is composed of
a 15 kDa PLL backbone and 2 kDa PEG chain with a grafting
ratio of 3.5. The ssDNA oligonucleotides (standard desalting and
HPLC purification for chemically modified DNA) used in the
study were purchased from IDT (Integrated DNA Technologies).

Table 4.1: Composition of sugar mixtures for dry storage of the biocomponents

Sucrose/trehalose 25% w/w sucrose 10 mM trehalose 0.05% Tween20

Glucose/fructose 276 mM D-fructose 184 mM D-glucose 0.05% Tween20

Pullulan/trehalose 100 mg/mL pullu-
lan

250mM trehalose 0.05% Tween20

4.5.2 Preparation of biofunctionalized surfaces

Glass slides (25 x 75 mm, #5, Menzel-Gläser) were pre-cleaned
by 40 minutes of sonication in isopropanol (VWR, absolute) and
30 minutes of sonication in MilliQ. After the substrate was dried
with a nitrogen stream, 1 minute of oxygen plasma was applied
to the slides to plasma-oxidize the surface. PLL-g-PEG and PLL-g-
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PEG-N3 were pre-mixed in MilliQ with the ratio of 9:1 by weight
at a final concentration of 0.45 mg/mL and 0.05 mg/mL respec-
tively. Custom-made fluid cell stickers (Grace Biolabs) with an
approximate volume of 20 µL were then attached to the substrate
and the PLL-g-PEG/PLL-g-PEG-N3 polymer mixture was imme-
diately injected to the flow chamber and incubated for two hours.
After the polymer self-assembled onto the negatively charged
substrate, the unbound or loosely bound polymers were removed
by withdrawing the solution out of the chamber.

The substrate-side binder is a partially double stranded DNA
consisting of two complementary oligos, namely a 31nt oligo (3 ’
C ATT ATT ACA AGC TAA GCT CTT GCA CTG ACG 5 ’) and a
DBCO functionalized oligo (5 ’ CGA TTC GAG AAC GTG ACT
GCT TTT T 3 ’ DBCO). The 100 µM 31nt oligo was pre-hybridized
with 100 µM DBCO functionalized oligo at a volume ratio of four
to one. After removing the unbound or loosely bound PLL-g-
PEG and PLL-g-PEG-N3, the partially double stranded DNA was
diluted to 1 µM with 500 mM NaCl in PBS (130 mM NaCl, 7 mM
Na2HPO4, 3 mM NaH2PO4 at pH 7.4) and injected into the flow
cell, followed by 72 hours of incubation at room temperature.

4.5.3 The processes to dry and rehydrate the particles and the bio-
functionalized surface

Drying of bio-functionalized surface
The flow cell was washed with 20 µL of PBS, followed by the

injection of 20 µL of the three sugar solutions. After 5 minutes
of incubation, the top layer of the flow cell sticker was carefully
removed. The exposed bio-functionalized surface was dried for 2

days in a vacuum chamber at room temperature.
Preparation of particles
1 µL of Dynabeads MyOne Streptavidin C1 (Invitrogen) was

mixed with 1 µL of 10 µM biotinylated particle binder and 4 µL
PBS. The mixture was incubated for 1 hour at room temperature
(RT) on a rotating fin (VWR, The Netherlands). Subsequently, 1

µL of 100 µM polyT was added and the mixture was incubated
for 15 minutes at RT on the rotating fin. Then the Eppendorf,
containing the particle mix, was placed in a magnetic rack and
0.05% Tween20 in PBS was added to the height of the magnet, to
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let the beads settle. Once the beads were settled, 0.05% Tween20

in PBS was added up to 1 mL. The beads were washed by turning
the Eppendorf a few times in the magnetic rack. After the beads
were settled again, the solution was removed and 1 mL of fresh
PBS was added. Then, the solution was sonicated 10 times using
a sonic finger (Amplitude 70 and Cycle 0.4; Hielscher, Ultrasound
Technology). The solution was vortexed and diluted 3 times in
fresh PBS. The solution was kept at RT on a rotating fin.

Drying of particles onto the surface
To prepare the particles the same procedure described in the

previous section was executed until washing with 0.05% Tween20

in PBS. Subsequently, the washing solution was replaced with
250 µL PBS. The particles were vortexed shortly and 80 µL was
added to a new Eppendorf. This Eppendorf was placed in the
magnetic rack to let the beads settle. Once settled, the PBS was
removed and 240 µL of sugar mix was added and the solution
was sonicated with the sonic finger 10 times (Amplitude 70

and Cycle 0.4). Then, the particles were thoroughly vortexed.
Subsequently, they were diluted 4 times to achieve a 3000-times
dilution. This mixture was sonicated in the sonic bath for 20

seconds.
The chamber was gently washed with PBS (3x chamber vol-

ume). Then 20 µL of the particles in sugar solution was added.
After 5 minutes the top layer of the flow cell was carefully re-
moved and 10 µL of corresponding sugar mix was added. The
slides were kept under vacuum for 2 days.

4.5.4 Analysis of particle mobility

Particle tracking was performed based on phasor localization, as
described in Section 3.5.4. Event detection based on deep learning
algorithm and analysis of switching activity, lifetimes, and bound
fraction are described in Section 3.5.4.
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4.6 appendix

4.6.1 The integration of the ready-to-use cartridges

Figure 4.9: The integration process of the ready-to-use cartridges. The surface was first
functionalized with low-fouling PLL-g-PEG layer and substrate-side ssDNA
binders, and the particles was coupled with particle-side binders. After replac-
ing the buffer with sugar mixtures, the top side of the chamber was removed
and the whole surface was homogeneously exposed to air. The dehydration
process was performed in a vacuum chamber, with the whole surface drying
under similar conditions. When the dry storage was terminated, the flow
cell sticker was removed. A new flow cell sticker was assembled onto the
glass slide. Further rehydration process was done, followed by the activation
process and the continuous monitoring of 11nt ssDNA targets.

Figure 4.9 shows the entire integration process for making the
ready-to-use cartridges. The surface was first functionalized with
low-fouling PLL-g-PEG layer and substrate-side ssDNA binders,
and the particles were coupled with particle-side binders. Af-
ter replacing the buffer with sugar mixtures, the whole sensor
surface was dried. As shown in the third panel of Figure 4.9,
the whole surface was homogeneously exposed to air and dried
under similar conditions since we removed the top side of the
chamber. When the dry storage was terminated, the flow cell
sticker was removed, leaving a transparent film on the glass slide.
A new flow cell sticker was assembled onto the transparent film.
Further rehydration processes were done, followed by the acti-
vation process and the continuous monitoring of 11nt ssDNA
targets. The particles show free Brownian motion after the rehy-
dration process, leading to a low switching activity and bound
fraction. During activation, an activator was present and particles
can bind to the surface, resulting in an increased bound fraction.
Furthermore, the interactions between the substrate binder and
the activator are reversible, thus binding and unbinding events
can take place. Once the activation process is terminated, the
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bound fraction and switching activity should remain constant,
since the free activators are washed away and no further binding
can take place. Upon addition of an excess of competitors, the
bound fraction and switching activity decrease.

4.6.2 State lifetime analysis of ready-to-use f-BPM biosensors

The dose-response curves for 11-nt analyte in terms of three
output signals, i.e., the measured switching activity, bound frac-
tion and unbound state lifetime, as a function of the applied
target concentration are shown in Figure 4.10. The correspon-
dence between the data points in panel a-c is highlighted by their
colors. The four colors (orange, green, black, red) represent the
wet sample, the ready-to-go cartridges with a dry storage period
of 2 days, 1 week and 3 weeks respectively. The EC50 values
extracted based on switching activity and bound fraction show a
high similarity. However, the EC50 values are much higher for
all data in panel c. The possible origins might be caused by the
influence of multivalent binding and re-binding processes. The
unbound lifetimes are significantly increased only when most
of the particles are exhibiting transitions between single-binding
states and unbound states.

Figure 4.10: The dose-response curves for 11-nt analyte in terms of switching activity,
bound fraction and unbound state lifetime. The correspondence between the
data points in panel a-c is highlighted by their colors. The four colors (orange,
green, black, red) represent the wet sample, the ready-to-go cartridges with
a dry storage period of 2 days, 1 week and 3 weeks respectively.
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4.6.3 Sugar-based drying with glucose/fructose and pullulan/trehalose
mixtures

To prove that the sugar-based drying with the glucose/fructose
mixture preserves the functionality of the oligonucleotides and
PLL-g-PEG polymers on the surface, the biofunctionalized sur-
face was dried with the procedure illustrated in Figure 4.1. The
total dry storage time of the surface is 2 days. The particles
were prepared separately without going through the dehydration
and rehydration processes. The bound fraction and switching
activity signal in Figure 4.11 shows that the system is capa-
ble of responding to activators and analytes. Both the bound
fraction and switching activity increased during the activation
process. The oligonucleotides are proven to be able to capture the
complementary ssDNA after the dehydration and rehydration
processes, and the low-fouling properties of PLL-g-PEG poly-
mers are also preserved. Upon the addition of 1 µM ssDNA
analyte, the bound fraction significantly reduced, indicating the
competition between the analytes and the analogues. However,
the corresponding switching activity remains similar before and
after adding 1 µM of ssDNA analyte. The possible reason is that
the activity dropped due to multivalent interactions.

Figure 4.11: Response of a f-BPM biosensor after drying the surface with glucose/fruc-
tose. The top panel shows the unbound fraction measured during activation
(blue) and sensing (red) process. The bound fraction is shown with green
circles. Lines are guides to the eyes. The bottom panel represents the concen-
tration profile of the 11nt ssDNA target (red) and the activator (blue). In the
activation process, the bound fraction increased due to the higher switching
frequency. Upon the addition of targets, the bound fraction decreased signif-
icantly, showing that the system responds to the presence of targets.



4.6 appendix 105

(a) (b)

Figure 4.12: Response of a f-BPM biosensor after drying both the particles and the surface
with the glucose/fructose and pullulan/trehalose mixtures. The top panel
shows the unbound fraction measured during activation (blue) and sensing
(red) process. The bound fraction is shown with green circles. Lines are
guides to the eyes. The bottom panel represents the concentration profile of
the 11nt ssDNA target (red) and the activator (blue). During the activation
process, the bound fraction increased. Upon the addition of targets, the
bound fraction decreased significantly. (a) The response of a f-BPM biosensor
stored in the pullulan/trehalose mixture for two days. (b) The response of a
f-BPM biosensor stored in the glucose/fructose mixture for two days.

Figure 4.12 shows the response of the f-BPM biosensors dried
with the glucose/fructose and pullulan/trehalose mixtures re-
spectively. The dehydration and rehydration procedures are il-
lustrated in Figure 4.4. After two days of dry storage, the sugars
were removed and the functionality of the f-BPM biosensors was
tested by adding 250 pM activators and 1 µM analytes. The top
panel indicates the bound fraction measured over time, while
the bottom panel shows the switching activity as a function of
time. Both the bound fraction and switching activity increased
during the activation process. Upon the addition of 1 µM ssDNA
analyte, the bound fraction significantly reduced, indicating the
competition between the analytes and the analogues. The corre-
sponding switching activity remained at a similar level due to
multivalent interactions. In conclusion, glucose/fructose and pul-
lulan/trehalose are both capable of preserving the functionality
of biofuncitonalized particles and surfaces. The rehydrated f-BPM
biosensors dynamically responded to the addition of activators
and analytes. However, in comparison to glucose/fructose and
pullulan/trehalose, the sucrose/trehalose mixture rehydrates eas-
ily and gave few stuck particles and the best uniformity. When the
sucrose/trehalose layer starts to dissolve in PBS, the average mo-
bility of particles increases and 90% of the particles release within
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20 minutes. As for the glucose/fructose and pullulan/trehalose
mixtures, the average time needed to reach 90% of unbound frac-
tion is around 1 hour. Therefore, the sucrose/trehalose mixture
is more suitable for developing a ready-to-use f-BPM biosensor.

4.6.4 Rehydration process visualized by bright field microscopy

In theory, even if the particles and substrates are coated with low-
fouling materials such as PEG or oligonucleotides, freely-moving
particles could still aggregate or non-specifically interact with
the substrate or other non-relevant proteins over a longer time
period, which is the main challenge for the long-term continuous
monitoring by particle-based biosensors. When measuring in 50

kDa filtered blood plasma, we observed more particle aggrega-
tions compared to the tethered BPM system (t-BPM), as shown
in Figure 4.13. This is mainly due to the higher probability of
freely-moving particles getting into contact with each other. If
too many particles are aggregated, the total statistics become low
since the particle tracking software based on phasor localization
can not recognize nor localize particle aggregates. Further studies
are required to improve the anti-fouling properties of particle
surfaces and substrate surfaces.

Figure 4.13: Particle aggregations observed in the presence of 50 kDa filter blood plasma.
The yellow circles indicate that the aggregated particles cannot be tracked
with phasor localization. The red squares label the properly tracked particles.
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O R I E N T E D I M M O B I L I Z AT I O N O F P C T
A N T I B O D I E S O N A N T I - F O U L I N G
P O LY E L E C T R O LY T E S

5.1 introduction

Sepsis is a severe systemic inflammatory response syndrome of
a human body against infection, usually caused by bacteria, and
has lead to millions of global deaths every year.81 The mortality
rate in sepsis remains high (up to 30%)82 and delayed diagnosis or
inappropriate treatments may contribute to prolonged intensive
care unit (ICU) stay.83 In the last decades, various biomarkers
such as acute-phase proteins and cytokines were investigated for
the early diagnosis of sepsis. Among all, procalcitonin (PCT), C-
reactive protein (CRP), interleukin (IL)-6, IL-8, and tumor necrosis
factor-alpha (TNF-α) appear to show a positive correlation to
sepsis.84

After exposure to bacterial products, levels of IL-6 and TNF-α
have been shown to rise sharply within one hour, even before
the onset of fever.85,86 The very short half-life of IL-6 and TNF-α
makes these biomarkers undetectable 24 hours after the onset
of illness.87,88 The level of CRP increases within 6–8 hours after
tissue damages or infections and its half-life is 19 hours. Com-
paratively, CRP rises late following inflammation and since it
can be elevated in both infectious and noninfectious states, it is
generally recognized not to be specific for sepsis or infection.89

PCT is significantly elevated (up to 5000-fold) within 2-4 hours in
systemic inflammation or bacterial infections, and the level per-
sists with a half-life of approximately 24 hours, making PCT an
acute phase biomarker for diagnosis purposes.90 PCT is generally
detectable (> 1µg/L) in the plasma for 6-8 hours after infections,
reaches a plateau after 12 hours, and then decreases to normal
levels after 2 to 3 days.87

Procalcitonin, a small protein composed of 116 amino acids
with a molecular weight of 13 kDa, is considered to be the main
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biomarker of disorders that are accompanied by systemic inflam-
mation and sepsis.91 Serum PCT is more sensitive and specific
than other serum biomarkers such as lactate, CRP, and IL-6.92

PCT is expressed in multiple organ tissues.92 In healthy indi-
viduals, serum PCT is intracellularly cleaved to calcitonin, and
therefore the levels of PCT are normally below 0.01 µg/L. In
severe bacterial infections and sepsis, serum PCT levels increase
above 100 µg/L and decrease when patients are treated with
proper antibiotics.91 PCT levels correlate with the severity of bac-
terial infections and are usually low in viral infections, chronic
inflammation, or post-surgical states. Hence, monitoring PCT lev-
els in real-time can help detect the course of bacterial, fungal, or
parasitic infections and assess the effectiveness of the therapeutic
intervention as well.93 PCT measurements in clinical practice can
optimize the risk stratification and therapeutic decision-making
when guiding the duration of antibiotic treatment.94

In recent years, various certified methods such as enzyme-
linked immunosorbent assay (ELISA) and fluorescent immunoas-
says have been developed and broadly used for PCT detection in
clinical applications. However, these diagnostic testings rely on
centralized clinical laboratories, which takes typically a day. Since
sepsis develops rapidly with a survival rate of 79.9% from the
first hour and a sharp drop of 7.6% per hour, real-time detection
and rapid diagnosis of PCT levels are needed to improve treat-
ment outcomes and reduce mortality rates.95 A platform with
continuous sampling (e.g. via a catheter) that allows automatic
continuous monitoring of acute-phase biomarkers is therefore a
future direction for research to suit clinical needs.

In this study, the f-BPM sensing technique described in Section
3.2 is used to study the feasibility of rapid PCT detection, where
we focus on the immobilization of anti-PCT antibodies on the
biosensing substrate. Site-directed chemistry for antibody immo-
bilization is helpful to maximize the performance of immunosen-
sors. We aim at developing functionalization strategies in combi-
nation with anti-fouling polymer surfaces in order to preserve the
binding potential of PCT antibodies. Among various methods,
DNA-directed immobilization of antibodies has the advantage
that it minimizes the risk of antibody denaturation during immo-
bilization procedures.96 To achieve DNA-directed immobilization
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of PCT antibodies on oligonucleotide-functionalized PLL-g-PEG
surfaces, we employed a novel glycan remodeling technique
for DNA attachment on the Fc region of PCT antibodies.97 To
demonstrate the potential of the new strategy, detection of PCT
molecules is performed through a sandwich assay using the f-
BPM technique, where the PCT analyte simultaneously binds
to the anti-PCT antibody coupled on the particles and another
type of anti-PCT antibody immobilized on the surface. We have
achieved a limit of detection of 10 pM, dynamic range of 10-1000

pM, and total detection time of 5 min for monitoring PCT. A
comparative study was performed in order to evaluate the dif-
ferences in the antibody orientation among physisorption and
site-specific immobilization strategies.
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5.2 coupling strategy

5.2.1 Glycan antibody remodeling technique

A simple and robust strategy based on the remodeling of N-
glycans for site-specific conjugation of a drug to an antibody
was reported by van Geel et al.97 Glycans are sugar groups that
are attached to proteins in post-translational modification steps.
For further modification purposes, the glycan can be remodeled
to contain a functional group. Glycan remodeling strategies are
suitable for all human antibodies because they all have a glycosy-
lation site, which is at asparagine (Asn) located approximately
at the 300

th amino acid in the Fc region of the antibodies. Ap-
proximately 20% of human antibodies also have a glycosylation
site at Asn 88 of the heavy chain. In this case, the glycosylation
site is located in the Fab region.97 Hence, antibodies with only
the glycosylation site at the Fc region such as the PCT antibody
13B9 are selected to ensure the site-specific modification of the
Fc region only.

As shown in Figure 5.1, the glycan remodeling technique is a
three-step approach. Most of the glycan is trimmed using Endo-
glycosidase S, leaving one N-acetylglucosamine at each side of
the Fc region. Then a designed sugar (UDP-GlcNAc-N3) can be
tagged to the remaining N-acetylglucosamine on the antibody by
endo-β-N-acetylglucosaminidase, an enzyme catalyzed by man-
ganese (II) chloride. The enzymatic connection enables the split-
ting of the GlcNAc-N3 and the phosphates, followed by the glyco-
sylation of GlcNAc-N3 onto the remaining N-acetylglucosamine.
The azide (N3) group creates an anchor point for conjugating
various drugs or biomolecules via second-generation copper-free
click chemistry.97

DBCO-tagged single-stranded DNA can be attached to the
azide groups on the Fc region of the antibody, forming an ssDNA-
antibody conjugate. In order to achieve DNA-directed immo-
bilization of antibodies, another ssDNA with complementary
sequences needs to be coupled to the surface. Therefore, the glass
substrate was first functionalized with PLL-g-PEG/PLL-g-PEG-
azide polymer mixtures by physisorption based on electrostatic
interactions. DBCO-tagged ssDNA was coupled to the azide
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groups on the PLL-g-PEG surface via click chemistry. Next, two
ssDNA were hybridized to the ssDNA on the surface for captur-
ing the ssDNA-antibody conjugates. Finally, the ssDNA attached
to the antibody was hybridized with the overhang connected to
the surface. The result would be an antibody immobilized on the
surface with exposed Fab parts, which are accessible for epitopes.

Figure 5.1: Oriented immobilization of PCT antibodies. (a) Schematic overview of gly-
can remodeling procedure followed by DNA conjugations. First, the glycans
were removed from the antibody by Endoglycosidase S, which splits the
glycans between the two N-acetylglucosamines (blue squares). The sugar
UDP-GlcNAc-N3 (white square) was then attached to the glycosylation site by
endo-β-N-acetylglucosaminidase. Finally, DBCO-tagged ssDNA was attached
to the azide group by copper-free click chemistry.98 (b) Detailed molecular
structure of the sugar UDP-GlcNAc-N3. (c) Immobilization of the ssDNA-
antibody conjugates on PLL-g-PEG surfaces. The glass substrate was first
functionalized with PLL-g-PEG/PLL-g-PEG-azide polymer mixtures by ph-
ysisorption based on electrostatic interactions. DBCO-tagged ssDNA with
complementary sequences was coupled to the azide groups on the PLL-g-PEG
surface. The left image shows two complementary ssDNA strands sequen-
tially hybridized to the ssDNA on the surface, with the ssDNA-antibody
conjugates bound to the last ssDNA strand. The right image is a simplifica-
tion that shows how the antibody is bound to the PLL-g-PEG surface.
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5.3 results and discussion

Two critical steps in the development of the immunoassay for PCT
detection are the conjugation and characterization of antibody-
oligonucleotide conjugates. We started with a very robust anti-
body, trastuzumab, for testing the conjugation and characteriza-
tion protocols. Having proven that the oligonucleotides can be
coupled to the Fc region of trastuzumab, further modification of
PCT antibody 13B9 was then executed (see Section 5.3.2).

5.3.1 Trastuzumab remodeling

Modification of Trastuzumab
The glycan remodeling copper-free click strategy developed

by Synaffix is based on a three-stage process: (i) trimming of all
glycan isoforms on the antibodies with an endoglycosidase to
liberate the GlcNAc on the Fc region; (ii) enzymatic transfer of
a galactose residue utilizing a glycosyl transferase for attaching
the azido-modified GalNAc analogue; and (iii) copper-free click
conjugation of BCN or DBCO modified molecules, which is
DBCO-modified ssDNA in our case.

Gel electrophoresis of Trastuzumab-ssDNA conjugates
The glycan remodeling technique was first performed on

trastuzumab as a model system. The excess of the unreacted
sugars and enzymes were removed by 10 kDa molecular weight
cut-off spin columns. Since there are three steps in the glycan re-
modeling strategy, the mass of the reduced antibody samples be-
fore and after each step was characterized by gel electrophoresis
and was used to confirm the modification and conjugation yield.
Figure 5.2 shows the gel electrophoresis results of the reduced
Trastuzumab, the modified Trastuzumab, and the Trastuzumab-
ssDNA conjugates. Since the intact antibody mass is much larger
than the mass of the ssDNA, the antibody samples were reduced
by dithiothreitol (DTT) prior to the gel electrophoresis to be
able to see a clearer difference of the mass changes. DTT is a
reducing reagent that can cleave the disulfide bridges connect-
ing the heavy chains and light chains of the antibodies. The
reduced antibody samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a
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10% polyacrylamide separation gel. The protein standard was
loaded in lanes 1, 7, and 11 of the gel as a reference for the
estimation of mass. The gel was also stained with SYBR gold for
visualizing the presence of ssDNA. (See Appendix 5.6.1)

Figure 5.2: Protein gel of different states of reduced modified Trastuzumab stained with
Coomassie Brilliant Blue. (a) Lane 1: Protein standard; lane 2: Trastuzumab;
lane 3: Glycan trimmed Trastuzumab; lane 4: Enzymes for glycan trimming;
lane 5: Azido-modified Trastuzumab; lane 6: Materials for azide modification;
lane 7: Protein standard; lane 8: Negative control sample (non-modified
Trastuzumab incubated with DBCO-ssDNA); lane 9: DBCO-ssDNA; 10:
ssDNA-Trastuzumab conjugates; lane 11: Protein standard. (b) The inten-
sity profiles of the detectable bands in lanes 2, 5, and 10.

The mass of the heavy chains and light chains are approxi-
mately 50 kDa and 25 kDa respectively. The total mass of an
antibody, which is composed of two light chains and two heavy
chains, is 150 kDa. The mass changes caused by the trimming of
glycan on the Fc region of the heavy chains can be seen by com-
paring lane 2 (unmodified Trastuzumab) and lane 3 (trimmed
Trastuzumab) in Figure 5.2. There is a shift of mass for the band
near 50 kDa, representing the mass changes of the heavy chains.
The band at 25 kDa remains unchanged, indicating that there
is no mass difference in the light chains before and after the
glycan trimming process. We conclude that the trimmed gly-
cans occurred only on the heavy chains. To further characterize
the mass changes with higher accuracy, we measured the anti-
body samples with LC-MS and the results can be found in the
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Master thesis of Maud Linssen.98 It can be concluded based on
the LC-MS results that the trimming of glycans by Endoglycosi-
dase S is fully completed. The coupling of the azido-modified
GalNAc analogue to the antibodies can also be seen when com-
paring lane 3 (trimmed Trastuzumab) and lane 5 (azido-modified
Trastuzumab) in Figure 5.2. A slight increase in the mass only
occurred for the heavy chains, while the band representing the
light chains remained unchanged.

After modifying the Fc region of Trastuzumab with clickable
azide groups, the DBCO-tagged ssDNA was covalently coupled
to the heavy chains. As described in the previous paragraph,
gel electrophoresis results are not capable of determining the
modification efficiency due to low mass changes caused by the
attached azide. However, the mass of the attached DBCO-ssDNA
is large enough to cause a clear separation in the band of those
unconjugated heavy chains and the conjugated ones. Hence, gel
electrophoresis was used to confirm the conjugation of DBCO-
ssDNA and to estimate the conjugation efficiency. As shown
in lane 10 of Figure 5.2, two main bands were detected at 49.1
kDa and 66.5 kDa. The band at 49.1 kDa in lane 10 (ssDNA-
Trastuzumab conjugates) is at approximately the same relative
migration distance as the band representing heavy chains in lane
5 (Modified Trastuzumab), indicating that there are a fraction of
heavy chains without ssDNA. The second band at 66.5 kDa is
17.4 kDa heavier than the original heavy chain (50 kDa) of the
azido-modified Trastuzumab. In theory, the attachment of ssDNA
onto the heavy chain should cause an increase of approximately
11.8 kDa in the mass. The observed mass changes in the second
band are larger than expected. The possible origin is due to the
different structures of DNA and proteins. Since we utilize protein
gels to run the samples containing DNA, different migration
behaviors can occur when running the gel. Therefore, the actual
mass changes caused by the attachment of DBCO-ssDNA can
not be accurately quantified by the observed relative migration
distances in protein gels. The standard protein ladder can not be
used as a reference to estimate the mass of samples containing
DNA. However, by staining the same protein gel with SYBR
gold (See Appendix 5.6.1), we are able to confirm that the mass
changes of 17.4 kDa observed in lane 10 at 66.5 kDa were indeed
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caused by the presence of ssDNA since the band at 66.5 kDa
shows high fluorescence.

The fraction of heavy chains containing ssDNA can be esti-
mated by calculating the relative quantity of the heavy chains
with and without ssDNA. The intensity of the band representing
non-conjugated heavy chains at 49.1 kDa in lane 2 of Figure 5.2
was set to 1 as a reference quantity. The intensity of the band
at 49.1 kDa in lanes 3, 5, and 10 can be compared to that of
lane 2 by using Image Lab software. The conjugation efficiency
was calculated by the intensity ratio of the band at 66.5 kDa
(Heavy chain-ssDNA conjugates) and the band at 49.1 kDa (non-
conjugated heavy chains) in lane 10 of Figure 5.2. In conclusion,
the yield of the heavy chains containing ssDNA is approximately
65%.

Optimization of the conjugation efficiency of the Trastuzumab-
ssDNA conjugates

Figure 5.3: Optimization for the conjugation yields of homemade DBCO-ssDNA (red
and blue) and DBCO-ssDNA purchased from IDT (black and green). The
azido-modified Trastuzumab was incubated with DBCO-ssDNA’s. The y-
axis represents the antibody to DBCO-ssDNA ratios used in the conjugation
process.

The conjugation protocol for ssDNA-Trastuzumab complexes
was tested by mixing different ratios of DBCO-ssDNA and
azido-modified Trastuzumab. Our goal was to use the mini-
mum amount of DBCO-ssDNA for achieving the highest conju-
gation efficiency. The amount of unbound DBCO-ssDNA should
be as little as possible since they can also hybridize with the
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substrate-side binders and eventually decrease the density of
ssDNA-antibody conjugates used in the assay, causing interfer-
ences in the assay performance. Two different DBCO-ssDNA’s
were tested with different mixing ratios to the antibodies for
achieving a higher conjugation efficiency. The two oligos were
obtained by either direct purchase from IDT or by attaching
DBCO-PEG4-NHS ester to amine-modified ssDNA via amine
coupling. The modification protocol and the sequence are de-
scribed in Section 5.5.3. Figure 5.3 demonstrates the conjugation
efficiency of the two DBCO-ssDNA with the specified mixing
equivalents in the x-axis. The corresponding gel results used to
estimate the conjugation efficiency of different DBCO-ssDNA’s
with different mixing ratios are shown in Figure 5.4 and 5.5.

As shown in Figure 5.3, the conjugation efficiency increases
with increasing mixing equivalent of DBCO-ssDNA. In general,
the conjugation efficiency of the DBCO-ssDNA purchased from
IDT is approximately 10% higher for all mixing ratios compared
to that of the homemade DBCO-PEG4-ssDNA. The lower conju-
gation efficiency observed in the homemade DBCO-PEG4-ssDNA
might be caused by the steric hindrance of PEG4, making it more
difficult for the DBCO-PEG4-ssDNA to interact with the azide
groups on the Trastuzumab.

Figure 5.4: Protein gel of modified Trastuzumab incubated with different ratios of
DBCO-ssDNA purchased from IDT. The lanes 1 to 13 were loaded with
the following samples respectively: Protein standard; Trastuzumab conju-
gated with ratio 1:1.3; Trastuzumab conjugated with ratio 1:2.6; Conjugation
blank; Trastuzumab conjugated with ratio 1:3.9; Trastuzumab conjugated
with ratio 1:5.1; Conjugation blank; Trastuzumab conjugated with ratio 1:6.4;
Trastuzumab; Protein standard; Modified Trastuzumab; Modification blank;
Protein standard.
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Figure 5.5: Protein gel of modified Trastuzumab incubated with different ratios of home-
made DBCO-ssDNA based on amine coupling. The lanes 1 to 13 were loaded
with the following samples respectively: Protein standard; Trastuzumab; Mod-
ified Trastuzumab; Modification blank; Trastuzumab conjugated with ratio
1:1.3; Trastuzumab conjugated with ratio 1:2.6; Conjugation blank; Protein
standard; Trastuzumab conjugated with ratio 1:3.9; Trastuzumab conjugated
with ratio 1:5.1; Conjugation blank; Trastuzumab conjugated with ratio 1:6.4;
Protein standard.

5.3.2 PCT antibody remodeling

Based on the modification protocol and conjugation protocol
tested for trastuzumab, we continued with the modification
of PCT antibodies and further biomedical applications of the
ssDNA-PCT antibody conjugates. The PCT antibody 13B9 was
chosen based on their weaker affinities to PCT molecules. The
modification and conjugation processes used in this section are
the same as described in Section 5.3.1. The characterization of the
ssDNA-PCT antibody conjugates was executed by both LC-MS
and gel electrophoresis. The detailed results and deconvoluted
mass spectra of the heavy chains of PCT antibody 13B9, gly-
can trimmed 13B9, and the modified 13B9 can be found in the
Master thesis of Maud Linssen.98 In conclusion, the conjugation
efficiency of the ssDNA-13B9 was approximately 53.5%. The con-
jugation efficiency was lower than ssDNA-Trastuzumab, which
is 65%.

For the conjugation of oligonucleotides to PLL-g-PEG surfaces,
we applied the same covalent coupling strategy as described in
Section 2.2.1, which is based on the second generation of click
chemistry. Thereafter, the antibody-oligonucleotide conjugates
were attached to the PLL-g-PEG surface via DNA hybridizations.
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5.3.3 Immobilization of PCT antibodies on anti-fouling polyelectrolytes
and sensing functionality

The functionality of the ssDNA-13B9 conjugates was tested with
the f-BPM biosensors described in Section 3.2. The binding ability
of the ssDNA fragment and the antibody 13B9 were tested by
DNA hybridization of the ssDNA-13B9 conjugates and by PCT
sandwich assays respectively. To prove that the ssDNA conju-
gated onto the 13B9 antibody is functional, we first coupled the
ssDNA-13B9 conjugates onto particles functionalized with com-
plementary ssDNA. Thereafter, we performed the PCT sandwich
assay with the ssDNA-13B9 functionalized particles and 27A3

physisorbed glass. The functionality of ssDNA fragments on the
conjugates can be proved by the attachment of antibodies on the
particles and the binding of PCT molecules.

Figure 5.6: The schematic overview of the molecular system with ssDNA-13B9 conjugates
immobilized on particles for performing the PCT sandwich assay. The 27A3

antibodies (pink) were physisorbed onto a glass surface. The streptavidin-
coated 1µm particles were functionalized with initial biotinylated oligos
(green) based on biotin-avidin interactions. The ssDNA-13B9 conjugates (grey)
were coupled to the initial biotinylated oligos on the particles via DNA
hybridization. The PCT molecules (red) can simultaneously bind to ssDNA-
13B9 on the particles and 27A3 on the surface, forming a target-induced
sandwich bond. The presence of PCT molecules was detected by analyzing the
mobility changes of particles. In a PCT sandwich assay, higher concentrations
of PCT lead to a higher bound fraction.

The molecular design of the PCT sandwich assay is shown
in Figure 5.6. The 27A3 antibodies were physisorbed onto a
glass surface and the surface was blocked with 1% BSA. The
streptavidin-coated 1µm particles were functionalized with ini-
tial biotinylated oligos based on biotin-avidin interactions. The
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ssDNA-13B9 conjugates were coupled to the initial biotinylated
oligos on the particles via DNA hybridization. After providing
the 27A3 coated surface with the 13B9 functionalized particles,
the PCT molecules were added from low concentrations to high
concentrations. The applied concentration range was 50 pM to 10

nM. The experiment was performed twice with two assay buffers
(PBS or 0.1% BSA in PBS).

The free-diffusion-based biosensing by particle mobility (f-
BPM) described in Chapter 3 was utilized to perform PCT sand-
wich assays. To perform a sandwich assay, the particles and the
sensor surface are functionalized with affinity binders (PCT anti-
bodies) specific to the target molecule (PCT), and particles are
tracked over time using video microscopy. When target molecules
are absent, the particles exhibit free Brownian motion. At higher
target concentrations, target-induced sandwich complexes are
formed between the particle and the sensor surface, restricting
the particle motion intermittently to a confined area. In the case
of a PCT sandwich assay, the bound fraction is low for low target
concentration and increases with higher target concentrations.

(a) (b)

Figure 5.7: Dynamic response to target concentration of an f-BPM sensor with 1 µm
particles, for a PCT sandwich assay in PBS and in 0.1% BSA. The particles
are functionalized with ssDNA-13B9 conjugates via DNA hybridizations,
while the surface is modified with physisorbed 27A3 antibodies. The top
panels show the bound fraction measured over time. The bottom panels
show the applied concentration profiles of PCT. (a) The bound fraction was
measured over time with different PCT concentrations in PBS buffer. The black
data points represent the background signal without the presence of PCT
molecules. The blue data points represent the signal measured in the presence
of PCT. (b) The bound fraction was measured over time with different PCT
concentrations in 0.1% BSA. The black data points represent the background
signal without the presence of PCT molecules. The red data points represent
the signal measured in the presence of PCT.
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Figure 5.8: Dose-response
curves of PCT
sandwich assay per-
formed in 0.1%BSA
(red) and PBS (blue),
with EC50 values
of 502 ± 110 pM
and 625 ±118 pM
respectively.

The bound fractions measured over time with gradually in-
creasing PCT concentrations are plotted in Figure 5.7a and 5.7b.
The two bottom panels show the sequence of corresponding PCT
concentrations applied over time. The results in Figure 5.7a were
measured in PBS, while the data in Figure 5.7b were performed
in 0.1% BSA. Both results show a clear response to different
PCT concentrations, indicating that the ssDNA-13B9 conjugates
were successfully coupled onto the particles and the antibody
activity was retained. Please note that the binding affinity of
the antibody pair 13B9-27A3 is much stronger compared to the
oligonucleotide-based system described in Section 3.3.1. Since
normal washing steps cannot release the PCT molecules, we only
measured with increasing analyte concentrations.

The two dose-response curves measured in 0.1% BSA and PBS
are comparable, as shown in Figure 5.8. The EC50 values for
the two dose-response curves were determined by Hill equation
fits. The EC50 values were 502 ± 110 pM and 625 ± 118 pM for
0.1% BSA and PBS respectively. Despite that the EC50 values and
dynamic range observed in the two assay buffers are similar, it
is recommended to use 0.1% BSA as the assay buffer since the
background signal is lower and the fluctuations in the signal are
smaller. The hypothesis is that the presence of 0.1% BSA might
stabilize proteins and antibodies, leading to a lower degree of
non-specific interactions.
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Figure 5.9: The schematic overview of the molecular system with ssDNA-13B9 conjugates
immobilized on PLL-g-PEG surfaces for performing the PCT sandwich assay.
The biotinylated 27A3 antibodies were coupled to streptavidin-coated 1µm
particles via biotin-avidin interactions and the ssDNA-13B9 conjugates were
immobilized onto oligonucleotides functionalized PLL-g-PEG surface via
DNA hybridizations. The PCT molecule (red) can simultaneously bind to
27A3 (pink) on the particles and ssDNA-13B9 (grey) on the surface, forming
a target-induced sandwich bond. The restricted motion of particles can be
optically detected.

Having proven that the ssDNA-13B9 conjugates are still func-
tional and the ssDNA fragments can bind to complementary
DNA, the next step is to immobilize the ssDNA-13B9 conju-
gates onto the anti-fouling PLL-g-PEG surface. The schematic
illustration of the molecular system is shown in Figure 5.9. The
biotinylated 27A3 antibodies were coupled to streptavidin-coated
1µm particles via biotin-avidin interactions and the ssDNA-13B9

conjugates were immobilized onto oligonucleotides functional-
ized PLL-g-PEG surface via DNA hybridizations. Two different
sequences of oligonucleotides (green) were tested as shown in
Figure 5.10a and 5.10b. The number of nucleotides of the longest
DNA sequence used in the hybridization is 13 base pairs (Figure
5.10a) and 20 base pairs (Figure 5.10b). The detailed sequences
of all the DNA strands are shown in the Methods section 5.5.3.
The PCT molecules (red) can simultaneously bind to 27A3 (pink)
on the particles and ssDNA-13B9 (grey) on the surface, forming
a target-induced sandwich bond. The presence of PCT molecules
causes a decrease in the mobility of particles. Therefore, higher
concentrations of PCT lead to a higher bound fraction.
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(a) (b)

Figure 5.10: Dynamic response to target concentration of an f-BPM sensor with 1 µm
particles, for a PCT sandwich assay in 0.1% BSA. The biotinylated 27A3

antibodies were coupled to the particles and the ssDNA-13B9 conjugates
were immobilized onto the PLL-g-PEG surface. The top panels represent the
measured bound fraction, while the bottom panels show the concentration
profiles of PCT. (a) The bound fraction was measured over time with different
PCT concentrations by the molecular system utilizing hybridization of 13

base pairs. The black data points represent the background signal without
the presence of PCT molecules. The orange data points represent the signal
measured in the presence of PCT. (b) The bound fraction was measured
over time by the molecular system utilizing hybridization of 20 base pairs.
The green data points represent the signal measured in the presence of PCT.
The hollow squares are the data points measured at zero PCT concentration.
The observed fluctuations in the signal measured at zero PCT concentration
might be due to non-specific interactions or the inhomogeneity on the
surface.

For both systems employing different sequences of DNA hy-
bridization, an increase in the bound fraction was observed with
gradually increasing PCT concentrations, indicating that the
ssDNA-13B9 can be conjugated onto the PLL-g-PEG surface
with different designs of capturing oligonucleotides. In theory, if
the utilized DNA hybridization for capturing the ssDNA-13B9

is stronger, the dissociation and detachment of the conjugates
should occur less and therefore the system becomes more stable.
Since the 13 base pairs of DNA hybridization is relatively weaker
and the 20 base pairs of DNA hybridization is more stable, we
expect the 20 base pair system to respond to the addition of PCT
molecules in a lower concentration region. The results shown in
Figure 5.10b indicate that the bound fraction appears to have a
significant increase at approximately 100 pM. In comparison, the
13 base pair system started to respond to the addition of analyte
at the concentration region of 500 pM.
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The EC50 values were found to be 132 ± 26 pM and 1236 ±
124 pM for the 20 and 13 base pair systems respectively. The
EC50 values extracted from the 13 base pair system are larger
than the EC50 of the 20 base pair system due to the weaker
DNA hybridization for capturing the ssDNA-13B9 conjugates
onto the PLL-g-PEG surface. The thermal dissociation rate at
which the dissociation of the shortest hybridized DNA occurs is
calculated in Appendix 5.6.2. The weakest hybridization of the
20 base pair system is much stronger compared to that of the 13

base pair system. Therefore, It is expected that the hybridized
DNA dissociated over time in the 13 base pair system during the
measurements, causing a gradual decrease in the number and
density of 13B9 antibodies immobilized on the surface. Further-
more, most of the dissociated ssDNA-13B9 conjugates cannot
re-bind to the PLL-g-PEG surface because of the continuous flow
of fluid.

The EC50 values of all experiments shown in Figure 5.7a, 5.7b,
5.10a, and 5.10b are listed and compared in Table 5.1 to assess the
sensitivity of the different molecular systems. As a reference, the
dose-response curve measured with the molecular system shown
in Figure 5.11a performed by Khulan Seregelen is also included.
The non-directional coupling-based system utilizes the physi-
cal adsorption of 13B9 on the surface and the non-directional
binding of 27A3 on particles via biotin-avidin interactions. The
dose-response curve (black) measured with the non-directional
coupling-based system is shown in Figure 5.11b as a reference.

As shown in Table 5.1, the systems including physical adsorp-
tion of antibodies on glass surfaces give similar EC50 values,
which is approximately 500-650 pM, indicating the sensitivity
and dynamic range do not show a clear difference while changing
the coupling strategy employed on the particles. However, since
we used a lower concentration of the ssDNA-13B9 conjugates
for modifying particles in comparison with the non-directional
system, it is not clear whether the directional coupling of anti-
bodies on particles improves the stability or binding capacity or
not. Further quantification of antibodies on both particle-side
and substrate-side is needed.
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(a)

(b)

Figure 5.11: (a) The schematic overview of the particle and surface fictionalizations based
on non-directional coupling and directional coupling. The left panel (black)
represents the system utilizing physical adsorption of 13B9 on the surface
and non-directional coupling of biotinylated 27A3 on particles. The middle
panel (orange, 13nt) and right panel (green, 20nt) represent the systems uti-
lizing directional coupling of 13B9 on PLL-g-PEG surfaces based on different
sequences of complementary DNA hybridization. (b) The dose-response
results were obtained with directionally coupled and non-directionally cou-
pled antibodies for comparative studies. Green data points represent the
molecular system utilizing hybridization of 20 base pairs, while orange data
points represent the 13 base pairs system. The fitted EC50 values are 132 ±
26 pM (green), 1236 ±124 pM (orange), and 657 ± 90 (black).

The PCT sandwich assay results obtained by the system us-
ing oriented immobilization of ssDNA-13B9 conjugates on the
PLL-g-PEG surface showed a significantly lower EC50 value in
comparison with the rest of the EC50 values, indicating that the
system shows a higher sensitivity. The quantification of antibod-
ies on surfaces is still critical. The antibody coverage on different
surfaces was not measured, but it can be theoretically estimated.
The density of antibodies based on physical adsorption is ap-
proximately 1.5 mg/m2.99 In the click-based PLL-g-PEG system,
the theoretical antibody coverage is approximately 1.5 × 10−6

mg/m2. Therefore, the observed improvement in the sensitivity
of the biosensor can be caused by; (i) the fraction of functional
13B9 antibodies immobilized on the surface is larger, causing a
higher probability of forming a sandwich bond (ii) the oriented
immobilization of the ssDNA-13B9 conjugates leads to a higher
binding capacity due to more exposed Fab sites available for
the binding of PCT molecules, or (iii) the covalent coupling and
strong DNA hybridization of 13B9 antibodies on the surface lead
to a slower dissociation and detachment of antibodies.
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Table 5.1: The EC50 values were measured with the listed systems, involving different
types of antibodies, antibody orientations, particle and substrate functional-
izations, coupling strategies, and assay buffers. The surface of particles and
substrates was either functionalized with physisorbed antibodies or direction-
ally coupled antibodies. The physisorbed antibodies were blocked with BSA.
The two assay buffers are 0.1% BSA and PBS.

Surface functional-
ization

Particle functional-
ization

Assay buffer EC50 (pM)

Physisorbed 13B9 on
glass

Biotinylated 27A3 0.1% BSA 657 ± 90*

Physisorbed 27A3

on glass
ssDNA-13B9 immo-
bilized on particles

PBS 502 ± 110

Physisorbed 27A3

on glass
ssDNA-13B9 immo-
bilized on particles

0.1% BSA 625 ± 118

ssDNA-13B9 immo-
bilized on PLL-g-
PEG (13 bp)

Biotinylated 27A3 0.1% BSA 132 ± 26

ssDNA-13B9 immo-
bilized on PLL-g-
PEG (20 bp)

Biotinylated 27A3 0.1% BSA 1236 ±124*
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5.4 conclusion

We have studied a sensor surface suitable for continuous monitor-
ing of PCT molecules. We have employed the glycan remodeling
technique and explored the methodology for immobilizing anti-
PCT antibodies on the sensor surface and on the particles with
a specific orientation. The Fc region of the anti-PCT antibodies
was enzymatically modified to enable covalent attachment of
single-stranded DNA via copper-free click chemistry. Based on
the mass spectrometry results, the glycan modification efficiency
of Trastuzumab and PCT antibody 13B9 was estimated to be 77%
and 54% respectively. When coupling ssDNA onto the Fc of anti-
bodies, four equivalents of DBCO-ssDNA is needed to achieve
an optimal conjugation efficiency, which is approximately 80%
measured using SDS-PAGE.

The functionality of the ssDNA-antibody conjugates immobi-
lized on either the particle surface or the substrate surface was
tested via the f-BPM technique. The approach involves parti-
cles coated with one type of anti-PCT antibody and a surface
functionalized with another type of detection anti-PCT antibody,
allowing the particles to switch from unbound state to bound
state once the PCT analyte simultaneously binds to the two anti-
bodies. Based on this PCT sandwich assay, the fraction of bound
particles rises in response to increasing PCT concentrations. PCT
concentrations were detectable within a range of 10 pM-1000 pM
with a detection time of 5 min. When immobilizing anti-PCT
antibody 13B9 to a PLL-g-PEG surface with a specific orientation,
the EC50 extracted from the dose-response curve was lower com-
pared to physisorbed antibodies, indicating a higher sensitivity.
Since the theoretical coverage of the antibodies on the PLL-g-PEG
surface is lower than the physisorbed antibodies, we conclude
that possibly the loss of antibody activity due to misorienta-
tion has been reduced for antibodies on the PLL-g-PEG surface
and more binding sites on the antibodies remain functional and
accessible.

Given the specificity and clinical relevance of PCT antibodies
and the anti-fouling properties of PLL-g-PEG surfaces, we be-
lieve the development of the anti-PCT antibody functionalized
PLL-g-PEG surface with specific orientation is of importance for
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future development of diagnostic platforms for sepsis without
having to rely on centralized clinical laboratories. The f-BPM
biosensors were used as a model system to indicate the feasibility
of continuous monitoring of PCT molecules. However, further
tests on studying the reproducibility and specificity of this assay
and the reversibility of the antibody-antigen binding are needed
to meet the requirements of clinical detection.
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5.5 materials and methods

5.5.1 Materials

All chemicals were purchased at Sigma Aldrich unless stated oth-
erwise. The enzymes endoglycosidase S, endo-β-N-acetylglucosa-
minidase, trastuzumab, manganese (II) chloride, and UDP sugar
(UDP-GlcNAc-N3) were provided by Synnafix. PCT antibodies
type 13B9 and 27A3 were provided by HyTest. Tris, glycine,
SDS running buffer, Laemmli loading buffer, Coomassie brilliant
blue R-250, and Precision plus protein standard were purchased
from Bio-Rad. Novex wedge well 4-20% tris glycine gels were
purchased from Invitrogen. SYBR gold and Dynabeads MyOne
streptavidin C1 were purchased from Thermo Fischer Scientific.
Oligonucleotides were purchased from Integrated DNA Tech-
nologies (IDT).

5.5.2 Glycan remodeling technique

Glycan remodeling technique developed by Synaffix
Antibodies were pre-concentrated to a concentration of ap-

proximately 15 mg/mL using Amicon® Ultra 0.5 mL Ultracel
10K spin filters. Thereafter, the protein concentration was esti-
mated by UV absorbance using a NanoDrop spectrophotometer
2000 (Thermo Fisher Scientific) with the A280 mode. 20 µg Endo-
glycosidase S and two micromole manganese (II) chloride were
added to 100 µL concentrated antibodies for deglycosylation.

The deglycosylation process was executed overnight on a
shaker at 30°C. After the deglycosylation, 90 µg of Glycosyl-
transferase and 0.3 micromoles of UDP-GlcNAc-N3 were added.
The attachment of UDP-GlcNAc-N3 proceeded for 9 hours on a
shaker at 30°C. Unbound UDP-GlcNAc-N3 was filtered out using
Amicon® Ultra 0.5 mL Ultracel 10K spin filters.

5.5.3 Characterization of the ssDNA-antibody conjugates

Conjugation of ssDNA
Two types of DBCO-ssDNA, including the one purchased from

IDT (5 ’ CGA TTC GAG AAC GTG ACT GCT TTT T 3 ’-DBCO)
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and the other homemade DNA (5 ’ GTC TGT AGA CAG TTT
CAT CGG TGA C 3 ’ -PEG4-DBCO) were coupled to the azido-
modified 13B9 antibodies respectively. The homemade DBCO
tagged ssDNA (5 ’ GTC TGT AGA CAG TTT CAT CGG TGA C
3 ’ -PEG4-DBCO) was prepared by labeling amine-modified oligo
(5 ’ GTC TGT AGA CAG TTT CAT CGG TGA C -3 ’ amine) with
Dibenzocyclooctyne-PEG4-N-hydroxysuccinimidyl ester (Sigma-
Aldrich). The DBCO-PEG4-NHS Ester was dissolved in DMSO at
a final concentration of 10 mM. Then, amine-modified oligo (5 ’
GTC TGT AGA CAG TTT CAT CGG TGA C -3 ’ amine) at a final
concentration of 100 µM was added to the DBCO-PEG4-NHS
Ester solution and incubated at room temperature for 2 hours.
The oligonucleotides were purified via ethanol precipitation and
stored in PBS. The modified antibody was incubated overnight
at 30°C with 2 to 10 equivalents of the DBCO-ssDNA from IDT
and the homemade DBCO-ssDNA.

Characterization of the ssDNA-antibody conjugates
Samples were taken in between every modification step and

conjugation step for gel electrophoresis analysis and liquid chrom-
atography-mass spectrometry (LC-MS). The LC-MS measure-
ments are described in the Master thesis of Maud.98

Samples taken in between modification steps and conjugation
steps were diluted to a final protein concentration of 0.5 mg/mL
using PBS buffer. Intact antibodies were reduced to heavy and
light chains using dithiothreitol (DTT) with equal amounts. The
antibodies were incubated with DTT for 30 minutes on a shaker
at 56°C. Thereafter, all samples were denatured by equal amounts
of Laemmli loading buffer at 95°C for 10 minutes. For each sam-
ple, approximately 2 µg of proteins were loaded onto a 4-20%
tris-glycine gel. At least two lanes in each gel were filled with the
precision plus protein standard as a reference. Electrophoresis
was performed for 90 minutes at 150 V, using a tris/glycine/SDS
running buffer. Before the protein staining procedure, the stain-
ing of ssDNA was performed by incubating the gel for 15 minutes
in MilliQ and 5 µL SybrGold, followed by three washes of MilliQ.
The gel was imaged using the Gel Doc EZ Imager with an exci-
tation wavelength of 302 nm. The gels were then incubated for
30 minutes in Coomassie brilliant blue R-250 for staining. The
gels were de-stained in MilliQ for at least overnight. Thereafter,
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the gels were imaged using a Gel Doc EZ Imager (Bio-Rad) and
analyzed with Gel Image lab software (Bio-Rad).

5.5.4 PCT sandwich assay

Directional and non-directional immobilization of PCT antibod-
ies onto glass substrates are described in the following sections.
Directional coupling is based on the DNA-directed immobiliza-
tion of the modified ssDNA-antibody conjugates, while non-
directional immobilization is based on the physical adsorption
of unmodified PCT antibodies.

Directional binding of antibodies
Glass slides (25 x 75 mm, #5, Menzel-Gläser) were pre-cleaned

by 30 minutes of sonication in isopropanol (VWR, absolute)
and 10 minutes of sonication in MilliQ. After the substrate was
dried with a nitrogen stream, 1 minute of oxygen plasma was
applied to the slides to plasma-oxidize the surface. PLL(20)-
g[3.5]-PEG(2) and PLL(15)-g[3.5]-PEG(2)-N3 were pre-mixed in
MilliQ with the ratio of 9:1 by weight at a final concentration of
0.45 mg/mL and 0.05 mg/mL respectively. Custom-made fluid
cell stickers (Grace Biolabs) with a volume of 20 µL were then
attached to the substrate and the PLL-g-PEG/PLL-g-PEG-N3

polymer mixture was immediately injected into the flow chamber
and incubated for two hours. After the polymer self-assembled
onto the negatively charged substrate, the unbound or loosely
bound polymers were removed by withdrawing the solution out
of the chamber.

The substrate-side binder is a partially double-stranded DNA
consisting of two complementary oligos, namely a 31nt oligo (3 ’
C ATT ATT ACA AGC TAA GCT CTT GCA CTG ACG 5 ’) and a
DBCO functionalized oligo (5 ’ CGA TTC GAG AAC GTG ACT
GCT TTT T 3 ’ DBCO). The 100 µM 31nt oligo was pre-hybridized
with 100 µM DBCO functionalized oligo at a volume ratio of four
to one. After removing the unbound or loosely bound PLL-g-
PEG and PLL-g-PEG-N3, the partially double-stranded DNA was
diluted to 1 µM with 500 mM NaCl in PBS (130 mM NaCl, 7 mM
Na2HPO4, 3 mM NaH2PO4 at pH 7.4) and injected into the flow
cell, followed by 72 hours of incubation at room temperature.
Unbound DNA was washed away from the flow cell using 500
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mM NaCl in PBS. The capture DNA (35nt or 45nt) was added
into the flow cell at a final concentration of 10 µM and the
hybridization was done for 30 minutes. Next, unbound DNA
(35nt or 45nt) was washed away from the flow cell using PBS.

The DBCO-DNA purchased from IDT and the homemade
DBCO-DNA both were mixed with the modified antibodies with
a ratio of 1:4. The ssDNA-antibody conjugates were then added
to the flow cell at a final concentration of 0.25 µM in PBS. The
hybridization of the complementary DNA sequences was done
by one hour of incubation in a humid chamber. Finally, the flow
cell was blocked by incubating 1% of bovine serum albumin
(BSA) in PBS for one hour.

Physical adsorption of antibodies
Glass slides were cleaned by 15 minutes of sonication in

methanol. The slides were dried using a nitrogen gun. A flow-cell
sticker was attached to the slide and immediately filled with PBS.
20 µL of 100 nM antibodies were added and the incubation pro-
ceeded at room temperature for one hour. Thereafter, the surface
was blocked for one hour using 1% BSA in PBS.

Particle preparation for directional coupling
Dynabeads MyOne streptavidin C1 particles and 10 µM of

biotin-DNA (5 ’ AAA AAG CAG TCA CGT TCT CGA ATC G 3 ’
- Biotin) were mixed with a 1:2 ratio and incubated for 30 minutes
on a rotating fin. One equivalent of modified antibodies with a
final concentration of 0.25 nM was added to the particles and the
mixture was incubated for 30 minutes. Unbound biotin-DNA and
antibodies were separated from the particles by using a magnetic
rack. After the supernatant was removed, the particles were
re-suspended in 1% BSA in PBS for blocking. The incubation
proceeded on a rotating fin for one hour. After blocking, the
particles were sonicated using a sonic finger (Hielscher) for 10

pulses with amplitude 70 and cycle 0.4. The particles were further
diluted 4000 times in 0.1% BSA in PBS.

Particle preparation for non-directional coupling
Biotinylated antibodies were produced using the ChromaLink

Biotinylation (SoluLink) kit. Two µL of Dynabeads MyOne strep-
tavidin C1 particles were mixed with two µL of 100 nm biotiny-
lated antibodies and incubated for 45 minutes on a rotating fin.
Ten µL of 10 mM biotin-PEG was added to the particles to block
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all accessible streptavidin. The particles were incubated for 10

minutes on a rotating fin at RT. Unbound antibodies and biotin-
PEG were washed three times with PBS on a magnetic rack. The
particles were re-suspended in 1% BSA in PBS for blocking and
incubated on a rotating fin for one hour. After blocking, the
particles were sonicated using a sonic finger (Hielscher) for 10

pulses with amplitude 70 and cycle 0.4. The particles were further
diluted 4000 times in 0.1% BSA in PBS.

PCT sandwich assay
The flow cell was washed three times using assay buffer (0.1%

BSA in PBS). Thereafter, 20 µL of particles were added to the
flow cell and were incubated for 15 minutes. The 5 min parti-
cle motion measurements in the absence of flow, were recorded
on a Leica DMI5000M microscope (Darkfield microscopy, Leica
Microsystems GmbH, Germany). The position of the particles
was recorded in a field of view of 883 × 552 µm2 for 5 min-
utes at a frame rate of 60 Hz with an integration time of 5 ms.
By analyzing the intensity of pixels around the particle with a
phasor-based localization method,54 the center of every particle
can be determined over each time frame.

The background signals were measured in the absence of an-
alytes (PCT). After obtaining a stable baseline, PCT was added
to the flow cell with a step-wise increasing concentration series,
ranging from 4 to 800 pM. For each concentration, particles were
tracked for five minutes in either one or three different fields of
view.

5.5.5 Analysis of particle mobility

Particle tracking was performed based on phasor localization, as
described in Section 3.5.4. Event detection based on deep learning
algorithm and the analysis of switching activity, lifetimes, and
bound fraction is described in Section 3.5.4.
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5.6 appendix

5.6.1 Gel electrophoresis results stained with SYBR-gold

The protein gel shown in Figure 5.2 was also stained with SYBR
gold to confirm that the mass changes were indeed caused by the
presence of ssDNA. Figure 5.12 shows the imaged bands of sam-
ples listed in Table 5.2. However, we also observed a fluorescent
band in the Trastuzumab sample. Since the observed intensities
for the fluorescence of the proteins are very low, it is expected
that this is caused by either fluorescence from phenylalanine,
tryptophan, and tyrosine, or from non-specific binding of the
SYBR-gold to the antibody. For the band containing DNA, the
observed intensity of the fluorescence is much higher. Therefore,
it is confirmed that the conjugates indeed contain ssDNA strands.

Figure 5.12: Protein gel of the listed samples including plain trastuzumab and modi-
fied Trastuzumab stained with SYBR-gold. The different lanes were loaded
with the following orders. Lane 1: Protein standard; 2: Trastuzumab; 3:
Glycan trimmed Trastuzumab; 4: Blank glycan trimming; 5: Modified
Trastuzumab; 6: Modification blank; 7: Protein standard; 8: Non-modified
Trastuzumab incubated with DBCO-ssDNA; 9: Conjugation blank; 10: Con-
jugated Trastuzumab; 11: Protein standard.
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Table 5.2: Molecular weight and relative quantities of the heavy chain (approximately 50

kDa) and light chain (approximately 25 kDa) bands of the listed samples.

Sample
Molecular

weight of bands

Relative

quantity

Trastuzumab

(Lane 2)

49.4 1

24.3 0.5

Trimmed Trastuzumab

(Lane 3)

46.9 1.2

24 0.65

Modified Trastuzumab

(Lane 5)

48.3 0.81

24.5 0.41

Trastuzumab + DBCO-ssDNA

(Lane 8)

49.6 1.35

24.6 0.68

Conjugated Trastuzumab

(Lane 10)

66.5 0.8

49.1 0.43

24.5 0.58

5.6.2 Thermal dissociation rate

The shortest hybridization lengths of the two systems described
in Section 5.3.3 are 13nt and 21nt respectively. The thermal dis-
sociation rate, the rate at which dissociation of hybridized DNA
strains occurs, for DNA decreases with 108−0.5ns−1, in which n
is the number of nucleotides of one ssDNA strand contribut-
ing to the hybridization.100 This means that the hybridization
of 20nt has an estimated 10,000 times stronger binding than the
hybridization of 13nt.
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C O N C L U S I O N A N D O U T L O O K

The goal of this thesis was to develop a robust molecular ar-
chitecture and coupling process to immobilize biomolecules on
anti-fouling surfaces for continuous monitoring biosensors. The
thesis focused on three main topics, namely (1) the development
of a biofunctionalization strategy and its role in the enhancement
of analytical performances of continuous monitoring biosensors,
(2) the development of a continuous monitoring principle based
on particles that diffuse over a biofunctionalized surface, and (3)
the development of biosensors for out-of-the-lab use, for long-
term use, and biosensors with antibodies as binder molecules.
The first topic was discussed in chapters 2 and 3, the second topic
mainly in chapter 3, and the third topic in chapters 4 and 5. In
this chapter, the main conclusions of this thesis are summarized
and discussed, and an outlook is presented.

6.1 summary of main results

In chapter two we demonstrated a biofunctionalization strategy
based on PLL-g-PEG that allows continuous measurements of
biomolecules over long durations in a sensing technology with
single-molecule resolution. The biofunctionalization involves co-
valent coupling by click chemistry to electrostatically grafted
polymers. With this biofunctionalization strategy, we demon-
strate the continuous monitoring of medically relevant analytes,
in sandwich and competitive assays, in buffer and in filtered
blood plasma, with picomolar, nanomolar, and micromolar ana-
lyte concentrations. Moreover, we quantified the enhancement of
analytical performances of the biosensors in terms of stability and
operational lifetime. Since the anti-fouling polymers are attached
to the substrate by multivalent electrostatic interactions, the bio-
functionalization scheme is suited for various substrates. The
coupling process involving click chemistry and DNA-directed
immobilization is suited for a variety of analytes and the im-

135
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plementation of different assay formats. The biosensors give
consistent and reversible responses with a long operational life-
time.

In chapter three we presented a biomarker monitoring method-
ology that is based on free diffusion of particles near a surface, in
which the target-induced binding and unbinding are reflected in
the changes of particle mobility to detect the presence of analyte
molecules. The target-induced interactions are reversible and do
not require the addition of reagents, which is advantageous for
applications that require biomolecular measurements over long
timespans or at remote locations where reagents are not easily
supplied. The proximity of particles to the surface is imposed by
gravitational force, enabling free translational and rotational mo-
tion of the particles. In comparison to the limited interaction area
in tethered particle systems, the total surfaces of free particles
and sensing substrate are used. In the free particle motion sens-
ing technique, single-molecular interactions related to changes in
the underlying molecular binding system are probed with high
contrast, allowing the quantification of rates and lifetimes, and
the extraction of multiple readout parameters. The biofunctional-
ization strategy presented in Chapter 2 was studied with the free
particle motion sensing technique enabling measurements over
several days.

In chapter four we investigated the effects of various sugar mix-
tures on the preservation of the biofunctionalized surfaces and
particles, aiming at the manufacturing of ready-to-go cartridges.
The storage lifetime of biosensors depends on the retention of the
biological activity of the used molecular components, which vary
depending on the coupling chemistry, the storage conditions,
and the intrinsic stability of the biomolecules. The free particle
motion sensing system is particularly suitable for the fabrica-
tion of a ready-to-use sensor. The biofunctionalization strategy
involving polymers, and covalent coupling were used in a study
of the dehydration process with sugars. Experimental results
show the ability to preserve the biofunctionalized surfaces and
particles for at least three weeks, without clear loss of responsive
biomolecules or functional particles. Due to the high stability of
the biofunctionalized surface described in Chapter 2, and the
suitability of the sensing technique demonstrated in Chapter 3
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for preparation with a sugar layer as described in Chapter 4, we
believe that the ready-to-go cartridges can potentially benefit
further developments of continuous monitoring sensors.

In chapter five we employed a glycan remodeling technique
and explored the methodology for immobilizing antibodies on
the sensor surface and on the particles with a specific orientation.
The antibodies were site-specifically modified with enzymes, en-
abling covalent attachment of single-stranded DNA onto the fc
region of antibodies via copper-free click chemistry. To quantify
the modification and conjugation efficiency at each step, ana-
lytical tools such as mass spectrometry and SDS-PAGE were
used. The biofunctionalization strategy described in Chapter 2

was combined with DNA-directed immobilization of the DNA-
antibody conjugates. The free particle motion sensing proposed
in Chapter 3 was used as a model system to demonstrate the
feasibility of continuous monitoring of PCT, which is a biomarker
for sepsis. A higher sensitivity was observed with the molecular
system employing the directionally coupled antibodies compared
to the physically adsorbed antibodies. Given the relevance of an-
tibodies and the importance of anti-fouling properties, we believe
that the development of the oriented immobilization technique
will be important for further applications of the particle-based
sensing techniques.

6.2 discussion and outlook

This thesis has presented a biofunctionalization strategy and
explored analytical performances of particle-based continuous
monitoring biosensors with single-molecule resolution. The bio-
functionalization strategy allows one to immobilize binders of
interest on an anti-fouling surface with retention of bioactivity for
achieving high stability and high reproducibility of the biosensor
performance. Practical applications are discussed for the val-
orization of the general applicability of the biofunctionalization
strategy.

In the particle mobility sensing, the ability to continuously
monitor analyte concentrations at the picomolar to micromolar
range and to extract single-molecular kinetics such as lifetimes
and rates provides insights into both ensemble information and
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single-molecule processes. The biofunctionalization strategy pro-
vides opportunities for continuous monitoring of analyte concen-
trations with a long operational lifetime and in complex environ-
ments. However, a deeper investigation of the aging mechanisms
of the materials and the dissociation rates of the affinity-based
anchoring points, including biotin-avidin bond and DNA hy-
bridization, is required. We think that replacing these affinity-
based interactions with covalent bonds can potentially further
extend the operational lifetime.

The work in this thesis shows the benefits and strength of em-
ploying simple physisorption of anti-fouling polymers and strong
covalent coupling of binder molecules. Quantitative analytical
tools are essential for researchers to evaluate the conditions and
reaction times of each modification process and to assess the
functionality of the binders and materials involved in the sensor
surface. To be able to tune the analytical performances such as
the sensitivity and the dynamic range of the biosensor and to
take the heterogeneity of the molecular system into account, it is
necessary to quantify the number of functional binders and their
distributions on the sensor surface for example using analytical
tools with single-molecule resolution like DNA-PAINT. More-
over, the characterization of the biofunctionalized surface will
allow researchers to study the causes of the degradation mecha-
nisms and their consequences, and further gain insights into the
direct influence caused by changes in buffer ionic strength, vari-
ous substrate materials, or continuous flow, which is important
for further studies and further applications of the sensing and
biofunctionalization technologies.

The advantages of extracting both single-molecule informa-
tion and ensemble readouts have been demonstrated in this
thesis. The responses are in general similar when looking at the
trends, but slight differences in the EC50 values and the plateaus
were observed between the dose-response curves plotted with
different parameters. Further studies on the relations between
these parameters are recommended for developing a calibration
method aiming at improving the accuracy and precision of the
continuous monitoring biosensors. By combining simulations
and post-processing data analysis algorithms, the false-positive
and false-negative events and the biases caused by surface and
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particle heterogeneity, and position to position variations can be
minimized.

A preservation protocol was presented based on the dehydra-
tion of biomolecules in sugars for the fabrication of ready-to-go
cartridges. However, the applicability of the methodology for pre-
serving antibody functionality in immuno-sensors has not been
proven. We think that further studies on the properties of sugar
layers and the functionality of the rehydrated biomolecules will
enable long-term dry storage of fully integrated immuno-sensors.

The feasibility of oriented immobilization of antibodies onto
the novel biofunctionalized surface has been demonstrated in
the thesis by showing the improvements in the sensitivity of the
biosensors. However, comparative studies on other analytical per-
formances such as reproducibility, reversibility, and stability have
not yet been addressed. To be able to prove the added value of
the oriented immobilized antibodies, future experiments should
focus on the quantification and characterization of antibodies on
the surface, the effect of variability in receptor functionality, and
time-dependent sensor changes. Furthermore, investigations on
the affinity and reversibility of the antigen-antibody interactions
are needed to enable continuous monitoring in a wide variety of
fields.

We believe that the biofunctionalization strategies and biosens-
ing concept proposed in this thesis have the potential to open a
broad range of applications in the field of continuous monitoring
and single-molecule measurements. This can provide opportuni-
ties in understandings of clinically relevant biological processes,
and developments in lab-on-a-chip, health care devices, and pro-
cess and quality control in industrial applications.
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