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ABSTRACT

Biomanufacturing processes based on cellular systems are difficult to set up and control due to variabilities in the bioreactor (upstream processing) and in the
extraction and purification steps thereafter (downstream processing). For better understanding, monitoring, and control of these processes, sensors are needed that
can measure biomolecular constituents such as small molecules, proteins, and nucleic acids. Here, we describe the development of a continuous sensor to monitor
host cell DNA, which can function as a marker for cell death in upstream processing and as a marker for product impurity in downstream processing. We present a
sensor for the measurement of double-stranded DNA fragments (dsDNA) using anti-dsDNA antibodies in a continuous biosensor based on particle motion with a
competition format. Experimental results show that the sensor has reversible interactions with dsDNA fragments of different base pair lengths and gives responses in
nano- and micromolar concentration ranges. Particles with varying motion behaviors are distinguished, and their dose-response characteristics are compared. Finally,
fluctuating dsDNA concentrations are measured, and the next steps are defined for the development of sensors for the continuous monitoring of host cell DNA in

biomanufacturing processes.

1. Introduction

Biomanufacturing processes use living cells and their components to
produce, for example, biopharmaceuticals, viral vectors, and cell-based
therapeutics (Zhang et al., 2017). These bioprocesses are complex and,
therefore, require in-depth investigations to identify origins of vari-
abilities and ensure consistent product quality (Rathore, 2016),
(Wasalathanthri et al., 2020), (Isoko et al., 2024), (Sathiyapriyan et al.,
2025). Analytical technologies are essential to quantify the underlying
process parameters to assure product quality, prevent batch rejections,
improve materials use, and optimize production time. Optimized pro-
cess control is achieved when measurement data are generated auto-
matically using continuous sensors, eliminating delays associated with
off-site laboratory analysis (Alford, 2006), (Reyes et al., 2022),
(Veloso and Ferreira, 2017). Continuous sensors are commercially
available for measuring physical parameters, such as temperature and
pressure, and for a few chemical parameters, such as glucose concen-
tration, dissolved oxygen, and pH (Becker et al., 2006), (Glindkamp
et al.,, 2009). However, for monitoring small organic molecules, pro-
teins, and nucleic acids in biomanufacturing processes, continuous
sensors are not yet available on the market. It is challenging to develop

continuous sensors for such biomolecules as they are present at low
concentrations, typically at micromolar concentrations and below.

Continuous sensors that could monitor the status of cells in a
bioreactor would offer opportunities for advanced process control. An
important phenomenon to monitor is cell death, as this can relate to
physiological processes in the cells as well as to detrimental conditions
in the bioreactor (Grilo and Mantalaris, 2019), (Wu et al., 2023). Cell
death can be detected by measuring the release of membrane and
intracellular components into the bioreactor, including host cell proteins
(HCP) and host cell DNA (HCD). These molecules are relevant to mea-
sure inside the bioreactor (upstream processing) as well as in extraction
and purification steps thereafter (dlownstream processing) for improving
both process control and product safety (Grilo and Mantalaris, 2019),
(U.S. Food and Drug Administration (FDA) and & Center for Biologics
Evaluation and Research (CBER), 2010), (World Health Organization
(WHO) and & WHO Expert Committee on Biological Standardization,
2014).

HCD can be quantified as the total mass of extracellular DNA frag-
ments in a sample (Wang et al., 2012). Upon cell death, the genomic
DNA of the cells is fragmented by the cell death process itself as well as
by shear forces in the bioreactor (Matassov et al., 2004), (Rolinger et al.,
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2020). The golden standard for HCD quantification is quantitative PCR
(gPCR) due to its high measurement sensitivity (Wang et al., 2012),
(Nissom, 2007), (Zheng et al., 2019). However, PCR uses
sequence-specific primers, restricting its ability to quantify total
genomic DNA irrespective of sequence. Moreover, qPCR requires
extensive sample preparation and consumes biochemical reagents dur-
ing amplification, complicating the use of qPCR for continuous moni-
toring applications. DNA intercalating dye assays quantify DNA by
sequence-independent binding (Ikeda et al., 2009), (Lauro et al.,
2023). However, these methodologies also consume reagents for every
sample measured, which is not ideal for continuous monitoring
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applications.

Here, we report on the development of a strategy for continuously
monitoring dsDNA fragments based on Biosensing by Particle Motion
(BPM), a continuous biosensing technology with single-molecule reso-
lution (Buskermolen et al., 2022), (Visser et al., 2018). BPM is based on
biofunctionalized particles that interact with a biofunctionalized sensing
surface, with continuous measurement of the diffusive Brownian motion
properties of the particles. Earlier we developed two sensor variants:
t-BPM (Visser et al., 2018) (with a tether molecule between particle and
surface) and f-BPM (Buskermolen et al., 2022) (without a tether mole-
cule between particle and surface). For the present proof-of-concept
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Fig. 1. Continuous biosensing of dsDNA fragments for bioprocess monitoring. (A) The three main steps in bioprocessing. Upstream processing for product
formulation, cultivation, and development. Harvesting of the product when the desired quantity is reached. Downstream processing for extraction, purification, and
quality control of the final product. (B) Sensor integrations into bioprocesses. In off-line monitoring, samples are taken from a bioreactor and then transported to and
analyzed in an analytical laboratory. In at-line monitoring, samples are taken from a bioreactor and analyzed in a sensing system in the vicinity of the bioreactor. In
on-line monitoring, all steps are automated: samples are automatically taken from a bioreactor and automatically transported to and measured in a sensing system.
The aim of this work is to develop a continuous biosensing technology that, in the future, will be suited for off-line, at-line, and on-line measurements. (C) Sketch of
the f-BPM dsDNA biosensor studied in this paper. Particles are functionalized with dsDNA fragments, and the sensing surface is functionalized with anti-dsDNA
antibodies. Hundreds of particles are tracked by video microscopy, and their motion behavior depends on the dsDNA fragment concentration in the solution. Ex-
periments in 96-well plates were used for developing the functionalization conditions, and sensors with microfluidic channels were used for performing continuous
measurements. The diffusivity of the particles was determined from their time-dependent positions. The diffusivity value was used to determine the time-dependent
state of every particle (bound or unbound). The bound fraction is the main readout parameter, defined as the ratio between the population of bound states and the
total population of states over time. In a final application, the output of the sensor will be the dsDNA fragment concentration as a function of time.
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study, the f-BPM sensor variant is used, due to its simpler fabrication
process. In f-BPM, the particles stay close to the sensing surface due to
the gravitational force that is caused by the higher mass density of the
particles compared to the fluid. In a continuous sensing experiment, the
particles remain inside the measurement chamber, as fluid samples are
consecutively applied to the sensor with a relatively low flow speed.

The sensor of this study is designed with a competition format, with
anti-dsDNA antibodies on the sensing surface and dsDNA fragments on
the particles. The antibodies recognize the sugar-phosphate backbone of
dsDNA, enabling sequence-independent binding to dsDNA (Pisetsky
et al.,, 2021). In this study, we describe the sensor concept, show the
feasibility of using anti-dsDNA antibodies in the sensor, demonstrate the
reversibility of the biomolecular interactions in the sensor, and study the
influence of the dsDNA fragment length. Finally, we show data on
continuous monitoring of dsDNA fragments, evaluate sensor perfor-
mance, and discuss the outlook of using real-time dsDNA sensing for
both cell death monitoring in upstream processing and impurity moni-
toring in downstream processing.

2. Results and discussion

The results section is divided into two parts, with the first part dis-
cussing the monitoring of bioprocesses and the second part the experi-
mental results of the sensor.

2.1. Monitoring of biomanufacturing processes

The three basic steps of bioprocessing are illustrated in Fig. 1A. The
upstream part of a bioprocess involves the seeding and growth of cells in
a bioreactor. Following cultivation, the product is harvested and sub-
jected to downstream processing, which involves separation and puri-
fication to obtain a final product (Wasalathanthri et al., 2020). It is
important to identify and monitor critical quality attributes (CQAs) in
the processes to ensure consistent process performance and product
quality. An interesting CQA for both up- and downstream processing is
HCD (Grilo and Mantalaris, 2019), (Roch and Mandenius, 2016). In
upstream processing, HCD levels can give information about cell status
in the bioreactor since extracellular DNA appears in the medium upon
death and lysis of cells (Grilo and Mantalaris, 2019). Furthermore, HCD
is a host-related impurity that must be cleared from the final product
(Wang et al., 2012). Therefore, monitoring HCD levels during down-
stream processing supports impurity clearance and enhances product
safety.

Continuous monitoring refers to the continuous collection of mea-
surement data from a process. A common strategy to perform continuous
monitoring is by taking consecutive samples as a function of time and
analyze each sample individually. As shown in Fig. 1B, measurements
are performed off-line, at-line, or on-line, depending on the analytical
measurement tool and its implementation. Off-line measurements are
performed in a laboratory. At-line measurements are done locally on
samples that are manually transferred to an analytical device. On-line
measurements are automatically performed on samples that are auto-
matically taken from the process. Nowadays, biomolecular measure-
ments are mostly performed off-line and at-line, allowing a
measurement frequency of a few samples per day (Clapen et al., 2017),
(Lourenco et al.,, 2012). In contrast, on-line measurements are fully
automatic, so can be performed at any time, and allow much higher
measurement frequencies, facilitating enhanced process insight and
control (Alford, 2006), (Reyes et al., 2022), (Veloso and Ferreira, 2017).

The biomolecular sensing technology studied in this paper aims to
enable continuous measurements for at-line and on-line implementa-
tions. The basic concepts of the dsDNA f-BPM sensor are shown in
Fig. 1C. The sensor is based on biofunctionalized particles with a
diameter of 1 pm that interact with a biofunctionalized sensor surface
(Buskermolen et al., 2022). The particles show diffusive Brownian mo-
tion while staying close to the surface, within a distance of about 1 pm,
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determined by the balance between Brownian motion and gravitational
force (Buskermolen et al., 2022). The motions of hundreds of particles in
a selected field of view (FOV) are recorded using a custom-made mini-
aturized microscope equipped with a high-speed camera. Particle
tracking software is used to establish the positions of the particles from
which the diffusivity (D) of every particle is determined as a function of
time (Bergkamp et al., 2023). Histograms of measured diffusivities show
two distinct populations, reflecting the bound and unbound states of the
particles. Particle states with D < 0.12 pm?/s are assigned as bound
states, and particle states with D > 0.12 pm?/s are assigned as unbound
states.

The starting materials for the fabrication of the proof-of-concept
sensor are a polystyrene surface and streptavidin-coated particles (=1
pm MyOne Dynabeads). The surface is coated with anti-dsDNA anti-
bodies via physisorption and blocked with bovine serum albumin (BSA)
to reduce non-specific interactions. The particles are functionalized with
biotinylated dsDNA of 50 base pairs and blocked with biotin-mPEG
(polyethylene glycol) and BSA to suppress non-specific interactions
with the surface. In this competitive sensor format, the particles have a
high probability to bind to the antibodies on the surface when dsDNA
fragments are not present in the solution, causing particles to often be in
a bound state with low diffusivity. When dsDNA fragments are present in
solution, they bind to the antibodies on the surface, thereby reducing the
probability that particles can bind to the surface, leading to unbound
states of the particles. The states of all particles in the FOV are monitored
over time. The main readout parameter of the sensor is the bound
fraction, which is defined as the ratio between the population of bound
states and the total number of states, determined during a measurement
duration for all tracked particles in the FOV.

2.2. Experimental results

The feasibility of the molecular design was tested by examining the
functionalizations of the particle and surface, by screening binder con-
centrations, and by investigating the reversibility of the molecular in-
teractions in 96-well plates (Fig. 2). The influence of the dsDNA
fragment length on the sensor response was studied in flow cells to
determine the dependence of the sensor response on the dsDNA frag-
ment size (Fig. 3). Based on those results, continuous measurements
were performed in sensors with one microfluidic channel to study the
sensor response to varying concentrations over time (Figs. 4 and 5).

2.2.1. Sensor development: study of biofunctionalization densities and
sensor reversibility

Experiments in well plates were used to establish the functionaliza-
tion densities of particles and surface, as well as the reversibility of the
bonds formed between particles and surface, as shown in Fig. 2. A direct
assay (Fig. 2A) was used to evaluate the specificity of surface-
immobilized anti-dsDNA antibodies for dsDNA-functionalized parti-
cles. The particles were functionalized by incubation with different
biotin-dsDNA concentrations to vary the density of dsDNA on the par-
ticles. The wells were functionalized by incubation with different anti-
dsDNA antibody concentrations to vary the density of antibodies on
the well surface. Fig. 2A displays the bound fraction for bio-
functionalized particles that were incubated on a well surface without
dsDNA analyte in solution. An increase in both antibody and dsDNA
densities led to higher bound fractions, confirming that the binding
between particles and surface is driven by specific dsDNA-antibody
interactions.

Next, to study the ability of the sensor to respond to different levels of
dsDNA in solution, the analyte was pre-incubated for 30 min on the
sensing surface before adding the particles. This reversed order—adding
the sample before the particles—was used only in this experiment to
investigate the concentration-dependent response of the sensor. Fig. 2B
shows that for increasing dsDNA fragment concentrations in solution,
the bound fraction decreases. This is attributed to dsDNA fragments
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Fig. 2. Study of particle response and reversibility for different functionalizations of particles and surface, measured in 96-well plates. (A) Direct assay: particles
functionalized with biotinylated dsDNA of 50 base pairs were added to a surface functionalized with anti-dsDNA antibodies. The bound fraction is shown as a
function of the incubation concentration that was used to functionalize the surface. Curves are shown for different biotin-dsDNA incubation concentrations (0, 50,
100, 200 nM) to functionalize the particles. The data represents the bound fraction level for duplicate wells (n = 2). (B) The antibody-functionalized surface was pre-
incubated with dsDNA fragments in solution, and thereafter, functionalized particles were added. The antibody incubation concentration for functionalizing the
surface was kept constant at 10 nM. The curves show the bound fraction as a function of the dsDNA concentration in solution for particle functionalizations with
different biotin-dsDNA incubation concentrations. The data represents the bound fraction level for duplicate wells (n = 2). (C) Functionalized particles were added to
the functionalized surface without dsDNA in solution (direct assay, 20 min incubation). Next, dsDNA fragments (analyte) were added to the well to induce
competition. The bars show the bound fraction of the direct assay (t = 0) and after the competition (t = 30 min). Experiments were performed with different dsDNA
concentrations in solution. The decrease of the bound fraction for increasing dsDNA fragment concentrations indicates that the bonds between particles and surface
are reversible and depend on the dsDNA concentration in solution. (D) The competition data in panel C is plotted as a dose-response curve. The data represents the
mean =+ standard deviation for the 3h measurements (see Fig. S2). In all panels, the lines are guides to the eye.

A B C

Experiment design - Varying dsDNA fragment length 00 Time response

PR 12 bp
AL ~038 ¢o_8
'pos 25bp | € = Wv A
! 206} 2 0.6} 25bp
7 E g
204¢ 204} o “6,/,«0«,,4:fe&‘u’«««e‘:@:«%..
3 2 ™ 50 bp
mo2r mQ.2
00 0 [dsDNA fragment] = 100 nM
101 10° 10® 107 10° 10°% 0 30 60 90 120 150 180
[dsDNA fragment] (M) Time (min)

Fig. 3. Influence of dsDNA fragment length on the sensor response, measured in flow cells. (A) Sketch of the experimental design in which the dsDNA fragment
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function of dsDNA fragment concentration measured for the different fragment lengths. The data represents the mean + standard deviation for the last 60 min of

measurements (see Fig. S3). (C) Sensor response as a function of time for the different dsDNA fragment lengths at 100 nM concentration. In all panels, the lines are
guides to the eye.

binding to the antibodies on the surface, which reduces the probability biotin-dsDNA on the particles and the anti-dsDNA antibodies on the
that particles become bound to the surface. The data show that the surface, the particles were added first to the antibody-coated surface
response of the assay can be tuned by varying the density of dsDNA (Fig. 2C, as in the direct assay in Fig. 2A). Thereafter, the dsDNA analyte
coupled to the particles, keeping the antibody density on the surface was added to the wells, which induced competition between the dsDNA

constant. in solution and the dsDNA on the particles for binding to the antibodies
Sensor reversibility is important for continuous monitoring appli- on the surface, leading to a drop in bound fraction. Fig. 2C shows
cations. To investigate the reversibility of the interaction between the decreasing bound fraction levels for increasing dsDNA fragment
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concentrations, demonstrating that the bonds between dsDNA on the
particles and the antibodies are reversible and that the competition is
concentration dependent. The sensor responds within 5 min to the
addition of analyte and shows a stable signal over time (Fig. S2). The
dose-response curve based on the data in Fig. 2C after the addition of
dsDNA fragments is plotted in Fig. 2D, confirming the signal dependency
on dsDNA fragment concentration.

All the above experiments were performed in well plates to assess the
feasibility of the competitive sensor’s molecular design. The results
prove that the sensor responds to different dsDNA concentrations
through reversible interactions. However, well plates are not suitable for
fluid exchange and flow, which is needed for continuous sensing ex-
periments. Therefore, in the next sections, the sensor behavior is studied
in microfluidic flow cells.

2.2.2. Sensor response to different dsDNA fragment lengths

In the previous section, we explored the feasibility of the competitive
dsDNA sensor in well plate experiments with 50 bp dsDNA. Here, flow
cell experiments are performed, first focusing on the influence of the
length of the dsDNA fragments on the sensor response. Extracellular
dsDNA appears in biomanufacturing processes with different lengths,
due to fragmentation in the cell lysis process and due to mechanical
shear forces in the bioreactor. This raises the question of how the sensor
response depends on fragment length, and the related question how the
anti-dsDNA antibodies interact with dsDNA. Anti-dsDNA antibodies
bind to DNA by monogamous bivalency, a mechanism where both
paratopes bind to specific parts on the same DNA strand (Pisetsky et al.,
2022). Each paratope of the antibody binds to approximately three base
pairs of dsDNA with a relatively weak affinity. A more stable bond arises
when both paratopes of the antibody simultaneously bind to a single
piece of dsDNA. To enable bivalent binding, the dsDNA fragment must
span the inter-paratope distance, requiring a minimum length of
approximately 16 base pairs (Abcam). Therefore, it is interesting to
know how the antibody-based BPM sensor responds to dsDNA fragments
with a length of several tens of base pairs.

The BPM sensor was exposed to dsDNA fragments with lengths of 12,
25, and 50 base pairs, as shown in Fig. 3A. The dose-response curves in
Fig. 3B shift to the left for increasing fragment lengths, indicating that
the sensor is more sensitive to the fragments with longer lengths. To get
a similar sensor response as for the 50 base pair fragments, the
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concentration of the 25 base pair fragments needs to be 30-fold higher,
and for the 12 base pair fragments 250-fold higher, compared to the 50
base pair fragments. The observed increase in antibody binding with
longer dsDNA fragments can be caused by a combination of several ef-
fects: the need for sufficient DNA length to enable monogamous biva-
lency, reduced steric hindrance as longer dsDNA fragments are less rigid,
and/or enhanced electrostatic interactions for longer fragments that
could improve sensor sensitivity. Geometrically, longer fragments have
a higher probability than shorter fragments of binding to two paratopes
on a single antibody, or to two paratopes on two different antibodies.
The present data is not sufficient to draw conclusions about the precise
nature of the biomolecular binding between particles and sensing sur-
face. This can be studied in more detail by analyzing distribution func-
tions of particle bound-state lifetimes (Visser et al., 2018). Establishing
such functions requires long particle observation times to collect suffi-
cient statistics, which is more suited for t-BPM than for f-BPM experi-
ments; this is a topic for further research.

Fig. 3C shows the time evolution of the signals measured after
exposure to the different fragment lengths. The fragment-induced sensor
response is visible within a minute after injection of the dsDNA con-
taining solution into the flow cell, followed by a slow increase of the
signal on a timescale of hours, which is independent of the dsDNA
fragment length. The fast response is attributed to specific interactions
between antibodies and dsDNA. The slow drift may be caused by non-
specific interactions between particle and sensing surface, or by spe-
cific interactions that occur on long timescales, e.g. related to molecular
heterogeneities in the sensor (Vu et al., 2025).

2.2.3. Characterization of sensor response with sequential fluid applications

In a continuous f-BPM biosensor, hundreds of individual particles are
continuously monitored, and their motion behaviors are related to the
concentration of analyte in solution. In this section, sequential dsDNA
fragment concentrations are injected in increasing order into a flow cell,
to study the sensor response and particle behavior, see Fig. 4.

First, the sensor response, i.e., the bound fraction as a function of
increasing dsDNA fragment concentrations, is determined to confirm
that single flow cells can be used for continuous monitoring experi-
ments. Fig. 4A displays the time-resolved bound fraction (top panel)
alongside the corresponding dsDNA fragment concentrations introduced
(bottom panel). With increasing dsDNA fragment concentration, the
bound fraction decreases due to the competitive binding mechanism of
the sensor. The fragment-induced sensor response is visible within a
minute after injection of the dsDNA-containing solution into the flow
cell, followed by a slow increase of the signal on a longer timescale.
Potential origins of the slow signal increase are not yet clear. The in-
crease may be caused by flow-induced dissociations of bonds between
particle and surface that slowly re-equilibrate, or by slow non-specific or
specific interactions between particle and surface; this is to be further
investigated in follow-up research. Fig. 4B shows the dose-response
curve based on the data in Fig. 4A, visualizing the signal decrease for
increasing analyte concentrations.

To understand the origin of the sensor response, histograms of mo-
tion characteristics can help to gain insights into the nature of the
binding between particle and surface. Fig. 4C visualizes a diffusivity
histogram of approximately 700 particles measured after injection of
100 nM dsDNA in the experiment of panel A. The data shows three
groups: motion states with low diffusivity (D < 0.03 um?/s, strongly-
restricted motion, grey), motion states with medium diffusivity (0.03
pmz/s <D< 0.15 pmz/s, restricted motion, red), and states with free
motion (D > 0.15 pm?/s, green). Fig. 4D illustrates the hypothesized
binding configurations corresponding to each motion state. Strongly-
restricted motion likely results from multiple antibody-dsDNA in-
teractions, while single bonds yield restricted motion, and unbound
particles exhibit free diffusion.

The motion groups observed in Fig. 4C allow one to study if particles
switch reversibly between motion states. Two motion time traces of
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particles with switching activity are displayed in Fig. 4E: a particle that
shows switching behavior between free and restricted motion (left) and
a particle that switches between restricted and strongly-restricted mo-
tion (middle). The motion time traces of all particles can be analyzed at
different dsDNA concentrations to establish dose-response relationships.
The right panel in Fig. 4E shows the fraction of particles with switching
behavior, plotted as a function of dsDNA concentration. The fraction
decreases with increasing dsDNA fragment concentration, likely due to
antibody saturation on the surface, resulting in more free particles.
Fig. 4F supports this interpretation by showing a non-interacting parti-
cle (left) and a corresponding increase in the fraction of non-interacting
particles with rising dsDNA concentration (right). The fraction increases
as a function of dsDNA fragment concentration due to the blocking of the
antibodies on the surface. Interestingly, the dose-response curves for
bound fraction (4B), fraction of switching particles (4E), and fraction of
non-interacting particles (4F) all show a maximum slope at around 100
nM, suggesting that this might be the magnitude of the equilibrium
dissociation constant of the interaction between the anti-dsDNA anti-
bodies on the surface and the 50 base pair dsDNA fragments in solution.

2.2.4. Feasibility of continuous monitoring studied with alternating dsDNA
fragment concentrations

The previous sections demonstrated that the interaction between the
anti-dsDNA antibodies on the sensing surface and the dsDNA on the
particles is modulated by the dsDNA fragment concentration in solution.
The ability of the sensor to reversibly respond to both increasing and
decreasing dsDNA fragment concentrations is studied in this section.
Fig. 5 presents the bound fraction signal (top panel) in response to
sequentially applied dsDNA fragment concentrations (bottom panel).
The middle panel shows the average bound fraction of the last five data
points in each interval in the upper panel.

The injections of 100 nM dsDNA give sensor responses within a
minute, followed by stable signal values. This shows that the binding of
dsDNA in solution to the antibodies and the subsequent release of par-
ticles from the surface are fast processes. In contrast, the 1 nM dsDNA
injections cause gradual increases of bound fraction values, which in-
dicates that the release of dsDNA from the antibodies is a relatively slow
process. The average bound fraction curve shows that the sensor re-
sponds reversibly to the modulation of dsDNA concentration. This
demonstrates that the sensor is reversible and is suited in principle for
the continuous monitoring of increasing as well as decreasing dsDNA
fragment concentrations.

3. Conclusion and outlook

We demonstrated that continuous monitoring of dsDNA fragments in
nanomolar to micromolar concentrations is achievable using biosensing
by free particle motion (f-BPM) with a competitive sensor design, having
anti-dsDNA antibodies on the sensing surface and dsDNA on the parti-
cles. The sensor is independent of the dsDNA sequence as the antibodies
target the sugar-phosphate backbone of DNA. Furthermore, the sensor
can detect dsDNA fragments of varying sizes and was demonstrated to be
reversible, showing response to both increasing and alternating dsDNA
fragment concentration profiles. The ability to continuously monitor
dsDNA without consuming reagents is a unique property of this sensor.

The presented results are a first step towards developing a contin-
uous HCD sensing system for bioprocess monitoring (Roch and Man-
denius, 2016), (Hu et al., 2021). Overview papers have discussed
comparisons between spectroscopic, chromatographic, and biosensing
techniques for achieving bioprocess analysis (Sathiyapriyan et al.,
2025), (Rolinger et al., 2020). Spectroscopic techniques fall behind
chromatographic techniques in terms of specificity, while chromato-
graphic techniques are demanding on sample preparation procedures.
Biosensing techniques give opportunities to fill in the gaps, by poten-
tially combining high specificity with fast measurements and simple
sample preparations.
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In the described BPM sensor, the anti-dsDNA antibodies are the
molecules that give specificity towards the dsDNA targets. The proof-of-
concept sensor was studied with TBS buffer. In follow-up research, it will
be important to study the properties of the sensor in solutions relevant
for process control, e.g. in cell growth medium for upstream processing,
and in extraction and purification buffers for downstream processing.
We foresee diverse applications for continuous dsDNA sensors, targeting
different sample matrices and different dsDNA concentrations (high
nanomolar to picomolar). However, many research questions still need
to be addressed. Further research should address topics such as fragment
length dependence, sample pretreatment, sensor sensitivity, sensor ki-
netics, and long-term monitoring capabilities.

This study focused on detecting 50 base pair dsDNA fragments at
nanomolar to micromolar concentrations. In bioprocessing, fragment
lengths can vary from around a hundred base pairs up to several hun-
dreds of kilo base pairs (Matassov et al., 2004), (Rolinger et al., 2020).
Monitoring fragments equal to or shorter than a typical gene (~200 base
pairs) is especially relevant for downstream processing (U.S. Food and
Drug Administration (FDA) and & Center for Biologics Evaluation and
Research (CBER), 2010). Therefore, in follow-up work, the sensor
response to dsDNA fragments with diverse sizes will be studied in buffer
solutions and bioprocessing matrices. It is also relevant to investigate
sample pre-treatment protocols, such as ultrasonic treatments to change
and control DNA fragment sizes (Elsner and Lindblad, 1989). Further-
more, building on this work, BPM sensors can be designed with higher
detection sensitivities (Rolinger et al., 2020), (Butler et al., 2009),
potentially by using BPM sensor designs with molecular sandwich for-
mats (Michielsen et al., 2025).

This paper studied the feasibility of continuous dsSDNA monitoring in
a competition-based f-BPM flow cell sensor. Continuous measurements
with f-BPM sensors are limited to low flow speeds, to minimize flow-
induced losses of particles. The fabrication of dsDNA sensors with a
tether molecule between particle and surface (t-BPM) (Visser et al.,
2018) will allow for fluid replacements with higher flow velocities and
measurements over longer durations to investigate topics such as sensor
kinetics, measurement precision, limits of quantification, and mea-
surement accuracy (Michielsen et al., 2025), (Lubken et al., 2024).
Finally, it will be interesting to demonstrate the sensors with automated
fluid control systems to achieve automated, continuous
sampling-and-sensing for HCD-based bioprocess monitoring and
control.

4. Materials

Nunc maxisorp clear flat bottom 96-well plates (Invitrogen) and
Dynabeads® MyOne™ C1 Streptavidin 1 pm (Invitrogen, 10 mg/mL)
were obtained from ThermoFisher Scientific. The particles consist of
iron oxide cores with a polystyrene shell that is coated with streptavidin.
Tris Buffered Saline (TBS) tablets, sodium carbonate, sodium bicar-
bonate (anhydrous), and bovine serum albumin (BSA) were ordered at
Sigma-Aldrich. The dsDNA and biotin-dsDNA fragments were custom
designed and ordered at Integrated DNA Technologies. The specific se-
quences can be found in the Supplementary (S2). Anti-dsDNA antibody
[3519 DNA] (1 mg/mL) was purchased from Abcam, and mPEG-biotin
(MW 1 kDa) was obtained from Nanocs (USA). Polystyrene sheets
(300 mm x 300 mm, thickness 1.2 mm) were purchased from Good-
fellow Corporation (ST31-SH-000120) and laser-cut to 25 mm x 75 mm.
Custom-made flow cell stickers with a chamber height of 250 pm, an
internal volume of ~20 pL, and six cells per sticker were purchased from
Grace Biolabs (USA).

4.1. Particle preparation
2 pL of the streptavidin coated particles were incubated with 2 pL of

0, 50, 100 or 200 nM biotin-dsDNA on a rotary fin for 45 min. The
particles were blocked with 40 pL 100 pM biotin-mPEG for 20 min. Next,
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the particles were washed 3 times with 200 pL TBS on a magnetic rack.
The particles were resuspended in 200 pL TBS containing 1 % BSA and
incubated on a rotary fin for 60 min. Finally, the particles were sonicated
10 pulses with an amplitude of 70 % and 0.5 s duty cycle (Hielscher
UIS250V, Ultrasound Technology) and diluted in TBS 12.5 times for the
direct assay and surface incubation, 20 times for the reversibility test,
and 30 times for flow cell experiments.

4.2. 96-Well plate experiments

Anti-dsDNA antibodies were diluted to 1, 5, or 10 nM in 0.1 M so-
dium carbonate-bicarbonate buffer (pH 10). 50 pL of the antibodies
were added to the well plate and incubated overnight at 4 °C. The so-
lution was removed from all the wells before adding 50 pL TBS with 1 %
BSA, which was incubated for 60 min at room temperature (RT). Again,
all the wells were emptied before adding the particles and analyte so-
lution. For the direct assay and surface incubation, 25 pL of TBS or
dsDNA fragment solution were added to specific wells and incubated for
30 min. The dsDNA fragment was diluted in TBS to 2 nM-20 pM (10
times serial dilution). Afterwards, 25 pL of particles were added, and
measurements were started after 10 min of incubation and particles
sedimentation. The particle motion was recorded for 12 s in each well.
The whole well plate was measured 20 times. For the reversibility assay,
40 pL of particles were added and incubated for 20 min. Subsequently,
all wells were scanned once for 12 s to determine the bound fraction.
Then, 10 pL of TBS or dsDNA fragment solutions in concentrations from
5 to 50 nM (10 times serial dilution) were added to the specific wells and
measurements were started immediately. The particle motion was again
recorded for 12 s per well, and the whole plate was scanned 100 times.

4.3. Flow cell experiments

Custom-made flow cell stickers were attached to a polystyrene slide.
All solutions were manually added in a volume of 40 pL to the flow cell,
except for the dsDNA fragment solutions, which were injected in a
volume of 60 pL. First, the antibodies (diluted in 0.1 M sodium
carbonate-bicarbonate buffer at pH 10) were added to the flow cell and
incubated for 2 h at RT, followed by addition of TBS with 1 % BSA,
which was incubated for another hour. Next, the particles were added to
the flow cell and were left to sediment for approximately 15 min. For the
separate flow cell experiments, dsDNA fragment concentrations ranging
from 100 pM to 10 uM (10 times serial dilution) were added to separate
flow cells, followed by immediately starting the measurement. The
particle motion was recorded in 12 s periods, and all flow cells were
measured 100 times over 3 h by scanning the slide with respect to the
optical imaging system. During the incubation and measuring period,
the in- and outlets were sealed with tape.

For the serial fluid replacement, dsDNA fragment concentrations
ranging from 100 pM to 10 pM (10 times serial dilution) were added
sequentially to a flow cell. For each concentration, particles were
tracked either for 5 min in five 1-min blocks (for increasing concentra-
tions) or for approximately 8 min in fifteen 15-s blocks (for alternating
concentrations). The 1-min measurements for increasing concentrations
allow analysis of particle behavior within the sensor, while the shorter
15-s measurements for alternating concentrations provide higher tem-
poral resolution to capture the bound fraction profile. The duration of
the measurement block determines the statistics of the particle diffu-
sivity histograms and, therefore, the precision of the bound fraction
determination.

4.4. Data acquisition and processing

All measurements were performed using a custom-built microscope
with a motorized XY stage (ASR series, 100 mm x 120 mm travel; Zaber
Technologies Inc.). The particles were visualized using brightfield illu-
mination, i.e., with a green LED (12V, 3 mm), 10x magnification (10x
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DIN Achromatic Finite Intl Standard Objective, from Edmund Optics),
and a high-speed camera (FLIR Blackfly S BFS-U3-31S4M or FLIR
Grasshopper 3 GS3-U3-32S4M-C, from Edmund Optics) with a field-of-
view of 706 x 530 pm and an effective pixel size of 0.587 x 0.587
pm. The particles were tracked at a frame rate of 60 Hz. A miniature
linear actuator (Zaber T-LA13A) was built in the microscope to autofo-
cus between measurement blocks. MATLAB was used to control the
custom-built microscope setup. Dedicated particle tracking software
described by Bergkamp et al. (2023) was utilized to track the position of
the particles in real-time, applying two-dimensional phasor-based
localization (Martens et al., 2018). The diffusivity of the particles was
determined from their positions, and a diffusivity threshold of 0.12
um?/s was used to distinguish unbound from bound states. The bound
fraction was used as output parameter and is defined as the ratio be-
tween the population of bound states and the total population of states
over time.

4.5. Particle classification and behavior determination

The particles were classified in 4 different groups based on their
motion behavior during the 1 min measurement time. The 4 groups are:
1) free particles with diffusivities above 0.15 pmz/s, 2) switching par-
ticles with diffusivities crossing the set thresholds at either 0.03 pm?/s or
0.15 pm?/s or both, 3) restricted particles with diffusivities between
0.03 and 0.15 um?/s, and 4) strongly-restricted particles with diffusiv-
ities lower than 0.03 pm?/s. The amount of particles in a group is
compared to the total amount of particles to determine the fraction of
particles in that specific group.
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