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Integrated sampling-and-sensing using
microdialysis and biosensing by particle motion
for continuous cortisol monitoring†

Laura van Smeden, ac Arthur M. de Jong bc and Menno W. J. Prins *abcd

Microdialysis catheters are small probes that allow sampling from biological systems and human subjects

with minimal perturbation. Traditionally, microdialysis samples are collected in vials, transported to a

laboratory, and analysed with typical turnaround times of hours to days. To realize a continuous sampling-

and-sensing methodology with minimal time delay, we studied the integration of microdialysis sampling

with a sensor for continuous biomolecular monitoring based on Biosensing by Particle Motion (BPM). A

microfluidic flow cell was designed with a volume of 12 μl in order to be compatible with flowrates of

microdialysis sampling. The analyte recovery and the time characteristics of the sampling-and-sensing

system were studied using a food colorant in buffer and using cortisol in buffer and in blood plasma.

Concentration step functions were applied, and the system response was measured using optical

absorption and a continuous BPM cortisol sensor. The cortisol recovery was around 80% for a 30 mm

microdialysis membrane with a 20 kDa molecular weight cut-off and a flowrate of 2 μl min−1. The

concentration-time data could be fitted with a transport delay time and single-exponential relaxation

curves. The total delay time of the sampling-and-sensing methodology was about 15 minutes. Continuous

sampling-and-sensing was demonstrated over a period of 5 hours. These results represent an important

step toward integrated sampling-and-sensing for the continuous monitoring of a wide variety of low-

concentration biomolecular substances for applications in biological and biomedical research.

Introduction

Microdialysis is an analyte collection method that was first
used to quantify dopamine levels in neural tissue.1–3 It is now
broadly applied in life-science research, biomedical research
and in clinical settings for taking samples from the brain,
skin, organs, and blood vessels.4–9 Microdialysis probes
contain a semi-permeable membrane that allows diffusive
exchange of molecules between a biological medium and a
dialysis fluid. Analytes can be small molecules or proteins,
depending on the molecular weight cut-off (MWCO) of the
membrane. A critical parameter in microdialysis sampling is
the flow speed of the perfusion fluid, typically around a

microliter per minute, because it determines the sampling
time and the recovery, i.e. the concentration of analyte in the
collected dialysis fluid with respect to the concentration of
analyte in the biological medium.

The continuous nature of microdialysis makes it a highly
interesting sampling methodology for integration with
continuous sensing methodologies, in order to enable
measurements of concentration-time profiles in biological
systems. The measurement methods need to be compatible
with the low flowrates of microdialysis and operate in a
continuous manner so that analytical data can become
available with a minimal time delay.10 The integration of
microdialysis sampling with continuous sensing has already
been demonstrated for the monitoring of metabolites and
neurotransmitters at millimolar concentrations, using
electrochemical11,12 and optical10,13 sensing techniques,
including studies with patients.14 An important next step will
be to enable the continuous monitoring of analytes with
much lower concentrations, which requires the integration of
microdialysis with sensors that have high sensitivities.

An interesting analyte for continuous monitoring is
cortisol, a steroid stress hormone that affects almost all
tissues and organs in the body and that has concentrations
that fluctuate over time in the (sub)micromolar range.

1638 | Sens. Diagn., 2023, 2, 1638–1648 © 2023 The Author(s). Published by the Royal Society of Chemistry

a Department of Biomedical Engineering, Eindhoven University of Technology, 5600

MB Eindhoven, The Netherlands. E-mail: m.w.j.prins@tue.nl
b Department of Applied Physics, Eindhoven University of Technology, 5600 MB

Eindhoven, The Netherlands
c Institute for Complex Molecular Systems (ICMS), Eindhoven University of

Technology, 5600 MB Eindhoven, The Netherlands
dHelia Biomonitoring, De Lismortel 31, 5612 AR Eindhoven, The Netherlands

† Electronic supplementary information (ESI) available: Calibration curves,
droplet evaporation, membrane permeability, effect of albumin, additional
demonstrations of the integrated setup, and supporting tables. See DOI: https://
doi.org/10.1039/d3sd00185g

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 5
:5

2:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d3sd00185g&domain=pdf&date_stamp=2023-11-07
http://orcid.org/0000-0002-1814-3427
http://orcid.org/0000-0001-6019-7333
http://orcid.org/0000-0002-9788-7298
https://doi.org/10.1039/d3sd00185g
https://doi.org/10.1039/d3sd00185g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00185g
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD002006


Sens. Diagn., 2023, 2, 1638–1648 | 1639© 2023 The Author(s). Published by the Royal Society of Chemistry

Microdialysis has previously been applied to sample cortisol
from saliva and serum15–17 and from a variety of intravenous
and subcutaneous sampling sites.18,19 We recently reported
the development of a reversible continuous cortisol sensor
for the monitoring of elevated cortisol levels, tested with
samples taken from buffer and blood plasma by
microdialysis.20 In this work, we report a study of the
development of an integrated sampling-and-sensing system
for the continuous monitoring of cortisol, where a
microdialysis catheter was directly connected to a continuous
cortisol sensor based on Biosensing by Particle Motion
(BPM).21–23 The dynamic properties of the integrated system
were studied using a dye that was optically imaged and using
cortisol that was measured by the BPM sensor. The measured
concentration-time data could be fitted with an initial

transport time and subsequent single-exponential relaxation
curves. Continuous sampling-and-sensing was demonstrated
for several hours with multiple applied concentration steps.
Finally, we discuss the implications of these results for the
development of continuous sampling-and-sensing systems
that target the continuous monitoring of low-concentration
substances using microdialysis.

Results and discussion

Continuous microdialysis with continuous sensing was
experimentally studied using the system as sketched in
Fig. 1. A perfusing fluid (the perfusate) was pumped via the
inlet tubing into a microdialysis probe, which was placed in
a container (the sampling site) containing buffer or blood

Fig. 1 Schematic of the experimental setup to study integrated continuous sampling-and-sensing using microdialysis and Biosensing by Particle
Motion (BPM). The outlet of a microdialysis probe was connected to a flow cell with a chamber volume of 12 μl, wherein analyte concentrations
[A] were measured by either optical absorption (left bottom) or by BPM (right bottom). The dialysate from the microdialysis probe was also
collected for offline UV-vis spectroscopic analysis (not shown). Read-out via absorption was used for studies of fluid transport in the system, using
the red food-colour dye azorubine. The azorubine concentration was measured using a microscope setup with 510 nm bandpass filter and 2.5×
magnification, giving an overview of nearly the entire measurement chamber. Read-out via BPM was used for biosensing studies, including the
dynamics of fluid transport and affinity reaction at the sensing surface. BPM is based on tracking the motion of biofunctionalized particles on a
biofunctionalized sensing surface, using a microscope setup with 10× magnification, with the field-of-view in the middle of the measurement
chamber. For continuous cortisol monitoring (cortisol depicted in blue), the particles were functionalized with anti-cortisol antibodies (pink) and
the sensing surface with cortisol-analogue molecules (green).20 The microdialysis probe was exposed to concentration step-functions by
transferring the probe between different sample containers. Measured concentration-time profiles were compared to the applied concentration
step-functions.
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plasma as the medium, which was kept at body temperature
(37 °C). The outlet tube of the microdialysis probe (with the
dialysate) was connected to a flow cell for optical read-out
using absorption measurements (see sketch in bottom left)
or Biosensing by Particle Motion (BPM sensor, see bottom
right). Alternatively, the dialysate was collected from the
microdialysis outlet tube and analysed using UV-vis
spectroscopy (not shown). These experiments were used (1) to
quantify the recovery properties of the microdialysis probe
for different flowrates, membrane lengths, and medium
compositions, (2) to study the time characteristics of fluid
transport in the integrated system with microdialysis probe
and flow cell, and (3) to study the time characteristics of the
total sampling-and-sensing system with microdialysis and
BPM. Analyte transport was studied in the system using
widefield absorption microscopy of an azorubine dye, for
visualization and quantification with spatial and temporal
resolution. Microscopy was also used for tracking the
mobility of micrometer sized particles in order to
continuously monitor the cortisol concentration using a BPM
sensor.20,23,24

Cortisol recovery by the microdialysis probe

The recovery parameter characterizes the efficiency of analyte
extraction by microdialysis, quantified as the ratio between
the concentration of the analyte in the dialysate and the
concentration of the analyte at the sampling site:20,25

Recovery ¼ Cdialysate

Csample
× 100%. Factors that influence the recovery

are the flowrate (Q, with unit volume per time, typically μl
min−1) and the total area of the semipermeable membrane
(A, with unit area, typically mm2), which both appear in

Jacobson's equation:26 Recovery ¼ Cdialysate

Csample
¼ 1 − exp

−K0·A
Q

� �
;

with K0 the permeability coefficient or mass transfer
coefficient (with unit velocity, typically μm s−1).3 Retro-dialysis
is an alternative method to quantify recovery, where the
perfusate contains the analyte and the medium does not, so a
loss of analyte into the medium is studied; correspondingly

the recovery is defined as: Recovery ¼ 1 − Cdialysate

Cperfusate

� �
× 100%.

Fig. 2 shows cortisol recovery data for a commercial
microdialysis probe with a semipermeable membrane having
20 kD molecular-weight cut-off (MWCO), with a membrane
length of 4 mm or 30 mm, using PBS as perfusate. The probe
was inserted into PBS solutions with different cortisol
concentrations, dialysate samples were collected at the outlet
of the microdialysis tube, and the cortisol concentration
in the dialysate samples was quantified using UV-vis
spectroscopy. The UV-vis calibration curve is shown in Fig.
S1,† demonstrating that the absorbance at 247 nm depends
linearly on cortisol concentration in PBS, for concentrations
between 7 and 600 μM. Water evaporation during sample
collection resulted in increases of the cortisol concentration,
especially for the lowest flowrate, which the data was
corrected for (see ESI† section 2).

Fig. 2A shows the recovery for cortisol concentrations of
50–200 μM and three different flowrates. The recovery does
not depend on the concentration and shows recovery values

Fig. 2 Cortisol recovery studied for different cortisol (CRT) concentrations (50 to 200 μM) and perfusion flowrates, quantified for a commercial
microdialysis probe with a semipermeable membrane having 20 kD molecular-weight cut-off (MWCO), with a membrane length of 4 mm or 30
mm, using PBS as perfusate. A) Cortisol recovery is quantified by the slope of the linear fit, with on the x-axis the [CRT] in the container and on the
y-axis the [CRT] in the dialysate, studied for three flowrates: 2 μl min−1 (black), 1 μl min−1 (blue), and 0.5 μl min−1 (pink). A membrane length of 30
mm was used. B) Dependency of recovery on flowrate and membrane length (4 mm in green, 30 mm in black and brown) for [CRT] of 50–200 μM.
Green and black datapoints were obtained by sampling from PBS and brown datapoints were sampled from 4% BSA in PBS. The black datapoints

correspond to the data as presented in panel A. Datapoints are fitted with the Jacobson26 equation R ¼ 1 − exp − K0·A
Q

� �
; the dashed lines indicate

the 95% confidence interval. The obtained (K0·A)-values are 0.5 ± 0.1 μl min−1 for the 4 mm membrane and 3.1 ± 0.1 μl min−1 for the 30 mm

membrane. Retro-dialysis with a medium of 4% BSA in PBS (brown) gives a (K0·A)-value of 3.2 ± 0.1 μl min−1.
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of ∼83 ± 1% for a flowrate of 2 μl min−1, 92 ± 1% for 1 μl
min−1, and 96 ± 1% for 0.5 μl min−1. Fig. 2B shows recovery
data as a function of flowrate, for dialysis and retro-dialysis
experiments. The cortisol recovery for 4 and 30 mm
membrane lengths could be fitted with Jacobson's equation,
giving values of the K0·A product of 0.5 ± 0.1 and 3.1 ± 0.1 μl
min−1, respectively. Based on the estimated membrane areas
of 6.7 mm2 and 48 mm2 for the 4 and 30 mm membranes
(using a probe radius of 0.25 mm), respectively, a
permeability coefficient K0 of about 1.2 μm s−1 was
determined.

The effect of plasma proteins on the recovery was
investigated with dialysis and retro-dialysis, using PBS
solution with 4% BSA. BSA is a bovine plasma protein with a
molecular weight of 66 kDa that does not pass the
semipermeable membrane with 20-kDa MWCO, as confirmed
in Fig. S3.† Dialysis and retro-dialysis sampling from the 4%
BSA solution resulted a ∼21 ± 4% decrease in the collected
sample weight (see ESI† section 4 and Fig. S4), which can be
attributed to the osmotic pressure due to the high protein
concentration in the medium.

The recovery for sampling from 4% BSA as obtained with
retro-dialysis (∼80, 91, and 96%) is comparable with
dialysis recoveries from buffer (∼83, 92, and 96%) (Fig. 2B).
However, dialysis from 4% BSA resulted in lower recoveries
(Fig. S5C†). This may be attributed to binding of cortisol to
BSA, which would decrease the free cortisol concentration
in solution (see ESI† section 5).27 Based on the retro-
dialysis data, it can be concluded that the transport

through the membrane only depends on the K0, A and Q,
and is not influenced by the presence of BSA proteins in
the medium.

Transport properties of the integrated microdialysis-flow cell
system studied using azorubine and cortisol

The analyte transport properties of the integrated system
with microdialysis probe and connected flow cell (see Fig. 1)
were investigated using azorubine and cortisol as analytes.
Azorubine and cortisol are small molecules with similar
molecular weights (502 Da and 362 Da, respectively) and
diffusivities. Azorubine is a red colorant that is easily
detected using absorption microscopy. The concentration of
azorubine in the flow cell can be determined from the
adsorption of light at 510 nm (ESI† section 6 and Fig. S6),
allowing the study of sample transport (advection and
diffusion) with a data frequency of 1 Hz.

The left-bottom panel in Fig. 1 shows microscopy images
of the entire measurement chamber in the flow cell, during
the first 10 minutes after a concentration step from 0 to 0.96
mM azorubine at the sampling site, with a perfusion flowrate
of 2 μl min−1. The image after 5 minutes shows concentration
differences, with higher concentrations in the center and
lower concentrations at the sides. Fig. 3A shows azorubine
concentration-time profiles measured in different regions of
interest (ROIs) in the flow cell. All measured curves show a
behaviour that is close to a single-exponential relaxation
function (with characteristic relaxation time τ) after a delay

Fig. 3 Analyte transport in the integrated system, using azorubine as analyte, and sampling with a microdialysis probe with 30 mm membrane
length and with PBS as perfusate. A) Optical absorption microscopy images were taken in various regions in the measurement chamber in the flow
cell, see the inset (see Fig. S8† for more details). The perfusion flowrate was 2 μl min−1 and azorubine was sampled from 0.96 mM azorubine in
PBS. The resulting concentration measurements are indicated as continuous lines and fits as dotted lines. The fits represent single-exponential
relaxation curves, with a characteristic relaxation time τ, time-shifted with a delay time t0. The delay time t0 of the grey, black, and green fits differ
by ∼1 minute and corresponds to the time it takes to transport the sample over a 2 mm distance in the flow cell. B) Concentration-time profiles in
the center of the measurement chamber, for step increases and step decreases of azorubine concentration ([azo] in sample container ranged from
0 to 1.92 mM), as a function of the applied perfusion flowrate: 2 (black), 1 (blue) and 0.5 (pink) μl min−1. Continuous lines indicate measurements
and dotted lines indicate single-exponential fits. The vertical lines indicate the t0-values and the fitted τ-values are provided next to the graphs.
The values per fit are provided in Tables S1 and S2.†

Sensors & Diagnostics Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 5
:5

2:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00185g


1642 | Sens. Diagn., 2023, 2, 1638–1648 © 2023 The Author(s). Published by the Royal Society of Chemistry

time t0. The delay time is interpreted as the advective
transport time that depends on the outlet volume of the
microdialysis probe (∼7 μl for the microdialysis probe plus
its outlet tubing), the position in the flow cell relative to the
flow cell inlet, and the flowrate. The delay times increase for
the ROIs from left to right, caused by the longer travelling
distance in the flow cell. The characteristic relaxation time τ

is interpreted as the time required to homogenize the
azorubine concentration in the system, by advection and
diffusion in the microdialysis probe, the outlet tube and the
flow cell. The brown curve shows the longest relaxation time,
which we attribute to the higher hydrodynamic drag near the
edges of the flow cell. Fig. 3B shows concentration-time
profiles for different flowrates. The data show how the delay
times and the relaxation times depend on the flowrate, with
lower flowrates requiring longer times to replace and
homogenize the fluid in the tubes and in the flow cell.

Fig. 4 shows concentration-time profiles for sequences of
applied step functions, using solutions with azorubine and
cortisol at a flowrate of 2 μl min−1. The azorubine recovery
values are similar to the cortisol recovery measured in Fig. 2.
Fig. 4B shows the response curves superimposed to compare
the time scales. The fits give an average t0 value of 3.5 ± 0.4
min (n = 6) and τ = 2.3 ± 0.2 min. This gives Δt95% = t0 + τ95%
= t0 + 3τ = 10.4 ± 1.0 min for the total delay time to reach
95% of the concentration change.

Fig. 4C shows the response to a series of cortisol step
functions measured at the outlet tube of the microdialysis
probe. Dialysis samples were collected every 5 min and the
cortisol concentration was determined offline using UV-vis
spectroscopy, as in the experiment of Fig. 2. The data in
Fig. 4C show the reproducibility of repeated sampling from
solutions with varying cortisol concentrations. Fig. 4D shows
the initial time-dependent response. By fitting the response,
we find that t0 is 3.4 ± 0.3 min and τ is 3.0 ± 0.3 min.
However, due to the 5 min cortisol collection times, these
numbers indicate upper boundaries rather than accurate
estimations of the time values of the microdialysis probe.

Continuous sampling-and-sensing of cortisol using
microdialysis and BPM

Fig. 5 shows the time-dependent response of the continuous
sampling-and-sensing system using microdialysis and the
cortisol BPM sensor. Fig. 5A shows the measurement setup
where the microdialysis probe is connected to the flow cell,
with the read-out of the cortisol BPM sensor in the central
region of the measurement chamber. The flow cell has an
extra input channel for the supply of calibration samples.
Fig. 5B shows the applied concentrations and the measured
bound fraction BPM signal as a function of time. The bound
fraction is expressed as the temporal fraction of particles
being in bound states.23,24 The measured calibration data are
used to establish a calibration curve that relates the BPM
signal to the concentration (Fig. 5C, left panel; calibration
curve for switching activity signal is shown in Fig. S9A and

B†). The calibration curve is established for cortisol
concentrations in the range between 0.4 and 30 μM, with an
EC50 value of ∼2 μM. Using the calibration curve, the
subsequently measured bound fraction data (t > 0 in Fig. 5B)
can be translated to apparent concentration values, as shown
in the right panel of Fig. 5C.

Fig. 5D shows the responses to concentration changes
corresponding to the six shaded areas in Fig. 5C, including
fits of single-exponential relaxation curves. The fits for buffer
indicate an average delay time t0 of 4.1 ± 0.6 min and an
average characteristic relaxation time τ of 3.0 ± 0.8 min. The
t0 values of cortisol sensing with BPM (Fig. 5D) and
azorubine sensing by optical absorption (Fig. 3B) are similar,
which indicates that t0 is dominated by the transport
phenomena that the two experiments have in common
(transport through the microdialysis probe, the tubing, and
the bulk of the flow cell) rather than transport differences
between the two experiments (BPM sensing is a surface-
sensitive measurement technique, while absorption
measurements are sensitive to analyte in the bulk solution).
The τ value is larger for cortisol sensing by BPM compared to
azorubine sensing by optical absorption, which may be
attributed to the slower intrinsic response of the cortisol
BPM sensor compared to the optical absorption
measurement. The time values give Δt95% = t0 + τ95% = t0 + 3τ
≅ 13 ± 3 min for the total time delay to reach 95% of the
concentration change. Thus, the measurement series in
Fig. 5 demonstrate that an integrated sampling-and-sensing
system consisting of a microdialysis probe and a BPM flow-
cell biosensor, enables continuous cortisol monitoring over a
timespan of ∼5 hours, with delay times and response times
on timescales of several minutes.

Conclusions

We have developed an integrated sampling-and-sensing
system for continuous biomolecular monitoring, based on
microdialysis sampling and a flow cell biosensor. The
recovery and the transport properties of a commercial
microdialysis probe (CMA/20) were quantified and the time
response of the integrated sampling-and-sensing system was
studied using azorubine and cortisol as analytes.

The cortisol recovery of the microdialysis probe was
characterized (∼83% for 2 μl min−1) and showed a flowrate
dependency according to the Jacobson equation with a
permeability coefficient of ∼1.2 μm s−1. The time response of
the sampling-and-sensing system was characterized by a
delay time and a single-exponential relaxation curve. The
delay time is caused by advective transport through the
microdialysis probe, the tubing, and the flow cell. The single-
exponential relaxation behaviour relates to the
homogenization of analyte concentration in the microdialysis
probe, tubing, and the flow cell, together with the intrinsic
response time of the analyte sensing method. At a flowrate of
2 μl min−1, the integrated sampling-and-sensing system
showed a total time delay of about 13 min to reach 95% of
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Fig. 4 Transport properties of the microdialysis system for series of applied concentration step functions, for azorubine and cortisol, using a
microdialysis probe with 30 mm membrane length and a flowrate of 2 μl min−1 of PBS buffer. A) Azorubine concentration measured in the flow cell
for a series of step functions. The highest concentration azorubine [azo] is 0.96 mM. The inset shows an azorubine recovery of 88 ± 4%; dashed lines
indicate the 95% confidence interval. B) Superimposed representation of selected curves of panel A, showing that changes of signal are detectable
after 3 minutes. Roughly 10 minutes are required to reach 95% of the signal change (t0 + τ95% = t0 + 3·τ). Dotted lines indicate the single-exponential
fits; the t0- and τ-values are provided in Table S3.† C) Cortisol concentration ([CRT]) measured in dialysate using UV-vis spectroscopy. Samples with a
volume of 10 μl were collected from the outlet of the microdialysis probe, each sample collected over a period of 5 min, as in the experiments of
Fig. 2. D) Superimposed representation of selected curves of panel C, showing that changes of signal are detectable after 5 minutes. Roughly 10
minutes are required to reach 95% of the signal change. Dotted lines are guides to the eye, obtained via exponential fitting, see Table S4† for details.
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Fig. 5 Real-time cortisol monitoring with an integrated microdialysis-BPM system using a microdialysis probe with a 30 mm membrane length and a
flowrate of 2 μl min−1, with PBS plus 0.5 M NaCl as perfusate, and sampling from buffer (PBS with 0.5 M NaCl) and plasma (human blood plasma with
0.5 M NaCl). In all fluids, the NaCl was added for stability of the immunosensor.24 A) Schematic drawing of the experimental system using microdialysis
sampling from a series of fluid containers. The BPM flow cell has two inlets: one connected to the microdialysis probe and another one for the supply
of calibration samples. The outlet of the flow cell is used for the collection of waste fluid or to draw calibration fluid into the flow cell with a syringe
pump. B) Applied cortisol concentrations as a function of time (bottom panel) and measured sensor signal as a function of time (top panel). The first
∼100 min were used for measuring calibration samples and thereafter microdialysis sampling from buffer and plasma was studied. Measurement
blocks were manually started, automatically ended, and manually re-started, which sometimes caused gaps in the data series. C) Left panel: calibration
curve, based on the black data points in panel B. Right panel: apparent cortisol concentrations as a function of time, based on the calibration curve
and the signals measured in panel B (t > 0). D) Six sections are shown, corresponding to the shaded areas in panel C. The symbols correspond to the
symbols in B and C. Data are fitted with single-exponential relaxation curves (black lines) of which the parameter values are provided in Table S5.† The
long tails of relaxation curves for decreasing concentration steps are caused by the logarithmic y-axis scale.
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the concentration change. These timescales should be suited
for monitoring physiological cortisol dynamics as these occur
on timescales in the order of tens of minutes up to
hours.19,28

Further studies will focus on analytical aspects such as
precision, calibrations, and accuracy, and how these depend
on the microdialysis perfusion rate. Buffer compositions will
be investigated, as these can affect microdialysis performance
(e.g. osmotic pressure with respect to the biological medium)
as well as sensor performance. It will be interesting to
comparatively study microdialysis integration with other
sensors for continuous biomolecular monitoring, such as
continuous electrochemical aptamer-based sensors29–31 and
continuous fluorescence-based sensors.32,33 Finally, tests in
live biological systems of increasing complexity are an
interesting next step to develop the technology toward future
applications of continuous monitoring in (pre)clinical
settings.

Experimental
Materials and methods

Materials. The oligonucleotides used in the study were
purchased from Integrated DNA Technologies (IDT).
Chemicals used in the study were purchased from Sigma,
unless stated otherwise. Custom-made flow cell stickers
(Custom 4 Well Secure Seal) were obtained from Grace
Biolabs (USA) based on the dimensions as provided in Fig.
S8.† Porcine whole blood was provided by LifeTec Group.
Azorubine stock was based on JO-LA red food colouring
containing E122.

Preparation of cortisol-DNA conjugates. Cortisol 3-CMO-
NHS ester (Sigma-Aldrich, H6635) was coupled to ssDNA with
a 5′ amine (amine – 5′-TGG TCT TAC CCC TGC CGC AC-3′),
based on Li, Y. et al.,34 with use of HOBt as described by Yan,
J. et al.22 To obtain cortisol−DNA conjugates, 45 μL of 60
Cortisol 3-CMO-NHS ester was mixed with 4 μL of 60 mM
HOBt (Sigma-Aldrich; 54 802), 4 μL of 300 mM EDC (Sigma-
Aldrich; E6383), and 4 μL of DIPEA (Sigma-Aldrich; 387649)
in dimethylsulfoxide (DMSO). The reaction mixture was
incubated at room temperature for 15 min.

Amine-modified DNA was diluted to 10 μM in MOPS
buffer (50 mM MOPS (Sigma-Aldrich; M1254) and 0.5 M
NaCl, pH 8.0), of which 72 μL was added to the mixture and
left to react for 16 h (room temperature, 850 rpm). A fresh
reaction mixture of cortisol, HOBt, EDC, and DIPEA was
prepared as before, incubated for 15 min, added to the
amine–DNA mixture and left to react for 6 h. The reaction
was quenched by adding 25 μL of 500 mM NH4OAc (Sigma-
Aldrich; A1542).

The reaction mixture containing cortisol–DNA was
dissolved in 0.15 mM NaCl in 98% ethanol, stored at −20 °C
for 16 h, followed by spinning down at 17 000 g for 15 min at
4 °C. The pellet was washed a second time (0.15 mM NaCl in
98% ethanol), incubated at −20 °C for 75 min, centrifuged,
and washed with 70% ethanol. After incubation at −20 °C for

75 min, it was centrifuged, and the cortisol–DNA was
obtained after lyophilization. The cortisol–DNA was dissolved
to 25 μM and the conjugation verified using gel
electrophoresis with a 15% urea gel at 150 V for 90 minutes.

Cortisol preparation. Cortisol stock was prepared by
dissolving 1 mg ml−1 in methanol (technical grade) and
diluted further in either 0.5 M NaCl/PBS, 4–40% BSA in PBS,
in human plasma (P9523-5 ml), or porcine plasma, or full
porcine blood (supplied by LifeTec Group).

Plasma preparation. Human plasma (Sigma P9523-5 ml) was
reconstituted using 5 ml MilliQ. Porcine plasma was prepared by
taking the supernatant after centrifuging porcine blood (supplied
by LifeTec Group) with 2000 × g at 4 °C for 15 minutes.

Biotinylation of antibody. The C53 antibody (Thermo
Fisher Scientific, 2 mg mL−1) was first buffer exchanged to
PBS with Zeba Spin Desalting Columns, 7 k MWCO (89882,
Thermo Fisher Scientific) according to manufacturer's
instruction. EZ-Link NHS-PEG4-biotin was dissolved in DMSO
at a final concentration of 4 mM. Then, 20-fold molar excess
of NHS-PEG4-biotin was added to the antibodies and
incubated at room temperature for 1 h. Excess NHS-PEG4-
biotin was removed by Zeba Spin Desalting Columns, 7 k
MWCO (89882, Thermo Fisher Scientific), and the
biotinylated antibodies were stored in PBS with 0.1% bovine
serum albumin (BSA) at a concentration of 1 μM.

Functionalization of BPM slides (PLL-g-PEG/azide). Plastic
slides (Ibidi; 25 mm × 75 mm) were cleaned by 10 minutes of
sonication in milliQ water and then dried with a nitrogen
stream. After that, the slides were exposed to UV-ozone
treatment for 30 minutes, followed by the attachment of a
custom-made flow cell sticker (Grace Biolabs). The flow cell
was filled with 20 μL 0.45 mg mL−1 poly(L-lysine)-grafted
poly(ethylene glycol) (PLL(20)-g[3.5]-PEG(2), SuSoS) and 0.05
mg mL−1 azide functionalized PLL-g-PEG (PLL(15)-g[3.5]-
PEG(2)-N3, Nanosoft Biotechnology LLC) as described by Lin
et al.34 20 μl 0.5 nM of 221 bp dsDNA tether (221 bp dsDNA
with biotin on one side and DBCO on the other), diluted in
0.5 M NaCl/PBS, was incubated for approximately 15 hours,
followed by an incubation with 20 μl of 2 μM ssDNA-DBCO
(DBCO – 5′-GTG CGG CAG GGG TAA GAC CA-3′) for at least
48 hours (RT, up to several months).

Functionalization of particles. Streptavidin-coated
magnetic particles (10 mg mL−1, Dynabeads MyOne
Streptavidin C1, 65 001, Thermo Scientific) were incubated
for 30 minutes within equal volume of 250 nM biotinylated
cortisol antibodies with a total volume of 4 μl, on a rotating
fin. Subsequently, 1.5 μl of 10 μM polyT-biotin (biotin – 5′-
TTT TTT TTT TTT TTT T-3′) was added and incubated for 30
minutes on a rotating fin. The particle mixture was washed
twice with 500 μl of 0.05% Tween20 in PBS, and then the
particles were reconstituted in 300 μl of 0.5 M NaCl/PBS
using magnetic separation. Finally, the particle mixture was
sonicated in a sonication bath for 30 seconds to avoid
particle aggregation.

Sensor assembly and cortisol detection. On the day of
use, 250 μl of functionalized particles was injected
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(Harvard pump 11 Elite, 40 μl min−1 withdrawal speed)
into the flow cell (Grace BioLabs). Particles were incubated
for 5 minutes, to allow particles to sediment to the
substrate and attach to the DNA tethers. Thereafter, the
slide was turned over to allow untethered particles to
sediment away from the functionalized surface. Secondly,
400 μl of 100 μM of 1 kDa mPEG-biotin (PG1-BN-1 k,
Nanocs) was added, which was incubated for 30 minutes.
During incubation, the tethered particles were measured
to determine the background signal. Activation of the
system was done by adding 200 μl of 700 pM and 1 nM
cortisol-DNA (analogue) and incubated for 20 minutes.
Excess analogue was removed by washing the flow cell
with 200 μl of 0.5 M NaCl/PBS, after which the media
containing varying cortisol concentrations were added,
with 200 μl for each sample. Particle motion was recorded
for at least 10 minutes under flow by addition of ∼25 μl
calibration sample with a flowrate of 2 μl min−1. Reported
time in Fig. 5 and S9† is the time difference between
each completed particle tracking period relative to the
time of the first measured sample.

Cortisol detection with UV-vis spectroscopy. Analysis on a
NanoDrop2000 was done on the same day as microdialysis
sampling by loading 2 μl sample and read-out of the
absorbance at 247 nm.

Microdialysis. A microdialysis probe (CMA/20, 20 kDa
MWCO, 4 mm or 30 mm membrane length) was placed in a
container with sample medium heated to 37 °C. A syringe
pump (Harvard Pico Elite) was used to continuously infuse
buffer with a rate of 0.5, 1.0, or 2.0 μl min−1. A 10 ml syringe
(airtight) was filled with PBS or 4% BSA as perfusate (spiked
with cortisol for retro-dialysis and containing 0.5 M NaCl for
BPM experiments). Intermittent sampling was done by
placing the microdialysis outlet tubing in 200 μl PCR-tubes
(VWR). Sample weight was determined by weighing the
collection vials before and after sampling using an Analytical
Balance (PCE-ABT 220).

Flow cell connections. Connections with flexible tubing
(mono-lumen tubing, Freudenberg Medical, inner diameter
of 0.76 mm) were made by placing a gel-loading pipette tip in
the openings of the flow cell sticker and the tips were fixated
using UV-glue (142-M Medical Device Adhesive & Coatings,
DYMAX). The gel-loading tip was cut and flexible tubing with
an inner diameter of 0.76 mm was shifted over the tip,
creating a leak-free connection. The microdialysis outlet
tubing (transparent) was connected by inserting the tubing
into the side opening of the flow cell sticker and fixated
using UV-glue. The microdialysis inlet tubing (blue) was
connected to a blunt needle (Harvard 433243, cat # 72-5440)
using a microdialysis Tubing adapter (red, Aurora Borealis
Control BVP) that was placed in 100% ethanol for >2
minutes before putting over the tubing and needle. Perfusate
was infused with at 10 ml air-tide syringe (VWR) using a
syringe pump (Harvard Pico Elite).

Image recording and data analysis of BPM. Tethered
particles were tracked before, during, and after analogue

binding, and after each concentration change, on a Leica
Microscope (DMI5000 M with a CTR6000 light source), at a
total magnification of 10× using a high-speed FLIR CMOS
camera (Point Grey Research Grashopper3 GS3-U3-23S6M-C,
1920 × 1200, pixel format: 8 raw, gain 10). The particle
motion in a field of view of 1129 × 706 μm was recorded for
at least 10 min at a frame rate of 30 Hz with 5 ms exposure
time under dark-field illumination conditions with real-time
particle tracking software as described by Bergkamp et al.35

The localization of particles, analysis of particle motion and
detection of switching events were done using phasor-based
localization36 and Maximum-likelihood Multiple-windows
Change Point Detection method (MM-CPD).35 The sensor
response was corrected for drift over time using the method
as described by Vu et al.37

Image recording and data analysis of azorubine. Glass
slides (25 × 75 mm) were functionalized with a custom-
made 12 μl flow cell sticker and connected to flexible
tubing and the microdialysis probe, similar as described
for BPM experiments. Azorubine was detected on a Leica
Microscope (DM6000 B), at a total magnification of 2.5×
using a high-speed FLIR CMOS camera (Point Grey
Research Grashopper3 GS3-U3-32S4M-C, 1536 × 2048, pixel
format: 8 raw, gain 0). The flow cell top and bottom
edges were visible in a field of view of 2120 × 2828 μm
and the intensity was recorded under bright-field
illumination conditions with FlyCap2 software. Analysis of
intensities was done using MATLAB.

SDS-PAGE gel electrophoresis. 4–20% Tris-Glycine gel (15
well; Fisher Scientific) was loaded with 15 μl of sample mixed
with loading buffer, and 5 μl of Protein Standard (#1610373,
Biorad). Gel electrophoresis was performed under 150 volt for
75 minutes. Gel was washed with MilliQ and subsequently
incubated for 15 minutes with Coomassie Brilliant Blue
R-250 Staining Solution (#1610436, Biorad). Destaining was
done overnight in MilliQ.

Equations. Concentration-time profiles were fitted with a
single-exponential relaxation function with a time delay,

according to: y ¼
ystart; for t < t0

ystart þ Δy· 1 − exp − t − t0ð Þ
τ

� �
; for t≥ t0;

�
8<
:

with ystart equal to the starting level, Δy the amplitude of the
signal change, t the time, t0 the time delay, and τ the
characteristic single-exponential relaxation time. This equation
is available in Origin2020 under the name: ExpAssocDelay1,
where the maximum number of iterations was set to 500. The
sigmoidal fit of the dose-response curve was fitted with the

equation: S ¼ Sstart þ Send − Sstartð Þ· CRT½ �
EC50 þ CRT½ �, with S the

signal, [CRT] the cortisol concentration, and EC50 the
concentration of 50% effect. The microdialysis membrane
areas were estimated based on the sum A = A1 + A2 of the
area of a semi-sphere (A1 = π·r2) and the area of a tube (A2
= 2·π·r·h) with r = 0.25 mm and h = 4 or 30 mm. K0 was
calculated by dividing the fitted values (K0·A) by the
estimated membrane area.
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Abbreviations

BPM Biosensing by Particle Motion
CRT Cortisol
MWCO Molecular weight cut-off
Azo Azorubine
BSA Bovine Serum Albumin
ROI Region of interest
FOV Field of view
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