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We present a biosensing platform for the detection of proteins based on agglutination of aptamer coated
magnetic nano- or microbeads. The assay, from sample to answer, is integrated on an automated, low-
cost microfluidic disc platform. This ensures fast and reliable results due to a minimum of manual steps
involved. The detection of the target protein was achieved in two ways: (1) optomagnetic readout using
magnetic nanobeads (MNBs); (2) optical imaging using magnetic microbeads (MMBs). The optomagnetic
readout of agglutination is based on optical measurement of the dynamics of MNB aggregates whereas
the imaging method is based on direct visualization and quantification of the average size of MMB ag-
gregates. By enhancing magnetic particle agglutination via application of strong magnetic field pulses,
we obtained identical limits of detection of 25 pM with the same sample-to-answer time (15 min 30 s)
using the two differently sized beads for the two detection methods. In both cases a sample volume of
only 10 pl is required. The demonstrated automation, low sample-to-answer time and portability of both
detection instruments as well as integration of the assay on a low-cost disc are important steps for the

implementation of these as portable tools in an out-of-lab setting.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nano- and microbeads are being widely used for
sensing of various biomolecules in different microfluidic systems
(Antunes et al., 2015; Kwakye et al., 2006; Steigert et al., 2005;
Wang et al., 2013; Zaytseva et al., 2005; Choi et al., 2002). Mag-
netic beads (MBs) can be utilized for detection of pathogens
(Mezger et al., 2015; Beyor et al., 2008; El-Boubbou et al., 2007; Gu
et al., 2006; Li et al., 2013; Wang and Gan, 2009; Zaytseva et al.,
2005), small molecules (Yang et al., 2016; Wu et al., 2011; Zhang
et al.,, 2013) and proteins (Nam et al., 2003; Tsai et al., 2007; Horng
et al., 2006), for drug delivery (Chertok et al., 2008; Gonzales and
Krishnan, 2005; Jain et al., 2008; Wilson et al., 2005), and even for
testing certain characteristics of a drug (Quan et al., 2015). Due to
the weak magnetic properties of biomolecules, a readout based on
magnetic beads (MBs) is insensitive to chemical and biological
parameters that may affect other readout techniques and is thus
highly attractive (Yang et al., 2016; Bejhed et al., 2015; Hecht et al.,

* Corresponding author.
E-mail address: rokud@nanotech.dtu.dk (R. Uddin).

http://dx.doi.org/10.1016/j.bios.2016.05.023
0956-5663/© 2016 Elsevier B.V. All rights reserved.

2013). In addition, due to the simple readout, the detection devices
can be produced at a low cost, facilitating their usage in resource-
limited settings (Yager et al., 2008).

Assays based on agglutination of MBs, i.e., the formation of MB
clusters in order to detect biomarkers, are being widely studied
due to the simplicity of the readout (Donolato et al., 2015; Gor-
ansson et al., 2010; Ranzoni et al., 2012). In these assays, the beads
are coated with molecules with specific affinity to bind a target
molecule. The presence of the target molecule causes the MBs to
bind together to form aggregates of different sizes and shapes.
Based on the physical characteristics of the aggregates as well as
their rotational dynamics in response to an external oscillating
magnetic field, the concentration of the target molecule can be
determined. Magnetic bead-based agglutination assays are pro-
mising for point-of-care (POC) diagnostics.

However, in several studies of agglutination assays using
magnetic beads, the use of complex microfluidics, sophisticated
readout methods, large sample volume and lack of automation
have limited their real point-of-care potential. For instance, Chen
et al. (2013) developed a microfluidic chip-based assay using ap-
tamer-functionalized magnetic beads labelled with fluorescent
dye Cy3 for detecting thrombin. 50 ul of biotinylated Aptamer II
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labelled with Cy3 was incubated with 50 ul thrombin solution for
30 min. Aptamer I functionalized with magnetic beads was then
loaded into the chip through external tubing. Since the chip was
placed under a permanent magnet, the aptamer-functionalized
beads were aggregated. Subsequently, aptamer II labelled with Cy3
and functionalized with thrombin was loaded into the chip to
react with aptamer I. Finally, any unreacted aptamer Il was washed
out using an external syringe pump followed by fluorescent
measurement with a microarray scanner. Thus, the whole process
involved large assay time, multiple manual steps and external
components.

Tennico et al. (2010) performed a similar study on a further
developed chip, but used quantum dot nanocrystals instead of Cy3
dye and integrated a nanoport on the chip to connect with ex-
ternal syringe pump for washing in an automated fashion result-
ing in less reagent consumption and a shorter reaction time. The
steps of the assay included: loading of 3 pl aptamer I functiona-
lized with magnetic beads into reaction chamber followed by
magnetic bead aggregation by on-chip magnets, rinsing of excess
aptamers using external syringe pump, addition of 3 ul of throm-
bin solution into the reaction chamber followed by 5 min in-
cubation period, rinsing and washing with binding buffer, addition
of 6 ul aptamer II labelled with quantum dot nanocrystals into
reaction chamber followed by further 5 min incubation, and finally
a last washing step before measurement by a fluorescent micro-
scope. Although the sample consumption and assay time was re-
duced compared to that presented in Chen et al. (2013), it still
suffered from the limitations imposed by use of syringe pump as
well as multiple assay steps including washing and rinsing, which
makes it difficult to use it in an out-of-lab setting.

Finally, a magnetic microbead-based fluorescent-independent
agglutination assay using the same aptamers as used in the above-
mentioned studies for detecting thrombin in buffer solution was
reported by Hecht et al. (2013). The rotational period of the formed
aggregates as well as their shape, size and fractal dimension were
measured to quantify the concentration of thrombin. There, the
sample-to-answer time was more than 40 min and the assay re-
quired multiple manual steps.

Here, we present a conventional sandwich agglutination assay
for detection of the model protein thrombin in buffer (Hecht et al.,
2013), but the assay steps are integrated and automated on a low-
cost microfluidic disc. As a significant achievement, thanks to the
introduction of an on-disc magnetic field assisted incubation
protocol (Antunes et al., 2015), we reduce the sample-to-result
time from 40 min to 15 min 30s while utilizing only 10 pl of
sample. We verify that an optimum incubation of the samples
with magnetic beads under magnetic field, hereafter termed
‘magnetic incubation’, effectively enhances the MB agglutination
(Antunes et al., 2015; Ranzoni et al., 2012; Baudry et al., 2006) and
results in fast detection. By utilizing the magnetic incubation
protocol, we detect different concentrations of thrombin based
only on the size distribution of MB aggregates.

We validate the lab-on-a-disc agglutination assay for both
micro (1 pum) and nano (100 nm)-sized magnetic beads. We use
two different detection methods for the MNB and MMB-based
assays. The detection method used for MNB-based assay is the
previously presented optomagnetic readout method (Mezger et al.,
2015; Bejhed et al., 2015; Donolato et al., 2015). The optomagnetic
setup (Donolato et al., 2015) uses a Blu-ray optical pickup unit
(OPU) as the excitation element and a photodetector as the sen-
sing element. An AC magnetic field excitation is provided by an
off-chip electromagnet. The frequency-dependent modulation of
the optical transmission signal correlates with the hydrodynamic
size of the MNB aggregates and enables a sensitive and quantita-
tive detection of a target molecule based on the aggregate size
(Donolato et al., 2015). The detection method used for the MMB-

based assay is an optical imaging method that detects the area of
particle aggregates formed due to the presence of thrombin by fast
direct imaging. We use a commercial imaging and scanning in-
strument ‘oCelloScope’ (Philips BioCell), which combines the op-
tical sectioning principle of confocal microscopy with an auto-
mated scanning principle. A detailed description of the oCello-
Scope setup can be found in (Fredborg et al., 2013) and in the
Supplementary material Section S2. The automation, user-friend-
liness, fast detection and portability of both detection instruments
along with the integration of the assay steps on the disc make both
systems strong candidates for a simple sample-to-answer device
for use in an out-of-lab setting.

2. Experimental
2.1. Materials and chemicals

The assay platform in this work is a microfluidic disc. Each disc
(thickness: 2 mm) contains eight microfluidic units each with
three inlet chambers, a mixing/measuring chamber and a pneu-
matic chamber for ensuring pneumatic mixing (Fig. 1a and b). The
disc was fabricated from three layers of Polymethylmethacrylate
(PMMA) bonded by pressure sensitive adhesive (PSA) in less than
20 min. The detailed fabrication procedure of the disc is presented
in (Donolato et al., 2015) and in the Supplementary material Sec-
tion S1.

The MBs used in this study are streptavidin coated beads with
diameters of 100 nm and 1 pm, respectively. The particular bead
size was chosen as previous studies showed that the optomagnetic
signal is more sensitive to formation of aggregates when the MNB
size is about 100 nm (Donolato et al., 2015; Yang et al., 2016); and
the 1 um bead size was reported as optimum for MMBs based on
sedimentation rate and available binding sites (Hecht et al., 2013),
making it an ideal candidate for the optical imaging study. The
MNBs were purchased from Micromod (Micromod Parti-
keltechnologie GmbH, Rostock, Germany). The MMBs (T1 Dyna-
beads) as well as the human alpha thrombin (product code T6884)
were purchased from Sigma-Aldrich. Three different buffer solu-
tions were prepared for washing, aptamer binding and thrombin
binding, the details of which are provided in Supplementary ma-
terial Section S1. Two widely used anti-thrombin aptamers func-
tionalized with 5’ biotin and consisting of 29-mer and 15-mer with
20 base poly-T tails (Table 1) were purchased from DNA technol-
ogy (Denmark). We have used these two particular aptamers be-
cause of their well-proven specificity to bind with thrombin mo-
lecule (Bock et al., 1992; Tasset et al., 1997).

2.2. Magnetic bead functionalization

We prepared two sets of aptamer-functionalized MBs, one for
nano-sized beads and the other for micro-sized beads. An aliquot
of 10 pl of streptavidin-coated MNBs (10 mg/ml) was washed three
times with the washing buffer, resuspended in 100 pl of aptamer-
binding buffer and subsequently split into two equal aliquots
(Hecht et al., 2013). 4 ul of 50 uM biotinylated aptamer solution
(each of 29-mer or 15-mer) was added to each aliquot and in-
cubated for 45 min at room temperature to functionalize the beads
with the specific aptamers by forming the biotin-streptavidin
bonds. The MNB solution was then washed three times with
thrombin-binding buffer and finally resuspended at a bead con-
centration of 0.1 mg/ml (Antunes et al., 2015). The same protocol
was followed for functionalizing the MMBs.
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Fig. 1. (a) Schematic of the microfluidic disc with eight repeating functional units. (b) Illustration of one of the functional repeating units of the disc indicating different
chambers followed by MB aggregation formation due to the presence of thrombin. (¢) Schematic of the functional unit of the optomagnetic readout method for quantifying
the nanobead cluster size (Supplementary material Section S2). (d) Schematic of the functional unit of optical imaging method for quantifying the microbead cluster size

(Supplementary material Section S2).

Table 1
Sequence of thrombin-binding aptamers used in study.

Aptamer Sequence

15-mer DNA aptamer 5'-Biotin-TTT TTT TTT TIT TTT TIT TT GGT TGG TGT
GGT TGG-3'

29-mer DNA aptamer 5'-Biotin-TTT TTT TTT TTT TTT TTT TT AGT CCG TGG TAG
GGC AGG TTG GGG TGA CT-3'

2.3. Experimental procedure

An aptamer-based agglutination assay was used for thrombin
detection. The aptamers used in this study have the specific affi-
nity to bind to two structurally opposite sites of the thrombin
molecule. The experimental procedure consisted in mounting the
disc at the specific location of the optomagnetic setup followed by
injecting aptamer-functionalized magnetic beads (MBs) (10 ul of
each type) and thrombin solution (10 pl) into the three separate
loading chambers of one of the microfluidic units of the disc
(Fig. 1b). No pretreatments were made in the microfluidic units of
the disc.

Spinning of the disc transferred the liquids of the loading
chamber to the mixing/measuring chamber (Fig. 1b). On-disc
mixing of the liquids was performed by a pneumatic mixing

routine for 30 s (Noroozi et al., 2011). Subsequently, the solution
was incubated on-disc at RT for 10 min in order to facilitate
binding between the aptamers and the thrombin molecules. The
incubation caused the formation of MB-aptamer-thrombin bonds,
which resulted in aggregation of MBs as illustrated in Fig. 1b.
Subsequently, 5 min of magnetic incubation was performed to
further stimulate and enhance MB agglutination. The magnetic
incubation consisted of repeated cycles of two steps: (1) incuba-
tion in a strong magnetic field (60 mT) between two permanent
magnets to promote formation of MB clusters; (2) mixing by
shaking the disc to break unspecific bindings and to facilitate re-
orientation of the beads (Antunes et al., 2015). The magnetic in-
cubation protocol was previously optimized in (Antunes et al.,
2015) for similar magnetic nanobeads. With a minor modification,
we have employed this magnetic incubation protocol on both the
nanobeads and the microbeads. Further information on the mag-
netic incubation protocol is provided in the Supplementary ma-
terial Section S2. Finally, after magnetic incubation, the MNB-
based samples were measured by the optomagnetic readout
method and the MMB-based samples were measured by the op-
tical imaging method. For the optical imaging method, the disc
was unmounted from the optomagnetic setup and transferred to
the oCelloScope for scanning. The entire lab-on-a-disc agglutina-
tion assay including the time for incubation took 15 min 30 s while
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requiring only 10 ul of sample volume.

3. Results and discussion

3.1. Time-lapse analysis without magnetic incubation

We first performed a time-lapse analysis without magnetic
incubation for a specific concentration of thrombin (2 nM) to in-
vestigate the kinetics of the MB aggregation. For the time-lapse
analysis by optical imaging of MMBs, the sample-filled measure-
ment chamber was kept under the oCelloScope and scanned every
15 min using a routine-setup of the control software until the
MMB aggregation saturated. Similarly, for the optomagnetic
readout method using MNBs, time-lapse measurements were
performed until signal saturation was observed in the optomag-
netic spectra.

Fig. 2a shows the in-phase part of the normalized optomag-
netic spectra (V5/V; vs. f) after incubation at the indicated times.
Here, V; is the in-phase component of the 2nd harmonic of the
transmitted light intensity with respect to the magnetic field ex-
citation and Vj is the average value of the transmitted light in-
tensity. The signal increase at low frequencies that peaks near
f=7.5Hz indicates the formation and growth of MNB aggregates
over time due to the presence of thrombin. Fig. 2b shows the

5/ Vo-values at f=7.5Hz vs. time. The results indicate that the
signal without magnetic incubation reached saturation after ap-
proximately 50 min.
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Fig. 2c and d show optical images and the corresponding mean
area of MMB aggregates vs. incubation time, respectively. For the
investigated concentration of thrombin (2 nM), the aggregate area
saturated after approximately 6 h.

The time-lapse analysis using the two methods confirmed that
the MNBs aggregated much faster than the MMBs due to their
shorter diffusion time (Gundersen and Palmer, 2007). However,
the times needed for both assays were still prohibitively long from
a POC application perspective. In this regard, effective manipula-
tion of the aggregate formation by magnetic field can speed up the
aggregation resulting in faster detection as well as a lower limit of
detection (Antunes et al., 2015; Ranzoni et al., 2012; Baudry et al.,
2006). Thus, we designed our incubation strategy for further ex-
periments as 10 min incubation at RT followed by 5 min of mag-
netic incubation cycles.

3.2. Optomagnetic study with magnetic incubation

For a quantitative analysis of MNB-based assay involving
magnetic incubation, we performed an optomagnetic study of six
samples with thrombin concentrations ranging from c=0 (blank)
to c=2nM (2000 pM). Fig. 3a shows the in-phase part of the
normalized optomagnetic spectra ( V5/V, vs. f) measured after
magnetic incubation for samples with the indicated thrombin
concentrations. From Fig. 3a it is observed that due to the for-
mation of MNB aggregates, higher thrombin concentrations
caused an increase of the peak value of the signal as well as a shift
of the peak to lower frequencies.
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Fig. 2. Results vs. time without magnetic incubation for incubation of aptamer functionalized MBs with 2 nM of thrombin. (a) Optomagnetic spectra (V5/Vq vs. f) at different
time points. Occurrence of a signal at low frequencies indicates formation and growth of MNB aggregates. (b) Low-frequency signal V5/Vg(7.5Hz) vs. incubation time.
(c) oCelloScope images of aggregation state obtained after the indicated incubation times (all images are shown in Supplementary material Section S4). (d) Mean area of
MMB aggregates vs. incubation time. Error bars indicate standard deviation obtained from triplicate measurements. Scale bars indicate 60 um.
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Fig. 3. Results vs. indicated concentrations c of thrombin buffer when magnetic incubation is performed. (a) In-phase optomagnetic spectra of MNBs. (b) Corresponding
values of Vﬁ/vo( 7.5 Hz) vs. ¢. (c) oCelloScope images of four different MMB samples (full set of images is given in Supplementary material Section S4). (d) Corresponding mean
area of MMB aggregates vs. c. The black dotted lines in (b) and (d) represent the mean blank signal plus the 3 times of its standard deviation, which is used for calculating the
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A dose-response curve (Fig. 3b) was obtained by measuring the
V5[V value at f=7.5 Hz corresponding to the position of the peak in
the spectra for lower thrombin concentrations. From the dose-
response curve, we found a limit of detection (LOD) of 25 pM. This
value was obtained from the signal level corresponding to the
mean value of the blank signal plus three times its standard
deviation.

Compared to the time-lapse analysis without magnetic in-
cubation, the magnetic incubation reduced the required time to
form effective clusters by 35 min In addition, comparing Figs. 2a
and 3a, it is observed that the magnetic incubation shifted the
frequency of the peak for c=2 nM from f=10 Hz to 2.66 Hz. This
indicates that the magnetic incubation resulted in the formation of
larger clusters than without magnetic incubation. Furthermore,
comparing Figs. 2b and 3b, the amplitude of the signal at 7.5 Hz
increased a factor of about 7 from 3.5 x 10~ to 2.6 x 10~ 3. Thus,
the magnetic incubation also provided a significant signal
enhancement.

3.3. Optical imaging study

For a quantitative analysis of the MMB-based assay, we per-
formed optical imaging study for the same concentrations as
studied above after performing the magnetic incubation proce-
dure. Fig. 3c shows the images of the MMB clusters scanned by the

oCelloScope for the four indicated values of c. The images clearly
illustrate that higher values of c resulted in formation of larger
clusters. The blank sample showed very little or no aggregation of
the MMBs, whereas the sample with ¢c=2000 pM showed very
large MMB aggregates.

Using the optical sectioning principle, the scanning created
multiple stacks of images and from the image stack, the instru-
ment software created stracks of each scanned aggregate, which
facilitated calculation of the average projected area of each ag-
gregate. This was averaged over all MMB aggregates to obtain the
mean aggregate area of the population of MMB aggregates (de-
tailed information in Supplementary material Section S4). Fig. 3d
shows this mean area of MMB aggregates vs. c. From this dose-
response curve, we found an LOD of 25 pM, which is the same
value as obtained using the optomagnetic readout.

We have maintained a level of statistical analysis of our ex-
perimental results similar to other comparable studies (Yang et al.,
2016; Donolato et al., 2015; Hecht et al., 2013). In order to ensure
repeatability, all experiments were performed in triplicate. Stan-
dard statistical techniques, which take into account the standard
deviation (S.D.), e. g., 3 x S.D. criterion, were employed to establish
the limit of detection of the assay (25 pM). The error bars in
Figs. 2 and 3, representing the standard deviation, are very small
compared to the measured signal. This shows the repeatability of
the proposed biosensing system.
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The images of MMB aggregates for different thrombin con-
centration in Fig. 3c obtained with magnetic incubation differ
significantly from those in Fig. 2c obtained without magnetic in-
cubation. With magnetic incubation, the MMBs formed a tightly
packed elongated structure due to the applied magnetic force and
torque, whereas without magnetic incubation, the MMBs formed
branched clusters. Moreover, comparing Figs. 2d and 3d, it is ob-
served that the magnetic incubation protocol reduced the time to
form effective aggregates of the MMBs from about 6 h to 15 min
while the average area of the aggregates increased by a factor of
4.4 from 209.9 pm? to 928.9 um? This also indicates that the
magnetic incubation protocol with cycles of magnetic field appli-
cation and mixing by shaking enabled strong interaction both
between MMBs and between the MMBs and the target molecules.
Furthermore, as no magnetic field was applied during the shaking
step, this step promoted disruption of unspecific bindings between
MMBs.

4. Conclusion

We have presented a centrifugal microfludics platform for ap-
tamer-based protein detection in solution by use of magnetic
nano- and microbeads. The biosensor can be applied to aggluti-
nation assays based on magnetic nanobeads or magnetic mi-
crobeads to detect other clinically significant target molecules that
have affinity towards certain aptamers. The results presented here
illustrate the potential of a compact lab-on-a-disc agglutination
assay facilitating automation, low sample volume (10 pl) and a
short sample-to-answer time. The integration of the assay in a
microfluidic disc enabled the automation of sample handling,
mixing and magnetic incubation, which play a major role in in-
creasing reliability and repeatability of the assay as well as for the
user-friendliness of the technique. The optomagnetic readout
using the Blu-ray OPU and the photodetector produced results on
magnetic nanobeads that correlated well with those obtained on
magnetic microbeads using direct real-time imaging in the oCel-
loScope. Thus, these two methods support each other for the usage
of small and large particles for a particular assay and further va-
lidation of assay. Further, the magnetic incubation protocol sig-
nificantly shortened the aggregate formation time and enhanced
the size of the aggregates such that these were detectable by the
two readout techniques for low concentrations of thrombin. In
addition, although MMBs require much more time than MNBs to
form aggregates by diffusion, the magnetic incubation facilitated
detectable aggregation for both bead sizes with the same LODs
and the same total assay time. In future study, we will extend our
current work to more complex sample matrices, such as blood
plasma, where the plasma samples can be obtained via centrifugal
separation from a whole blood sample by a simple extension of the
presented disc system with no need for user intervention or ad-
vanced sample preparation.
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S1. MATERIALS AND CHEMICALS

The microfluidic disc used in this study was designed using Solidworks 2014 and fabricated in-house. Each disc
consisted of three layers of PMMA (thickness: 600 um each) with two layers of PSA (thickness: 140 um each) in order
to attach the PMMA layers (Fig. S1a). The top PMMA layer contained sample loading and venting holes and middle
PMMA layer contained the channels and chambers. All the microfluidic features on the PMMA layers were cut using a
CO,-laser (Epilog Mini 18, 30W, Epilog, USA). The dimensions of the channels and chambers are illustrated in Fig.
S1b. The depth of the chambers and channels were 880 pm and 140 pum, respectively.
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Fig. S1: (a) Schematic of five PMMA and PSA layers for forming the microfluidic disc with an overall
thickness of 2.1 mm (b) The dimensions of the channels and chambers of one of the repeating units of
the disc.
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The buffers used in this study were same as those in (Hecht et al., 2013; Centi et al., 2007; Huang et al., 2004).

Table 1: Buffers used in the study

Buffer name Composition of buffer
Washing buffer 1 M NaCl, 1 mM EDTA and 20 mM Tris (pH 7.5)
Aptamer-binding buffer 1 M NaCl, 1 mM EDTA and 5 mM Tris (pH 7.5)
Thrombin-binding buffer 140 mM NaCl, 1 mM MgCls, 10 mM KCI, 50 mM Tris, 0.1% BSA, Tween-20, (pH
7.4)




S2. EXPERIMENTAL PROCEDURES

The disc was first mounted on the optomagnetic setup which consisted of a Blu-ray optical pick-up unit (OPU, A = 405
nm), a stepper motor, two electric coils and a photodetector (Fig. S2). All on-disc sample handling including the
magnetic incubation was performed by a routine-control of the stepper motor using the in-house Labview program.
After sample loading, mixing and initial incubation, 5 min of magnetic incubation was performed.

The magnetic incubation protocol consisted of constant incubation step under the magnet followed by a shaking step. In
the incubation step, the measurement chamber was placed between two permanent magnets (60 mT field) for 5 s. After
5 s of incubation, the disc was shaken clockwise and counterclockwise (speed: 1000 rpm) another 5 s. Such cycles of
incubation and shaking were performed for 5 min.
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Fig. S2: (a) Experimental setup of optomagnetic readout. (b) Schematic illustration of the main functional
elements of optomagnetic readout with Blu-ray OPU and the measurement geometry.

After magnetic incubation, the measurement chamber of the disc was aligned with the Blu-ray laser for measurement.
The laser beam passed the chamber filled with sample through the electromagnet coils to the photodetector. The two
electromagnetic coils created a uniaxial sinusoidally varying magnetic field, which caused different rotational dynamics
for different hydrodynamic sizes of the MNB aggregates. The rotation of MNBs and MNB aggregates resulted in a
modulation of the intensity of the laser light measured by the photodetector. The frequency dependence of this light
modulation depends on the rotation dynamics defined by the hydrodynamic size of the MNB aggregates as well as their
scattering properties. The 2" harmonic normalized in-phase component of the photodetector signal, V, /V, , measured at

different frequencies provides information on the aggregation states of the MNBs. Spectra of this photodetector signal
were measured at 26 logarithmically equidistant points between 0.94 Hz and 5461 Hz. The time required to obtain a
spectrum was approximately 1 min 30s. Further details information on the optomagnetic readout method are given in
(Donolato et al., 2015).

For the MMB-based samples, all assay steps including the magnetic incubation were performed using the stepper motor
and the in-house Labview program of the optomagnetic setup. For scanning and quantifying the sample by optical
imaging method, the disc was unmounted from the optomagnetic setup and placed on a home-built disc-holder
customized to fit the oCelloScope measurement area. The purpose of the disc-holder was to position the disc within the
focal plane of the camera as well as to ensure position repeatability for all experiments. The oCelloScope is an
automated and portable imaging instrument with an optical resolution of 1.3 pum. Its main functional unit consists of an
illumination unit (light source), a digital camera unit and a lens system for sophisticated imaging of a particular sample
(Fig. S3). The measurement chamber of the disc was placed between the light source and the camera. The instrument
software ‘Uniexplorer’ was used to operate the instrument and run the image scanning.
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Fig.S3: (a) Experimental setup of oCelloScope with the microfluidic disc placed between the light source and
camera. (b) Functional unit of oCelloScope consisting of a light source and a camera with tilted focal plane. The
tilted focal plane facilitates to create a stack of images and subsequently, object stack for each scanned object by
optical sectioning principle.

During scanning of a selected scan area, the light beam passed through the sample and was captured by the camera.
Uniquely for the instrument, aggregates were scanned along the x-, y- and z-directions in the particular sample. This
was achieved using an optical sectioning principal by tilting the focal plane 6.25 degree for recording series of images
along the scan direction (vertical axis) forming an image stack. Based on the image stack, an object stack was formed
for each of the objects of interest, in our case MMB aggregates. For further analysis of the object stack, physical
parameters of interest were defined in the instrument software. In our case, the physical property of interest was the
average area of each of the scanned objects (MMB aggregates). It is worth-mentioning that a particular region of a
sample to be scanned as well as a size-range of the objects to be characterized could be pre-selected in the software. For
our study, both the size-range (0 to 6000 pm?) and the selected scan-region were kept constant for all of the
measurements to ensure repeatability and reliability. The average size of the MMB aggregates was calculated by the
image processing algorithm of the instrumental software. The average area mentioned in this study is the mean area, i.e.
the average size of all scanned aggregates within the selected size range. The time required for scanning the sample and
calculating the area of the aggregates was approximately 1 min. Further information on the oCelloScope principle is
given in (Fredborg et al., 2013).

S3. Occupation of binding sites on beads

In this section, we estimate the maximum number of aptamers bound onto the surface of the magnetic beads and thus,
compare the aptamer binding, i.e., thrombin binding capability of the MNBs and MMBs.

Table S1: Comparison of aptamer binding capability of MNBs and MMBs

Max. No. of Max. No. of
No. of streptavidin o bound
Beads S . No. of beads/mg | aptamers/
binding sites aptamers/ml
bead
of beads
300 pmol/mg beads 6x101 15
MNB | Micromod 2015) | (Micromod 2015) 300 1810
400 pmol/mg beads 1x10° . 15
MMB (Invitrogen 2011) (Invitrogen 2011) 2:4x10 2:4x10




For a single experiment, we used 20 ul of aptamer-beads (10 ul of each 29-mer and 15-mer) and 10 pl of sample
(thrombin solution). Thus, based on the values of Table S1, the maximum number of aptamers bound to the surface of
the beads per 20 pl of solution are 3.6x10%° and 4.8x10% for MNBs and MMBs, respectively. For the thrombin
concentration of 25pM corresponding to the LOD, the number of molecules in 10pl sample is 1.2x10%°. Hence, as one
thrombin molecule can bind to at most two aptamers (one 29-mer and one 15-mer aptamer), from the above-mentioned
values it can stated that although the number of aptamers on the surface of each MNB is much smaller than that on each
MMB, all of the thrombin molecules were occupied in both cases.

S4. OPTICAL IMAGING RESULTS

Fig. S4 illustrates the full-set of images of the time-lapse analysis of MMB-based thrombin sample performed using the
oCelloScope for 7 hours.
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Fig. S4: oCelloscope images of MMB aggregates due to the presence of 2 nM thrombin after the indicated incubation
times without application of magnetic field. Scale bars indicate 60 pm.

Fig. S5 illustrates the scanned images with oCelloScope of all the different concentrations of thrombin sample

Blank 50 pM 100 pM
o e — R v .:\ ._ITn_ !
N T

Fig. S5: oCelloscope images of MMB aggregates formed in the indicated concentrations of thrombin in buffer after
magnetic incubation. Scale bars indicate 60pm.



S5. DISCUSSION

The focus of our current study was on the biosensing platform, its automation and portability along with
utilization of magnetic incubation for obtaining low and similar LOD for micro- and nanobead based assay
within a short period of time. We have chosen thrombin as a model protein due to its wide popularity as an
analyte in proof-of-principle studies. Thus, obtaining a very low signal-to-noise ratio was not our current
focus for this study. On the contrary, the commercial assay kits are specifically designed for the detection at
very low sensitivity, which is suitable to be used in clinics and hospital. Thus, the comparison between our
assay and commercially available assays would be an unbalanced comparison. Nevertheless, we are
discussing some aspects of the commercial assays to demonstrate the prospect of our current assay for
clinical use.

The current commercial assays for thrombin detection are ELISA-based assays performed in 96-well plates.
One of such commercially available kits is Thrombin (Factor 1) Human ELISA Kit (ab108909) developed
by Abcam plc. It is designed for quantitative detection of thrombin in cell supernatant whereas in our current
work, we have performed the detection in buffer. Furthermore, the assay kit involves multiple manual steps,
whereas our assay is performed in an automated fashion. Moreover, the Abcam assay kit’s detection method
is colorimetric and our detection method is based on the size and concentration of magnetic bead clusters.

Another example of a commercial kit is Thrombin (Human) Elisa Kit (Catalog# KA0511) developed by
AbNova. Its detection method is colorimetric as well and the required sample volume is 50 pl obtaining a
LOD of 0.16 ng/ml (4 pM), whereas our required sample volume is only 10 ul. Hence, our assay procedure
and detection mechanism differ significantly from the commercial ones in terms of sample volume and
automation. In future, we will optimize the assay platform for real patient sample and also focus more on
obtaining lower sensitivity.
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