
Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Multifunctional motion-to-color janus transducers for the rapid detection of
sepsis biomarkers in whole blood

Steven M. Russella,b, Alejandra Alba-Patiñoa,b, Marcio Borgesa, Roberto de la Ricaa,b,∗

aMultidisciplinary Sepsis Group, Balearic Islands Health Research Institute (IdISBa), Son Espases University Hospital, S Building, Carretera de Valldemossa 79, 07120,
Palma de Mallorca, Spain
bDepartment of Chemistry, University of the Balearic Islands, Carretera de Valldemossa km 7.5, 07021, Palma de Mallorca, Spain

A R T I C L E I N F O

Keywords:
Magnetic
Self-propelled
Biosensor
Smartphone
Colorimetric
Procalcitonin

A B S T R A C T

Self-propelled particles are revolutionizing sensing applications thanks to a unique motion-based signal gen-
eration mechanism in which biorecognition reactions are detected as changes in the velocity of the colloids. Here
a new family of self-propelled multifunctional Janus particles is introduced that enables detecting changes in
particle motion colorimetrically. The particles consist of an iron oxide core that provides color and magnetism,
and a Janus coating that provides biospecific recognition and locomotive properties. In this approach, biomo-
lecular interactions trigger changes in particle motion that are detected as variations in color when spotted on a
piece of paper. These variations in color are then read and quantified with a custom-made smartphone app. The
high surface area and magnetism of the particles makes them ideal building blocks for developing biosensors
because they allow for the rapid capture of a target molecule and the removal of non-specific interactions.
Biosensors engineered with the proposed multifunctional particles were able to detect the sepsis biomarker
procalcitonin at clinically relevant concentrations within 13min in whole blood, which is faster than other
approaches requiring hour-long incubation steps under controlled conditions to detect the same biomarker in
purified serum. The short assay time along with the point-of-need design makes these biosensors suitable for
stratifying patients according to their sepsis risk level during triage independently of resource constraints.

1. Introduction

Multifunctional particles are versatile building blocks of hybrid
materials that have novel biotechnological applications. For example,
multifunctional particles have the potential to simultaneously diagnose
and treat diseases, and to imbue biosensors with additional properties
to improve their analytical performance (Agusil et al., 2017; Koren
et al., 2010; F. Li et al., 2018; Lu et al., 2015; Periyasami et al., 2017;
Rosal et al., 2018). The various functions of these particles are made
possible by the use of materials with specific physicochemical proper-
ties, or by the incorporation of biomolecules, which can endow them
with biomolecular recognition and catalytic functions (Pourrahimi and
Pumera, 2018). New functions also arise according to the spatial or-
ganization of the components in the particles. It is well established that
Janus particles with an asymmetric coating of catalysts have locomo-
tive properties mainly due to a bubble thrust (Jurado-Sánchez et al.,
2017; Wang et al., 2016; Wu et al., 2015), or a diffusio- or electro-
phoretic mechanism (Ma et al., 2015; Pourrahimi and Pumera, 2018;

Schattling et al., 2015). Multifunctional self-propelled particles have
been shown to perform complex tasks autonomously, as evidenced by
magnetic self-propelled particles with chemical handles reported to
capture and transport cells (Villa et al., 2018). In sensing, it has been
demonstrated that self-propulsion can expedite biorecognition reac-
tions (Yu et al., 2014). Moreover, the motion of self-propelled bio-
sensors offers a new way to detect biorecognition reactions when the
ligand-receptor interactions change the velocity of the particles. Such
changes can be transduced into quantifiable signals by imaging the
individual trajectories of a collection of particles and measuring their
average velocity. This approach has been successful for the detection of
a wide range of targets including pollutants (Orozco et al., 2013; Rojas
et al., 2016), disease biomarkers (Yu et al., 2014), viruses (Draz et al.,
2018b), oligonucleotides (Van Nguyen and Minteer, 2015) and varia-
tions in pH (Su et al., 2016). Recently it has been demonstrated that the
trajectories of self-propelled microparticles in a microfluidic chip can
be imaged with the camera of a mobile device, therefore paving the
way to implement this approach in decentralized analyses performed at
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the point of need (Draz et al., 2018b, 2018a). Expanding this approach
for use with nanoparticles, however, faces limitations in terms of ima-
ging and measuring individual trajectories of nanometric objects with
only a mobile phone. Another limitation is that the presence of bubbles
or dust particles in the microfluidic device may result in spurious re-
sults. Finally, mobile phone attachments and microfluidic chips, al-
though inexpensive, are additional pieces of hardware that require
transportation and training for use, which impacts their suitability in
decentralized settings.

Here we introduce a new family of multifunctional particles that
have been designed not only to excel in biosensing, but also to exploit a
novel motion-to-color signal generation mechanism for in-field ana-
lyses. The particle design is shown in Fig. 1. The particles have a
magnetic iron oxide core that enables fast and efficient washing steps in
order to remove non-specific interactions in biosensing applications.
The characteristic brown color of this material also makes the particles
amenable for colorimetry, and the colloidal nature of the biosensor
ensures a high surface area for expediting the capture of a target mo-
lecule. The iron oxide core is coated with antibodies through avidin-
biotin interactions following a Janus design. The antibodies in the
Janus coating capture the target molecule by means of a competitive
immunoassay (Fig. 2A). This results in the binding of the enzyme cat-
alase to the particles, which generates O2 bubbles and induces their
motion (Keller et al., 2018). Since particle velocity is directly related to
the number of enzymes bound to the colloids through biospecific in-
teractions, this approach enables quantifying the concentration of the
target molecule by measuring the average velocity of the particles. In
our design, the combination of color and self-propulsion in the same
particle gives rise to a new method for evaluating changes in the ve-
locity of the particles with densitometry or by visual inspection. To
achieve this, the particles are pipetted onto a piece of filter paper,
which generates a colored spot (Fig. 2B, left). Upon addition of the
enzyme substrate, the particles that captured catalase through anti-
body-antigen interactions propel themselves. This process yields larger,
less colored spots within seconds (Fig. 2B, right). The resulting varia-
tions in color are quantified and displayed in real time through an
augmented reality interface that uses computer vision algorithms to
calculate the relative pixel intensity of the colored spots when viewed
through the camera of a smartphone. With this approach, the collective
motion of particles can be detected without the need for measuring
individual particles, thus eschewing the need for microscopes or special
attachments to a mobile phone.

The suitability of the proposed multifunctional particles for devel-
oping biosensors was tested for the detection of a sepsis biomarker in
whole blood. Sepsis, defined as a multiorgan dysfunction triggered by a
dysregulated host response to infection, affects 30 million people and
results in the death of around 6 million patients every year. Such high
mortality rates could be reduced if sepsis could be quickly diagnosed at

an early stage before multi-organ dysfunction becomes irreversible.
Procalcitonin (PCT) is one of the most trustworthy biomarkers for ra-
pidly identifying sepsis. This protein is found at undetectable levels
(< 0.05 ng⋅mL-1) in the serum of healthy individuals, but its con-
centration steadily increases to values higher than 2 ng⋅mL-1 during
sepsis (Meynaar et al., 2011). Although current laboratory tests can
detect PCT in about 30min, PCT tests are generally not performed until
a patient arrives to the intensive care unit (ICU), which delays diagnosis
and results in a poorer prognosis. A rapid test that could detect PCT in a
drop of blood within 10-15min could help prioritize patients during
triage so that they receive life-saving treatments as soon as possible
(Reddy et al., 2018). The multifunctional particles reported here are
especially engineered to meet this challenge. With our design, the
capture of PCT is accelerated by increasing the concentration of parti-
cles in contact with the sample, while potential non-specific interac-
tions present in the blood matrix are rapidly removed through magnetic
washings. The motion-to-color transduction mechanism generates sig-
nals within seconds that are read in real time. The whole assay takes
place in a record time of 13min, therefore making it useful for detecting
PCT rapidly at the point of need. Recently biosensors have been pro-
posed for detecting PCT with very low limits of detection. However,
they require hour-long incubation steps under controlled temperature
conditions (37oC), and therefore they are not suitable for the rapid
diagnosis of sepsis. Furthermore, they were only tested in serum, which
requires an additional purification step from blood that delays the de-
tection of PCT even more (Chen et al., 2018; C. Li et al., 2018; Sui et al.,
2018). Finally, it should be noted that the proposed multifunctional
particles could be easily adapted for detecting other blood biomarkers
that require rapid detection simply by changing the antibodies in the
Janus coating, therefore making them versatile materials for the fab-
rication of mobile biosensors in decentralized healthcare schemes.

2. Materials and methods

2.1. Fabrication of janus particles

Magnetic beads with a diameter of 1 μm (Dynabeads® MyOne™
Carboxylic Acid, Thermo Scientific) were modified with avidin (Sigma)
with the following procedure. First the carboxylic acid groups in 200 μL
of beads with a concentration of ca. 1010 particles mL-1 were trans-
formed into sulfo-NHS esters by adding 2mg of EDC (N-(3-dimethyla-
minopropyl)-N′-ethylcarbodiimide hydrochloride, Sigma) and 2mg of
sulfo-NHS (N-hydroxysulfosuccinimide sodium salt, Sigma) dissolved in
500 μL of 0.5 M MES (4-morpholineethanesulfonic acid) pH 5.5. After
20min the solution was removed with the aid of a magnet and avidin
(1mg dissolved in 0.5mL of 0.1 M phosphate buffer pH 7.4, Sigma) was
added for 1 h. Then 0.5 mL of PBS-BSA (5mg⋅mL-1 bovine serum al-
bumin in phosphate buffered saline (PBS)) supplemented with 0.1M

Fig. 1. Schematic representation of the multi-
functional Janus particles; The iron oxide core pro-
vides magnetic and colorimetric properties, whereas
the Janus coating contains anti-PCT antibodies that
endow the particles with biorecognition functions.
An immunoassay renders the particles covered with
catalase, which triggers colloid motion in the pre-
sence of H2O2.
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glycine was added for 30min to block any unreacted sulfo-NHS esters
followed by washing 5 times with PBS and re-suspending in a final
volume of 200 μL. The resulting avidin-coated beads were kept at 4oC
until needed.

The procedure for obtaining a Janus coating of biotin-catalase is
schematically showed in Fig. S1. Biotinylated proteins were obtained
with an EZ-Link™ sulfo-NHS-biotinylation kit (Thermo Scientific) and
purified with a P-10 desalting column. 10 μL of avidin-beads (1:10 di-
lution in PBST (PBS supplemented with 0.1% Tween-20, Sigma) were
added to a 96-well plate previously coated for 1 h with PBS-BSA. A
magnet was placed at the bottom of the plate in order to hold the beads
in contact with the surface of the well. Then 100 μL of biotin-catalase
(10 μgmL-1 in PBST) or biotinylated anti-mouse IgG (Fc specific,
10 μgmL-1 in PBST Thermo Scientific) was added. After 20min the
solution was carefully removed and the beads were washed with PBST 3
times. Subsequently the magnet was removed and 100 μL of biotiny-
lated BSA (10 μgmL-1 in PBST) was added for 30min to block free
biotin-binding sites. The resulting Janus particles were washed 5 times
with PBST. Janus particles covered with gold nanoparticles (SEM image
in Fig. 3A) were obtained in the same way but substituting biotin-cat-
alase for biotinylated gold nanoparticles. A detailed protocol for the
synthesis of the biotinylated gold nanoparticles can be found in the
Supplementary Material.

2.2. Characterization of the motion of janus particles

SEM images of the Janus coating were obtained with a Hitachi S-

3400N microscope. Particle motion was visualized with an Olympus
BX60 microscope. Videos were assembled with ImageJ from images
captured every 0.3 s. Particles trajectories and velocities were obtained
with MTrackJ. The diffusion coefficient in Fig. 3D was calculated from
the size of the particles obtained from dynamic light scattering mea-
surements performed with a Nano Zetasizer instrument (Malvern) using
the Stokes equation as previously described (Rucinskaite et al., 2017).

2.3. Motion-to-color signal generation mechanism

To trigger the motion of Janus particles in paper substrates, 0.5 μL
of 2⋅1010 beads mL-1 particle suspensions was spotted on a piece of filter
paper previously modified with PBS-BSA for 5min. Then 50 μL of H2O2

at concentrations stated in the main text was added. The resulting
changes in particle concentration were evaluated with a flatbed scanner
and densitometry as stated above. In all experiments, ΔPI represents the
increase in pixel density with respect to a blank experiment.

2.4. Detection of procalcitonin

Recombinant human PCT and mouse monoclonal anti-PCT (44d9)
were purchased from Invitrogen. The procedure to obtain procalci-
tonin-conjugated catalase and experiments performed in order to op-
timize the dilution factor for the competitive immunoassay can be
found in the Supplementary Material online. Particles with a Janus
coating comprising biotinylated anti-mouse IgG were incubated with
mouse anti-PCT (50 μgmL-1 in PBST) for 1 h followed by washing 3

Fig. 2. Schematic representation of the procedure for the rapid detection of PCT with the proposed multifunctional Janus particles; (A) PCT is specifically captured in
blood by means of a competitive immunoassay consisting in a 10min capture step and a 2min wash procedure; (B) Signal generation mechanism: after spotting the
particles on a piece of filter paper H2O2 is added; the catalase enzymes generate bubbles that propel the particles and disperse the color within seconds. The
subsequent change in pixel intensity is read in real time with a mobile phone app. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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times with PBST. For each experiment, the beads in 10 μL of the re-
sulting particle dispersion were accumulated with a magnet and re-
suspended in 20 μL of a 1:2 mixture of sample and PCT-conjugated
catalase. The sample consisted of recombinant PCT diluted from a
100 μgmL-1 stock solution to the desired final concentration using
whole blood from healthy volunteers. After 10min the beads were
washed 5 times via a 10 s magnetic accumulation step followed by re-
placing the solution with 20 μL of fresh PBST. The samples were then
resuspended in a final volume of 5 μL and the motion-to-color signal
generation mechanism was performed as stated above. Colorimetric
signals (S) were obtained in real time with the app that is described in
detail in the Supplementary Material.

3. Results and discussion

3.1. Particle motion

The fabrication of the Janus particles is based on a modification of
the well-known process of desymmetrization at surfaces that has been
described previously (Rucinskaite et al., 2017). A schematic re-
presentation of the method can be found in Fig. S1 (Supplementary
Material). Briefly, it consists of modifying avidin-decorated particles
with biotinylated reagents while holding them on a surface with a
magnet. This yields Janus particles with an asymmetric coating of an-
tibodies or enzymes for self-propulsion studies. Then the magnet is
removed and free avidin binding sites are blocked with biotinylated
BSA. In Fig. 3A, when the procedure was performed with biotinylated
gold nanoparticles SEM images showed an asymmetric Janus coating
that is in agreement with the design shown in Fig. 1. To test whether a
Janus coating containing biotinylated catalase could propel the parti-
cles, H2O2 was added to a drop of particles and colloid motion was
recorded with an optical microscope. In Fig. 3B, analysis of the tra-
jectories of catalase-modified Janus particles upon the addition of H2O2

indicates that the particles move longer distances when the con-
centration of enzyme substrate increases. This agrees well with the idea
that biocatalysis is responsible for particle motion. A representative
video showing the motion of the particles is also available as Video S1
(Supplementary Material). In this video, all particles move in the same
direction, which indicates that they are propelled by convection gen-
erated by the collective effervesce. In other instances, particles were
filmed moving in a random fashion and being propelled by a deflating
O2 bubble as shown in Fig. S2. These observations suggest that at high
H2O2 concentrations the particles are mainly propelled by bubbles,
either because they are generated on their surface and they thrust the

colloids, or because they coalesce and stir the solution where they are
suspended. In Fig. 3C the average velocity of 10 particles increases as
the concentration of H2O2 increases. Oxygen bubbles were visualized in
all samples in the concentration range between 0.6 and 5M. At con-
centrations below 0.1M no bubbles were detected, which enabled
studying changes in the apparent diffusion coefficient of the particles
with dynamic light scattering (DLS) (Ma et al., 2015). In Fig. 3D the
diffusion coefficient increases as the concentration of H2O2 increases in
agreement with the observations in Fig. 3B and C that particle motion
depends on the concentration of enzyme substrate. When the same
experiments were performed with enzymes that were inactivated by
several cycles of freezing and thawing, the diffusion coefficient did not
change. This demonstrates that the variations registered in the presence
of the active enzymes are originated by their biocatalytic activity.
Overall the results shown in Fig. 3 demonstrate that the proposed Janus
particles are propelled upon addition of H2O2, in agreement with pre-
vious reports measuring the velocity and diffusion coefficient of cata-
lase- or nanoplatinum-covered particles (Draz et al., 2018b, 2018a; Ma
et al., 2015; Van Nguyen and Minteer, 2015). Below we demonstrate
that the motion of the colloids can also be monitored with densitometry
when the particles are spotted on a piece of paper, which is the basis for
transducing changes in particle motion to colorimetric signals with the
mechanism shown in Fig. 2B.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bios.2019.111346

3.2. Motion-to-color signal generation mechanism

The motion-to-color signal generation mechanism shown in Fig. 2B
is based on measuring changes in pixel intensity triggered by the mo-
tion of Janus particles spotted on a piece of filter paper. We utilized
grade 41 Whatman filter paper with a pore size of 20-25 μm as the
substrate. The 3D cellulose mesh can absorb the colloidal suspension
and limit particle diffusion in the absence of H2O2, while the large pore
size allows the particles to disperse upon activation of particle motion.
Using paper as the substrate has the additional advantage of enabling
quantifying the color of the spot with densitometry, which can be done
with a conventional flatbed scanner or through an app installed in a
mobile device (Feng et al., 2014; Göröcs and Ozcan, 2014; Russell et al.,
2017). To demonstrate that the motion of the particles can be detected
as a change in the color of a spot, a small drop of highly concentrated
catalase-covered Janus particles was first added to a piece of filter
paper. Subsequently, a drop of H2O2 was added and changes in the pixel
intensity of the spot with respect to a blank experiment were measured

Fig. 3. Characterization of particle motion; (A) SEM image and schematic representation of the Janus coating; (B) Particle trajectories imaged at different con-
centrations of H2O2 for 20 s; (C) Average velocity and standard deviation (error bars) of 10 particles after adding different concentrations of H2O2; (D) Increase in
diffusion coefficient D of particles modified with active (red dots) or inactive (green triangles) catalase molecules. Error bars are the standard deviation of 3
independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

S.M. Russell, et al. Biosensors and Bioelectronics 140 (2019) 111346

4



with a flatbed scanner and quantified with ImageJ. In grayscale, the
highest pixel intensity corresponds to white (255), whereas black has a
null pixel intensity (0). In Fig. 4A the brown color in the spot fades as
the concentration of H2O2 increases. At high concentrations of enzyme
substrate (5-10M), bubbles could be seen by eye inspection for 1-3 s on
the paper. A closeup view of the process is available as Videos S2 and S3
and Fig. S7 in the Supplementary Materials. In Fig. 4A quantification of
the pixel intensity demonstrates that there is a direct relationship be-
tween the concentration of H2O2 and the colorimetric signal, and
control experiments in the absence of catalase indicate that these
changes are originated by the enzyme and not by particle etching (red
triangles). This demonstrates that the proposed particles can be used to
transduce changes in motion into changes in color that, in turn, can be
measured with densitometry. To further demonstrate that the colori-
metric signal is triggered by the motion of the colloids, the enzymes
were inhibited with different concentrations of sodium azide (Beal
et al., 2018) and the color in the spot was evaluated after adding a fixed
concentration of H2O2 (10M, 50 μL). In Fig. 4B the colorimetric signal
decreases as the concentration of inhibitor increases, which further
shows that the enzymes are responsible for the change in color.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bios.2019.111346

We then studied whether the pixel intensity in the spot was affected
by the number of catalysts around the particles, which is the basis for
applying the motion-to-color mechanism to immunosensing. To this
end, Janus particles were prepared by adding different concentrations
of biotinylated catalase, and the colorimetric signal generated by the
motion of the resulting colloids was studied upon addition of 50 μL of
10M H2O2. In Fig. 4C the variation of pixel intensity with respect to the
blank experiment increases linearly as the concentration of biotinylated
catalase increases when plotted in a semi-logarithmic scale. This is in
agreement with the idea that the motion of the colloids, and therefore
the colorimetric signal, is directly related to the number of catalysts in
the Janus coating. Finally, we sought to investigate whether the blood
matrix could have any effect in the colorimetric signals generated by
the catalase-covered Janus particles. This is of particular relevance in
the case under study because blood is colored and many blood cells
contain catalase, and therefore an inefficient washing step could

inadvertently result in the generation of non-specific signals. To rule
out this possibility, Janus particles modified with different concentra-
tions of biotinylated catalase were resuspended in whole blood from a
healthy donor for 15min, and then 5 washing steps consisting of 10 s
magnetic capturing and liquid substitution with PBST were performed.
In Fig. 4C (red diamonds) colorimetric signals are slightly higher but
the slope of the linear fitting does not change noticeably when com-
pared to the experiments performed with particles that were not in-
cubated with blood. This shows that the color of the matrix and the
presence of catalase in blood does not have a major impact on the
sensitivity of the colorimetric sensors, and thus the proposed motion-to-
color signal generation mechanism is suitable for blood analyses.

3.3. Detection of procalcitonin (PCT) in blood samples

After demonstrating the motion-to-color signal generation me-
chanism we sought to implement this concept and the multiple func-
tions of the proposed Janus particles in a biosensor for the detection of
PCT in blood. Since every minute counts for diagnosing sepsis at the
point of care, we focused on designing a platform capable of detecting
concentrations of PCT equal or higher than 2 ng⋅mL-1 in less than
15min rather than producing a biosensor with higher sensitivity that
may require several hours to detect life-threatening levels of PCT. To
achieve this goal, the capture of PCT was favored by adding a high
concentration of magnetic beads for only 10min to samples containing
the analyte at different levels and PCT conjugated to catalase at a fixed
concentration (Figs. S3 and S4). Then 5 washing steps were performed
within 2min to remove non-specific interactions as shown in Fig. 4C.
Subsequently the motion-to-color signal generation step was triggered
(2-3 s) and the resulting changes in pixel intensity were evaluated in
real time with our complementary app (see the Supplementary Material
for details about app development). When the assay is viewed through
the camera of a mobile device, the app evaluates the image frame every
0.5 s and locates a region of interest (ROI) around the darkest pixel. The
ROI contains the darkest pixel and the surrounding area within a 10
pixel diameter of that point in order to calculate the average pixel in-
tensity as an integer value. The integer value is the result of subtracting
the average pixel intensity in the ROI from the background value of the

Fig. 4. Motion-to-color signal generation mechanism; Representative scanned images and densitometric analysis of colored spots generated by (A) Janus particles
modified with (black dots) or without (red triangles) catalase; (B) Janus particles incubated with the catalase inhibitor sodium azide (semi-logarithmic scale); (C)
Janus particles prepared with different concentrations of biotinylated catalase in PBS (black dots, y = 8.1x + 80, r2 = 0.9) or incubated for 15 min in whole blood
(red diamonds, y = 8.3x + 88, r2= 0.9) (semi-logarithmic scale). Error bars are the standard deviation of 3 independent experiments. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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paper substrate. While flatbed scanners control background illumina-
tion and eliminate shadows using a built-in light source, our app in-
cludes four illumination sensors that alert the user about even or un-
even lighting conditions. This allows for the signal to be read in a wide
range of ambient lighting conditions and still be free of unwanted light
artifacts (Figs. S5 and S6). More specifically, the illumination sensors
take the average pixel intensity from four areas on the paper substrate
near the ROI and evaluate the evenness of the illumination. When the
average pixel intensity for all four illumination sensors are within a
narrow range (± 4), the app displays the average pixel intensity of the
ROI as a green integer value augmented message over the image in the
camera's field of view. If the illumination sensors detect average pixel
intensities outside of the established range, it is indicative of uneven
illumination and the average pixel intensity of the ROI is displayed in
red. Valid measurements are denoted as the colorimetric signal S in the
calibration plots for PCT shown in Fig. 5. Please note that background
subtraction results in reversed signals compared to results obtained via
conventional densitometry in Fig. 4, that is, S is 0 when the color is
white and 255 when the color is black. Fig. 5 shows the results for the
detection of recombinant PCT spiked into whole blood from 3 different
donors. Since healthy volunteers have PCT levels below 0.05 ng⋅mL-1,
its potential contribution to the detection of PCT in the concentration
range between 1 and 20 ng⋅mL-1 was deemed negligible. Blood samples
from 3 different donors were used in order to account for interpersonal
variability in the composition of the matrix. PCT samples at different
concentration were obtained by diluting concentrated solutions 1000
times in whole blood. This means that the blood samples were not
significantly diluted, and therefore that the spiking procedure did not
significantly remove interferences from the matrix. In Fig. 5, the assays
yield less colored spots at low concentrations of the target because
under this condition the concentration of catalase-PCT bound to the
beads is higher, in agreement with the competitive immunoassay
format depicted in Fig. 2A. The colorimetric signal S is dose-dependent
in the concentration range between 1 and 20 ng⋅mL-1 as shown in the
calibration curves depicted in Fig. 5. The blank signal in Fig. 4A, B, and
4C is 24 ± 1, 20 ± 5, and 23 ± 4, respectively. The limit of detec-
tion, calculated as the sample that yields a signal higher than 2 times
the standard deviation of the blank (95% confidence) is 0.4, 0.6 and
0.7 ng⋅mL-1 for each donor, respectively. The limit of detection calcu-
lated as the sample that yields a signal higher than 3 times the standard
deviation of the blank (99% confidence) is 0.4, 1 and 1.4 ng⋅mL-1 for
each blood matrix, respectively. In all cases, the limit of detection is

well below the clinically relevant 2 ng⋅mL-1 threshold value, which
demonstrates that the proposed method is useful for detecting alarming
levels of PCT rapidly in clinical environments. The detection of the
target molecule in a sample as complex as undiluted human blood,
which contains a wide array of different proteins and cells at high
concentrations, indicates that our method is selective. This is corrobo-
rated by detecting PCT with a limit of detection below the 2 ngmL-1

threshold value in 3 different matrices from 3 different donors with a
99% level of confidence (Fig. 4A, B, and 4C, respectively). Although the
results shown in Fig. 4 are semi-quantitative, the ultrafast turnaround
time of our assay makes it useful for prioritizing at-risk patients during
triage. Variations of PCT levels in these patients can be subsequently
monitored with quantitative laboratory-based methods (Reddy et al.,
2018).

4. Conclusions

In conclusion we have introduced multifunctional Janus particles
that transduce changes in their motion into changes in color and ap-
plied them to the production of colorimetric biosensors. The motion-to-
color signal generation mechanism is based on spotting the particles on
a piece of paper and measuring changes in pixel intensity triggered by
the dispersion of the colloids. Since particle motion depends on the
number of enzymes around them, and this parameter in turn depends
on the capture of the analyte by the antibodies, the proposed me-
chanism offers a way to detect target molecules through biospecific
interactions in the Janus coating. This signal transduction mechanism is
made possible by the combination of color and self-propulsion in the
same particle, and has great potential for other colloidal colorimetric
probes such as plasmonic nanoparticles that might be difficult to detect
with imaging-based approaches. Our particles have other practical at-
tributes, such as a high surface area for the rapid capture of a target
molecule with the antibodies in the Janus coating, and magnetic
properties for rapid washing steps. Combining all these functions in a
single particle allowed us to detect sepsis biomarkers well below the
clinically relevant concentration in a record time of 13min and in
whole blood. The proposed biosensors do not require any sample pre-
conditioning steps or bulky instruments, making them suitable for de-
tecting biomarkers at the point of care. Furthermore, the utilization of
paper as the sensor substrate makes the proposed signal generation
mechanism easy to implement in disposable paper-based analytical
devices (Deraney et al., 2016; Russell et al., 2018; Tenda et al., 2018).

Fig. 5. Detection of PCT in whole blood; Representative scanned images and colorimetric signal (S) generated by PCT spiked into blood from 3 different healthy
donors (A, B, C, respectively). Error bars are the standard deviation of 3 independent experiments.
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