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Abstract

Self-propelled particles are revolutionizing segsapplications thanks to a unique motion-based
signal generation mechanism in which biorecognitieactions are detected as changes in the
velocity of the colloids. Here a new family of sphopelled multifunctional Janus particles is
introduced that enables detecting changes in partimotion colorimetrically. The particles
consist of an iron oxide core that provides colod anagnetism, and a Janus coating that
provides biospecific recognition and locomotive gedies. In this approach, biomolecular
interactions trigger changes in particle motiont thee detected as variations in color when
spotted on a piece of paper. These variationslor ee then read and quantified with a custom-
made smartphone app. The high surface area andetisgrof the particles makes them ideal
building blocks for developing biosensors becalmssy tallow for the rapid capture of a target
molecule and the removal of non-specific interattidBiosensors engineered with the proposed
multifunctional particles were able to detect thlepss biomarker procalcitonin at clinically
relevant concentrations within 13 minutes in whdl@od, which is faster than other approaches
requiring hour-long incubation steps under contaitonditions to detect the same biomarker in
purified serum. The short assay time along withpbiat-of-need design makes these biosensors
suitable for stratifying patients according to thepsis risk level during triage independently of

resource constraints.

Keywords: magnetic, self-propelled, biosensor, smartphoalrimetric, procalcitonin



1. Introduction

Multifunctional particles are versatile buildingoloks of hybrid materials that have novel
biotechnological applications. For example, mutidtional particles have the potential to
simultaneously diagnose and treat diseases, antbtge biosensors with additional properties to
improve their analytical performance (Agusil et 2017; Koren et al., 2010; F. Li et al., 2018;
Lu et al., 2015; Periyasami et al., 2017; Rosal.e018). The various functions of these
particles are made possible by the use of matesiditsspecific physicochemical properties, or
by the incorporation of biomolecules, which can@amdhem with biomolecular recognition and
catalytic functions (Pourrahimi and Pumera, 20N&w functions also arise according to the
spatial organization of the components in the pladi It is well established that Janus particles
with an asymmetric coating of catalysts have loctivegroperties mainly due to a bubble thrust
(Jurado-Sanchez et al., 2017; Wang et al., 2016gtM¥l, 2015), or a diffusio- or electro-
phoretic mechanism (Ma et al., 2015; Pourrahimi Rachera, 2018; Schattling et al., 2015).
Multifunctional self-propelled particles have bedrown to perform complex tasks
autonomously, as evidenced by magnetic self-preggiharticles with chemical handles reported
to capture and transport cells (Villa et al., 2018)sensing, it has been demonstrated that self-
propulsion can expedite biorecognition reactionsg €Y al., 2014). Moreover, the motion of self-
propelled biosensors offers a new way to detecebamgnition reactions when the ligand-
receptor interactions change the velocity of theigdas. Such changes can be transduced into
guantifiable signals by imaging the individual &etories of a collection of particles and
measuring their average velocity. This approachbleas successful for the detection of a wide
range of targets including pollutants (Orozco et2013; Rojas et al., 2016), disease biomarkers

(Yu et al., 2014), viruses (Draz et al., 2018bigahucleotides (Van Nguyen and Minteer, 2015)



and variations in pH (Su et al., 2016). Recenthais been demonstrated that the trajectories of
self-propelled microparticles in a microfluidic phtan be imaged with the camera of a mobile
device, therefore paving the way to implement #pproach in decentralized analyses performed
at the point of need (Draz et al., 2018b, 2018apaAding this approach for use with
nanopatrticles, however, faces limitations in teahsnaging and measuring individual
trajectories of nanometric objects with only a n@lphone. Another limitation is that the
presence of bubbles or dust particles in the migici€ device may result in spurious results.
Finally, mobile phone attachments and microfluichéps, although inexpensive, are additional
pieces of hardware that require transportationteaiding for use, which impacts their suitability

in decentralized settings.

Here we introduce a new family of multifunctionarpcles that have been designed not only to
excel in biosensing, but also to exploit a novetioreto-color signal generation mechanism for
in-field analyses. The particle design is showFigure 1. The particles have a magnetic iron
oxide core that enables fast and efficient wasbktegs in order to remove non-specific
interactions in biosensing applications. The charatic brown color of this material also

makes the particles amenable for colorimetry, &edcolloidal nature of the biosensor ensures a
high surface area for expediting the capture afget molecule. The iron oxide core is coated
with antibodies through avidin-biotin interactidieiowing a Janus design. The antibodies in the
Janus coating capture the target molecule by maefamsompetitive immunoassay (Figure 2A).
This results in the binding of the enzyme catatagbe particles, which generates liibbles

and induces their motion (Keller et al., 2018).c®iparticle velocity is directly related to the
number of enzymes bound to the colloids througlsgmaific interactions, this approach enables

guantifying the concentration of the target moledoy measuring the average velocity of the



particles. In our design, the combination of ca@nd self-propulsion in the same patrticle gives
rise to a new method for evaluating changes irvéhecity of the particles with densitometry or
by visual inspection. To achieve this, the pari@dee pipetted onto a piece of filter paper, which
generates a colored spot (Figure 2B, left). Upatitemh of the enzyme substrate, the particles
that captured catalase through antibody-antigesmantions propel themselves. This process
yields larger, less colored spots within secondguie 2B, right). The resulting variations in
color are quantified and displayed in real timetlygh an augmented reality interface that uses
computer vision algorithms to calculate the rekajpixel intensity of the colored spots when
viewed through the camera of a smartphone. Withapproach, the collective motion of
particles can be detected without the need for m@asindividual particles, thus eschewing the

need for microscopes or special attachments tolalenohone.

The suitability of the proposed multifunctional fiees for developing biosensors was tested for
the detection of a sepsis biomarker in whole bl@=psis, defined as a multiorgan dysfunction
triggered by a dysregulated host response to infecaffects 30 million people and results in the
death of around 6 million patients every year. Soigh mortality rates could be reduced if
sepsis could be quickly diagnosed at an early dtaffe multi-organ dysfunction becomes
irreversible. Procalcitonin (PCT) is one of the togstworthy biomarkers for rapidly

identifying sepsis. This protein is found at undeble levels€ 0.05 ngmL™) in the serum of
healthy individuals, but its concentration steadtilgreases to values higher than Zimg*

during sepsis (Meynaar et al., 2011). Although entrtaboratory tests can detect PCT in about
30 min, PCT tests are generally not performed anpi&tient arrives to the intensive care unit
(ICU), which delays diagnosis and results in a poprognosis. A rapid test that could detect

PCT in a drop of blood within 10-15 min could helgoritize patients during triage so that they



receive life-saving treatments as soon as pos@iaddy Jr. et al., 2018). The multifunctional
particles reported here are especially engineereaket this challenge. With our design, the
capture of PCT is accelerated by increasing theaumation of particles in contact with the
sample, while potential non-specific interactionsgent in the blood matrix are rapidly removed
through magnetic washings. The motion-to-colorgdarction mechanism generates signals
within seconds that are read in real time. The wlaglsay takes place in a record time of 13
minutes, therefore making it useful for detectir@Rapidly at the point of need. Recently
biosensors have been proposed for detecting PQilvertly low limits of detection. However,
they require hour-long incubation steps under cdienl temperature conditions (&3), and
therefore they are not suitable for the rapid desgs of sepsis. Furthermore, they were only
tested in serum, which requires an additional mpation step from blood that delays the
detection of PCT even more (Chen et al., 2018;i@t hl., 2018; Sui et al., 2018). Finally, it
should be noted that the proposed multifunctioatigles could be easily adapted for detecting
other blood biomarkers that require rapid detecsiomply by changing the antibodies in the
Janus coating, therefore making them versatile madgdor the fabrication of mobile biosensors

in decentralized healthcare schemes.
2. Materials and M ethods

Fabrication of Janus nanoparticles. Magnetic beads with a diameter ofuin (Dynabeads®
MyOne™ Carboxylic Acid, Thermo Scientific) were nifoed with avidin (Sigma) with the
following procedure. First the carboxylic acid gpsun 200uL of beads with a concentration of
ca. 16° particles mI* were transformed into sulfo-NHS esters by addinggof EDC (N-(3-

dimethylaminopropyl)-Nethylcarbodiimide hydrochloride, Sigma) and 2 niggalfo-NHS (N-



hydroxysulfosuccinimide sodium salt, Sigma) dissedlvin 500 uL of 0.5 M MES (4-

morpholineethanesulfonic acid) pH 5.5. After 20 rie solution was removed with the aid of a
magnet and avidin (1 mg dissolved in 0.5 mL of Bllphosphate buffer pH 7.4, Sigma) was
added for 1 h. Then 0.5 mL of PBS-BSA (5 mi™ bovine serum albumin in phosphate
buffered saline (PBS)) supplemented with 0.1 M igigcwas added for 30 min to block any
unreacted sulfo-NHS esters followed by washingres with PBS and re-suspending in a final

volume of 20QuL. The resulting avidin-coated beads were kepf@tuhtil needed.

The procedure for obtaining a Janus coating ofrbicditalase is schematically showed in Figure
S1. Biotinylated proteins were obtained with anlE@k™ sulfo-NHS-biotinylation kit (Thermo
Scientific) and purified with a P-10 desalting aolu 10uL of avidin-beads (1:10 dilution in
PBST (PBS supplemented with 0.1% Tween-20, Sigme)ewadded to a 96-well plate
previously coated for 1 h with PBS-BSA. A magnetswdaced at the bottom of the plate in
order to hold the beads in contact with the surtsidbe well. Then 10QL of biotin-catalase (10
nug mL?* in PBST) or biotinylated anti-mouse 1gG (Fc spiecifilo ug mL* in PBST Thermo
Scientific) was added. After 20 min the solutionswaarefully removed and the beads were
washed with PBST 3 times. Subsequently the magastremoved and 1Q@L of biotinylated
BSA (10 pg mL* in PBST) was added for 30 min to block free bidtinding sites. The
resulting Janus particles were washed 5 times RBIST. Janus particles covered with gold
nanoparticles (SEM image in Figure 3A) were obtdiimethe same way but substituting biotin-
catalase for biotinylated gold nanoparticles. Aadet protocol for the synthesis of the

biotinylated gold nanopatrticles can be found inSlapplementary Material.



Characterization of the motion of Janus particles: SEM images of the Janus coating were
obtained with a Hitachi S-3400N microscope. Patitiotion was visualized with an Olympus
BX60 microscope. Videos were assembled with Imaged images captured every 0.3 s.
Particles trajectories and velocities were obtainéth MTrackJ. The diffusion coefficient in

Figure 3D was calculated from the size of the phasi obtained from dynamic light scattering
measurements performed with a Nano Zetasizer mstinti (Malvern) using the Stokes equation

as previously described (Rucinskaite et al., 2017).

Motion-to-color signal generation mechanism: To trigger the motion of Janus particles in
paper substrates, O of 2[10'° beads mL* particle suspensions was spotted on a piecetef fil
paper previously modified with PBS-BSA for 5 minhéin 50uL of H,O, at concentrations
stated in the main text was added. The resultimggés in particle concentration were evaluated
with a flatbed scanner and densitometry as stabettea In all experimentd)PI represents the

increase in pixel density with respect to a blaxieziment.

Detection of procalcitonin: Recombinant human PCT and mouse monoclonal anti{8&d9)
were purchased from Invitrogen. The procedure tainkprocalcitonin-conjugated catalase and
experiments performed in order to optimize thetablu factor for the competitive immunoassay
can be found in the Supplementary Material onliparticles with a Janus coating comprising
biotinylated anti-mouse IgG were incubated with s@anti-PCT (5qug mL™" in PBST) for 1 h
followed by washing 3 times with PBST. For each exkpent, the beads in 10L of the
resulting particle dispersion were accumulated \&ithagnet and resuspended inu20of a 1:2
mixture of sample and PCT-conjugated catalase. Sdmaple consisted of recombinant PCT

diluted from a 10Qug mL* stock solution to the desired final concentratising whole blood



from healthy volunteers. After 10 min the beadsewverashed 5 times via a 10 s magnetic
accumulation step followed by replacing the solutwith 20 uL of fresh PBST. The samples

were then resuspended in a final volume gfils5and the motion-to-color signal generation
mechanism was performed as stated above. Colornsgnals (S) were obtained in real time

with the app that is described in detail in the Bementary Material.

3. Results and discussion

Particle motion.

The fabrication of the Janus particles is based omodification of the well-known process of
desymmetrization at surfaces that has been dedgoileeiously (Rucinskaite et al., 2017). A
schematic representation of the method can be fouRtjure S1 (Supplementary Material).
Briefly, it consists of modifying avidin-decoratedrticles with biotinylated reagents while
holding them on a surface with a magnet. This gidlanus particles with an asymmetric coating
of antibodies or enzymes for self-propulsion stadighen the magnet is removed and free avidin
binding sites are blocked with biotinylated BSA Rigure 3A, when the procedure was
performed with biotinylated gold nanoparticles SEMages showed an asymmetric Janus
coating that is in agreement with the design shmwigure 1. To test whether a Janus coating
containing biotinylated catalase could propel tagiples, HO,was added to a drop of particles
and colloid motion was recorded with an optical noécope. In Figure 3B, analysis of the
trajectories of catalase-modified Janus particEmnuthe addition of kD, indicates that the
particles move longer distances when the conceémtraf enzyme substrate increases. This
agrees well with the idea that biocatalysis is oesgble for particle motion. A representative

video showing the motion of the particles is algailable as Video S1 (Supplementary



Material). In this video, all particles move in te@me direction, which indicates that they are
propelled by convection generated by the colleatiifervesce. In other instances, particles were
filmed moving in a random fashion and being pragklby a deflating @bubble as shown in
Figure S2. These observations suggest that atHi@h concentrations the particles are mainly
propelled by bubbles, either because they are geateon their surface and they thrust the
colloids, or because they coalesce and stir theisolwhere they are suspended. In Figure 3C
the average velocity of 10 particles increasedi@asoncentration of #D, increases. Oxygen
bubbles were visualized in all samples in the cotreéion range between 0.6 and 5 M. At
concentrations below 0.1 M no bubbles were deteetlich enabled studying changes in the
apparent diffusion coefficient of the particlesiwitynamic light scattering (DLS) (Ma et al.,
2015). In Figure 3D the diffusion coefficient inases as the concentration gl increases in
agreement with the observations in Figures 3B @that particle motion depends on the
concentration of enzyme substrate. When the samperiexents were performed with enzymes
that were inactivated by several cycles of freeand thawing, the diffusion coefficient did not
change. This demonstrates that the variationstexgidin the presence of the active enzymes are
originated by their biocatalytic activity. Overé#ile results shown in Figure 3 demonstrate that
the proposed Janus particles are propelled upati@ddf H,O,, in agreement with previous
reports measuring the velocity and diffusion caéfit of catalase- or nanoplatinum-covered
particles (Draz et al., 2018b, 2018a; Ma et alL®20/an Nguyen and Minteer, 2015). Below we
demonstrate that the motion of the colloids can Bk monitored with densitometry when the
particles are spotted on a piece of paper, whitheidasis for transducing changes in particle

motion to colorimetric signals with the mechanidmwn in Figure 2B.
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M otion-to-color signal generation mechanism

The motion-to-color signal generation mechanismmsh Figure 2B is based on measuring
changes in pixel intensity triggered by the motadrlanus particles spotted on a piece of filter
paper. We utilized grade 49 Whatman filter papeghwi pore size of 20-25m as the substrate.
The 3D cellulose mesh can absorb the colloidal esusipn and limit particle diffusion in the
absence of bD,, while the large pore size allows the particledigperse upon activation of
particle motion. Using paper as the substrate s ddditional advantage of enabling
guantifying the color of the spot with densitometwhich can be done with a conventional
flatbed scanner or through an app installed in dimalevice (Feng et al., 2014; Gdrées and
Ozcan, 2014; Russell et al.,, 2017). To demonsttzé the motion of the particles can be
detected as a change in the color of a spot, d sinegd of highly concentrated catalase-covered
Janus particles was first added to a piece of fleger. Subsequently, a drop o4 was added
and changes in the pixel intensity of the spot weétspect to a blank experiment were measured
with a flatbed scanner and quantified with Imagelgrayscale, the highest pixel intensity
corresponds to white (255), whereas black has lgpiél intensity (0). In Figure 4A the brown
color in the spot fades as the concentration £,Hncreases. At high concentrations of enzyme
substrate (5-10 M), bubbles could be seen by eggertion for 1-3 s on the paper. A closeup
view of the process is available as Videos S2 aBdasd Figure S7 in the Supplementary
Materials. In Figure 4A quantification of the pixektensity demonstrates that there is a direct
relationship between the concentration 0Okl and the colorimetric signal, and control
experiments in the absence of catalase indicatetlibae changes are originated by the enzyme
and not by particle etching (red triangles). Thesndnstrates that the proposed particles can be

used to transduce changes in motion into changeslor that, in turn, can be measured with
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densitometry. To further demonstrate that the awoletric signal is triggered by the motion of
the colloids, the enzymes were inhibited with diéf@ concentrations of sodium azide (Beal et
al., 2018) and the color in the spot was evaluafest adding a fixed concentration 0§®} (10

M, 50 pL). In Figure 4B the colorimetric signal decreasessthe concentration of inhibitor

increases, which further shows that the enzymeseaponsible for the change in color.

We then studied whether the pixel intensity in $pet was affected by the number of catalysts
around the particles, which is the basis for apgyithe motion-to-color mechanism to
immunosensing. To this end, Janus particles wexpgued by adding different concentrations of
biotinylated catalase, and the colorimetric siggaherated by the motion of the resulting
colloids was studied upon addition of gD of 10 M H,O,. In Figure 4C the variation of pixel
intensity with respect to the blank experiment @ases linearly as the concentration of
biotinylated catalase increases when plotted irai-4ogarithmic scale. This is in agreement
with the idea that the motion of the colloids, ghdrefore the colorimetric signal, is directly
related to the number of catalysts in the JanuSrmpaFinally, we sought to investigate whether
the blood matrix could have any effect in the cohmtric signals generated by the catalase-
covered Janus particles. This is of particularvabee in the case under study because blood is
colored and many blood cells contain catalase,thadkfore an inefficient washing step could
inadvertently result in the generation of non-spedignals. To rule out this possibility, Janus
particles modified with different concentrations lmbtinylated catalase were resuspended in
whole blood from a healthy donor for 15 minutesd éimen 5 washing steps consisting of 10 s
magnetic capturing and liquid substitution with AB®%ere performed. In Figure 4C (red
diamonds) colorimetric signals are slightly highert the slope of the linear fitting does not

change noticeably when compared to the experimeat®rmed with particles that were not
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incubated with blood. This shows that the colortthad matrix and the presence of catalase in
blood does not have a major impact on the sertsitofi the colorimetric sensors, and thus the

proposed motion-to-color signal generation mechamsgssuitable for blood analyses.
Detection of procalcitonin (PCT) in blood samples.

After demonstrating the motion-to-color signal getien mechanism we sought to implement
this concept and the multiple functions of the sgd Janus particles in a biosensor for the
detection of PCT in blood. Since every minute ceunt diagnosing sepsis at the point of care,
we focused on designing a platform capable of dieggconcentrations of PCT equal or higher
than 2 nghL™ in less than 15 min rather than producing a bissewith higher sensitivity that
may require several hours to detect life-threatgr@vels of PCT. To achieve this goal, the
capture of PCT was favored by adding a high comaganh of magnetic beads for only 10 min to
samples containing the analyte at different lexseld PCT conjugated to catalase at a fixed
concentration (Figures S3 and S4). Then 5 washiaegsswere performed within 2 min to
remove non-specific interactions as shown in Figi€e Subsequently the motion-to-color signal
generation step was triggered (2-3 s) and thetreguthanges in pixel intensity were evaluated
in real time with our complementary app (see thppmentary Material for details about app
development). When the assay is viewed throughctimaera of a mobile device, the app
evaluates the image frame every 0.5 s and locategian of interest (ROI) around the darkest
pixel. The ROI contains the darkest pixel andgheounding area within a 10 pixel diameter of
that point in order to calculate the average pixnsity as an integer value. The integer value is
the result of subtracting the average pixel intgnisi the ROI from the background value of the
paper substrate. While flatbed scanners contrdkdgracnd illumination and eliminate shadows

using a built-in light source, our app includesrfdlumination sensors that alert the user about
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even or uneven lighting conditions. This allows tbe signal to be read in a wide range of
ambient lighting conditions and still be free ofwanted light artifacts (Figures S5 and S6).
More specifically, the illumination sensors take #iverage pixel intensity from four areas on the
paper substrate near the ROI and evaluate the esgrof the illumination. When the average
pixel intensity for all four illumination sensorseawithin a narrow range (+/-4), the app displays
the average pixel intensity of the ROl as a gregager value augmented message over the
image in the camera’s field of view. If the illunaition sensors detect average pixel intensities
outside of the established range, it is indicattfeuneven illumination and the average pixel
intensity of the ROI is displayed in red. Valid maeements are denoted as the colorimetric
signal S in the calibration plots for PCT shown Higure 5. Please note that background
subtraction results in reversed signals comparedresults obtained via conventional
densitometry in Figure 4, that is, S is 0 whendbler is white and 255 when the color is black.
Figure 5 shows the results for the detection obmdmnant PCT spiked into whole blood from 3
different donors. Since healthy volunteers have R&/EIs below 0.05 rimL™, its potential
contribution to the detection of PCT in the concaiitn range between 1 and 20mg™* was
deemed negligible. Blood samples from 3 differeohats were used in order to account for
interpersonal variability in the composition of thmatrix. PCT samples at different concentration
were obtained by diluting concentrated solution@0LOmes in whole blood. This means that the
blood samples were not significantly diluted, ahdréfore that the spiking procedure did not
significantly remove interferences from the matiix.Figure 5, the assays yield less colored
spots at low concentrations of the target becausteruthis condition the concentration of
catalase-PCT bound to the beads is higher, in agmeewith the competitive immunoassay

format depicted in Figure 2A. The colorimetric aafi® is dose-dependent in the concentration
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range between 1 and 20md. " as shown in the calibration curves depicted irufégs. The
blank signal in Figures 4A, 4B, and 4C is24, 20+ 5, and 23t 4, respectively. The limit of
detection, calculated as the sample that yieldgreakhigher than 2 times the standard deviation
of the blank (95% confidence) is 0.4, 0.6 and @™ for each donor, respectively. The limit
of detection calculated as the sample that yieldsgaal higher than 3 times the standard
deviation of the blank (99% confidence) is 0.4, id a.4 ngnhL™ for each blood matrix,
respectively. In all cases, the limit of detectisrwell below the clinically relevant 2 mgL™
threshold value, which demonstrates that the pexgbasethod is useful for detecting alarming
levels of PCT rapidly in clinical environments. THetection of the target molecule in a sample
as complex as undiluted human blood, which contaiwgde array of different proteins and cells
at high concentrations, indicates that our metlsoseiective. This is corroborated by detecting
PCT with a limit of detection below the 2 ng ththreshold value in 3 different matrices from 3
different donors with a 99% level of confidence giifies 4A, 4B, and 4C, respectively).
Although the results shown in Figure 4 are semiatjtettive, the ultrafast turnaround time of our
assay makes it useful for prioritizing at-risk pats during triage. Variations of PCT levels in
these patients can be subsequently monitored whtgative laboratory-based methods (Reddy

Jr. et al., 2018).
4. Conclusions.

In conclusion we have introduced multifunctionahus particles that transduce changes in their
motion into changes in color and applied them ®phoduction of colorimetric biosensors. The
motion-to-color signal generation mechanism is dase spotting the particles on a piece of

paper and measuring changes in pixel intensitgerngd by the dispersion of the colloids. Since
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particle motion depends on the number of enzymesnar them, and this parameter in turn
depends on the capture of the analyte by the atigbpthe proposed mechanism offers a way to
detect target molecules through biospecific intéoas in the Janus coating. This signal
transduction mechanism is made possible by the c@tibn of color and self-propulsion in the
same particle, and has great potential for oth#oidal colorimetric probes such as plasmonic
nanoparticles that might be difficult to detectiwitnaging-based approaches. Our particles have
other practical attributes, such as a high suréaea for the rapid capture of a target molecule
with the antibodies in the Janus coating, and miagrproperties for rapid washing steps.
Combining all these functions in a single partialwed us to detect sepsis biomarkers well
below the clinically relevant concentration in @oml time of 13 minutes and in whole blood.
The proposed biosensors do not require any sam@legmditioning steps or bulky instruments,
making them suitable for detecting biomarkers atgbint of care. Furthermore, the utilization
of paper as the sensor substrate makes the promogeal generation mechanism easy to
implement in disposable paper-based analyticalcgsviDeraney et al., 2016; Russell et al.,

2018; Tenda et al., 2018).

Acknowledgement

RR acknowledges financial support from grant CTQ282432-R (MINECO/AEI/FEDER, UE)

as well as a Ramén y Cajal contract from Ministel@Economia, Industria y Competitividad,
Agencia estatal de investigacion, Universitat de Ilkes Balears, Conselleria d’Innovacio,
Recerca i Turisme and the European Social FundamM/grateful to F. Hierro for assistance with

SEM imaging.

References

16



Agusil, J.P., Torras, N., Duch, M., Esteve, JreRPé&arcia, L., Samitier, J., Plaza, J.A., 2017.
Highly Anisotropic Suspended Planar-Array Chipswhultidimensional Sub-Micrometric

Biomolecular Patterns. Adv. Funct. Mater. 27. d®iiD02/adfm.201605912

Beal, N.J., Corry, T.A., O'Malley, P.J., 2018. Camnigon of Experimental and Broken
Symmetry Density Functional Theory Calculated Emmtt Paramagnetic Resonance
Parameters for the Manganese Catalase Active rbiteei Superoxidized Mnlll/MnlIV State.

J. Phys. Chem. B 122, 2881-2890. doi:10.1021/ats{p11649

Chen, P., Qiao, X., Liu, J., Xia, F., Tian, D., ZhoC., 2018. A dual-signals response
electrochemiluminescence immunosensor based onMHFPA/KCC-1 NCs for detection

of procalcitonin. Sensors Actuators, B Chem. 2&@5-%532. doi:10.1016/j.snb.2018.04.061

Deraney, R.N., Mace, C.R., Rolland, J.P., Schonhai., 2016. Multiplexed, Patterned-Paper
Immunoassay for Detection of Malaria and DengueeFemnal. Chem. 88, 6161-6165.

doi:10.1021/acs.analchem.6b00854

Draz, M.S., Kochehbyoki, K.M., Vasan, A., BattaldpaD., Sreeram, A., Kanakasabapathy,
M.K., Kallakuri, S., Tsibris, A., Kuritzkes, D.RShafiee, H., 2018a. DNA engineered
micromotors powered by metal nanoparticles for orothased cellphone diagnostics. Nat.

Commun. 9, 4282. doi:10.1038/s41467-018-06727-8

Draz, M.S., Lakshminaraasimulu, N.K., Krishnakum&,, Battalapalli, D., Vasan, A.,
Kanakasabapathy, M.K., Sreeram, A., Kallakuri,Thirumalaraju, P., Li, Y., Hua, S., Yu,
X.G., Kuritzkes, D.R., Shafiee, H., 2018b. Motioad¢®d Immunological Detection of Zika

Virus Using Pt-Nanomotors and a Cellphone. ACS Nad@, 5709-5718.

17



doi:10.1021/acsnano.8b01515

Feng, S., Caire, R., Cortazar, B., Turan, M., Wo#g, 2014. Immunochromatographic
Diagnostic Test Analysis Using Google Glass. ACS nda 3069-3079.

doi:10.1021/nn500614k

Gordcs, Z., Ozcan, A., 2014. Biomedical imaging aadsing using flatbed scanners. Lab Chip

14, 3248-3257. doi:10.1039/c4lc00530a

Jurado-Sanchez, B., Pacheco, M., Rojo, J., Escakpa2017. Magnetocatalytic Graphene
Quantum Dots Janus Micromotors for Bacterial Engiot®etection. Angew. Chemie - Int.

Ed. 56, 6957-6961. doi:10.1002/anie.201701396

Keller, S., Teora, S.P., Hu, G.X., Nijemeisland,, MVilson, D.A., 2018. High-Throughput
Design of Biocompatible Enzyme-Based Hydrogel Mpadicles with Autonomous

Movement. Angew. Chemie - Int. Ed. 57, 9814-98Dbi.16.1002/anie.201805661

Koren, K., Scheucher, E., Aigner, D., Klimant, Borisov, S.M., Zankel, A., Po, P., 2010.
Multifunctional Magnetic Optical Sensor Particlesthw Tunable Sizes for Monitoring
Metabolic Parameters and as a Basis for Nanothetiape Adv. Funct. Mater. 20, 1842—

1851. doi:10.1002/adfm.201000321

Li, C., Zhang, R., Liu, P., Tang, Q., Shen, P., W&i Lu, Y., 2018. An ultrasensitive
electrochemical immunosensor for procalcitonin cid@ based on the gold nanoparticles-
enhanced tyramide signal amplification strategyosBns. Bioelectron. 126, 543-550.

doi:10.1016/j.bios.2018.10.048

18



Li, F., Wang, C., Guo, W., 2018. Multifunctional IoN -Isopropylacrylamide / DNAzyme
Microgels as Highly Efficient and Recyclable Catyfor Biosensing. Adv. Funct. Mater.

28, 1705876. doi:10.1002/adfm.201705876

Lu, C., Liu, X., Li, Y., Yu, F.,, Tang, L., Hu, YYing, Y., 2015. Multifunctional Janus Hematite-
Silica Nanoparticles: Mimicking Peroxidase-Like Ay and Sensitive Colorimetric
Detection of Glucose. ACS Appl. Mater. Interfaces, 715395-15402.

doi:10.1021/acsami.5h03423

Ma, X., Jannasch, A., Albrecht, U.-R., Hahn, K.,gMel-Lopez, A., Schaffer, E., Sanchez, S.,
2015. Enzyme-Powered Hollow Mesoporous Janus NatwmsidNano Lett. 15, 7043—-7050.

doi:10.1021/acs.nanolett.5b03100

Meynaar, I.A., Droog, W., Batstra, M., Vreede, Rerbrink, P., 2011. In Critically Ill Patients,
Serum Procalcitonin Is More Useful in Differentrgibetween Sepsis and SIRS than CRP,

II-6, or LBP. Crit. Care Res. Pract. 2011, 594624i:10.1155/2011/594645

Orozco, J., Garcia-Gradilla, V., D’Agostino, M., GaVN., Cortés, A., Wang, J., 2013. Artificial
enzyme-powered microfish for water-quality testinddCS Nano 7, 818-824.

doi:10.1021/nn305372n

Periyasami, G., Alrohaili, A., Shi, J., Song, S12. Multifunctional Yolk — Shell Nanostructure
as a Superquencher for Fluorescent Analysis of sBota lon Using Guanine-Rich
Oligonucleotides. ACS Appl. Mater. Interfaces 9, 4G66-30413.

doi:10.1021/acsami.7b08732

Pourrahimi, A.M., Pumera, M., 2018. Multifunctionand self-propelled spherical Janus

19



nano/micromotors: Recent advances. Nanoscale B98186415. doi:10.1039/c8nr05196h

Reddy Jr., B., Hassan, U., Seymour, C., Angus, ,DdBell, T.S., White, K., Weir, W., Yeh, L.,
Vincent, A., Bashir, R., 2018. Point-of-care sesstmr the management of sepsis. Nat.

Biomed. Eng. 2, 640-648. doi:10.1038/s41551-0183628

Rojas, D., Jurado-Sanchez, B., Escarpa, A., 208606t and Sense” Janus Micromotors-Based
Strategy for the Simultaneous Degradation and @ieteof Persistent Organic Pollutants in
Food and Biological Samples. Anal. Chem. 88, 419864

doi:10.1021/acs.analchem.6b00574

Rosal, B., Jia, B., Jaque, D., 2018. Beyond Phetafly. Recent Advances in Multifunctional
Fluorescent Nanoparticles for Light-Triggered Tumberanostics. Adv. Funct. Mater. 28,

1803733. doi:10.1002/adfm.201803733

Rucinskaite, G., Thompson, S.A., Paterson, S.,ad®ita, R., 2017. Enzyme-coated Janus
nanoparticles that selectively bind cell receptassa function of the concentration of

glucose. Nanoscale 9, 5404-5407. doi:10.1039/C71288D

Russell, S.M., Alba-Patifio, A., Borges, M., de l@dR R., 2018. A Robust and User-Friendly
Alternative to Densitometry Using Origami Biosersand Digital Logic. ACS Sensors 3,

1712-1718. doi:10.1021/acssensors.8b00452

Russell, S.M., Domenech-Sanchez, A., de la Rica2®L7. Augmented Reality for Real-Time
Detection and Interpretation of Colorimetric Sigh@enerated by Paper-Based Biosensors.

ACS Sensors 2, 848—-853. doi:10.1021/acssensor3800

20



Schattling, P., Thingholm, B., Stadler, B., 201%h&nced Diffusion of Glucose-fueled Janus

Particles. Chem. Mater. 27, 7412-7418. doi:10.18&lthemmater.5b03303

Su, Y., Ge, Y, Liu, L., Zhang, L., Liu, M., Sun,.,YZhang, H., Dong, B., 2016. Motion-Based
pH Sensing Based on the Cartridge-Case-like Mictom@&CS Appl. Mater. Interfaces 8,

4250-4257. doi:10.1021/acsami.6b00012

Sui, Y., Xu, A., Jin, X., Zheng, J., He, X., Chen, Xie, Q., Liu, R., 2018. In situ enzymatic
generation of gold for ultrasensitive amperometaadwich immunoassay of procalcitonin.

Biosens. Bioelectron. 117, 422-428. doi:10.1016412018.06.037

Tenda, K., van Gerven, B., Arts, R., Hiruta, Y., ke M., Citterio, D., 2018. Paper-Based
Antibody Detection Devices Using Bioluminescent BR&witching Sensor Proteins.

Angew. Chemie - Int. Ed. 57, 15369-15373. doi:102/8nie.201808070

Van Nguyen, K., Minteer, S.D., 2015. DNA-functioizald Pt nanoparticles as catalysts for
chemically powered micromotors: toward signal-ontiorobased DNA biosensor. Chem.

Commun. 51, 4782—-4784. doi:10.1039/C4CC10250A

Villa, K., Krejéova, L., Novotny, F., Heger, Z., Sofer, Z., Pumevh, 2018. Cooperative
Multifunctional Self-Propelled Paramagnetic Micrbats with Chemical Handles for Cell
Manipulation and Drug Delivery. Adv. Funct. Mater.28, 1804343.

doi:10.1002/adfm.201804343

Wang, H., Moo, J.G.S., Pumera, M., 2016. From Nastors to Micromotors: The Influence of
the Size of an Autonomous Bubble-Propelled Devipenults Motion. ACS Nano 10,

5041-5050. doi:10.1021/acsnano.5b07771

21



Wu, Z., Li, J., de Avila, B.E.-F., Li, T., Gao, WHe, Q., Zhang, L., Wang, J., 2015. Water-

Powered Cell-Mimicking Janus Micromotor. Adv. FuncMater. 25, 7497-7501.

doi:10.1002/adfm.201503441

Yu, X., Li, Y., Wu, J., Ju, H., 2014. Motor-basedt@anomous microsensor for motion and

counting immunoassay of cancer biomarker. Anal. mthe86, 4501-4507.

doi:10.1021/ac500912c

e o catalas
3 \ g !
.‘R \d o”“—‘ Uy,
e .,\ Qé ,’.“ P JL. /
s, " ,”.: 9/ o ~_PCT
&‘, () y
€y o, F » ‘,o “® ~—anti-PCT|
e R ye "~ biotin ark
.,," 'é ‘;“' -— biotin anti-lgG
‘/ .4 éﬁ ' @ '- avidin
® Magnetic bead

Figure 1. Schematic representation of the multifunctionaludaparticles; The iron oxide core
provides magnetic and colorimetric properties, whserthe Janus coating contains anti-PCT
antibodies that endow the particles with biorectignifunctions. An immunoassay renders the

particles covered with catalase, which triggersotdimotion in the presence oh,8,.
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Figure2. Schematic representation of the procedure forapel detection of PCT with the
proposed multifunctional Janus patrticles; (A) P€Epecifically captured in blood by means of
a competitive immunoassay consisting in a 10 mpiwa step and a 2 min wash procedure; (B)
Signal generation mechanism: after spotting thégbes on a piece of filter papeng; is

added; the catalase enzymes generate bubblegdipal fhe particles and disperse the color

within seconds. The subsequent change in pixehsitieis read in real time with a mobile phone

app.
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Figure 3. Characterization of particle motion; (A) SEM imaged schematic representation of
the Janus coating; (B) Particle trajectories imagedifferent concentrations of,8, for 20 s;

(C) Average velocity and standard deviation (etvars) of 10 particles after adding different
concentrations of ¥D,; (D) Increase in diffusion coefficient D of patés modified with active
(red dots) or inactive (green triangles) catalasdeoules. Error bars are the standard deviation

of 3 independent experiments.
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Figure 4. Motion-to-color signal generation mechanism; Repn¢ative scanned images and
densitometric analysis of colored spots generatedA) Janus particles modified with (black
dots) or without (red triangles) catalase; (B) Japarticles incubated with the catalase inhibitor
sodium azide (semi-logarithmic scale); (C) Janutigtas prepared with different concentrations
of biotinylated catalase in PBS (black dots, y £x8t+ 80, f = 0.9) or incubated for 15 min in
whole blood (red diamonds, y = 8.3x + 88=r0.9) (semi-logarithmic scale). Error bars are th

standard deviation of 3 independent experiments.
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Figure 5. Detection of PCT in whole blood; Representativansed images and colorimetric
signal (S) generated by PCT spiked into blood frendifferent healthy donors (A, B, C,

respectively). Error bars are the standard deviaifd3 independent experiments.
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Highlights

Multifunctional magnetic particles detect procalcitonin (PCT) in whole blood within 13
minutes.

The particles are propelled by catalase via the production of oxygen bubbles.

Particle motion can be detected with densitometry when spotted on a piece of paper.
Using catal ase as the label of an immunoassay enables detecting the analyte

colorimetrically with a smartphone app.
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