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ABSTRACT: Food poisoning caused by bacteria is a major cause of disease and death worldwide. Herein we describe the use of
Janus micromotorsas mobile sensors forthe detection of toxins released by enterobacteria as indicators of food contamination. The
micromotorsare prepared by a pickeringemulsion approachand rely on the simultaneous encapsulation of platinum nanoparticles -
forenhanced bubble-propulsion-and receptor-functionalized quantum dots (QDs) for selective bindingwith the 3-deoxy-d-manno-
oct-2-ulosonic acid target in the endotoxin molecule. Lipopolysaccharides (LPS) from Salmonellaenterica were used as target endo-
toxins, which upon interaction with the QDs induce a rapid quenching of the native fluorescence of the micromotorsin a concentra-
tion-dependent manner. The micromotor assay can readily detect concentrationsas low as 0.07 ng mL* of endotoxin, which is far
belowthe level considered toxic to humans (275 pgmL1). Micromotors have been successfully applied for the detection of Salmo-
nellatoxinin food samples in 15 minutes compared to several hours required by existing Gold Standard method. Such ultrafast and
reliable approach holds considerable promise for food contamination screening while awaiting the results of bacterial cultures in a

myriad of food safety and security defense applications.

Food safety isa global issue with a great socio-economic im-
pactworldwide. Primary foodborne pathogens including Cam-
pylobacter, Salmonella, Listeria monocytogenes, and Esche-
richia Coli are the subject of intense research by the scientific
community and international agencies.* On particular, Salmo-
nella infects an estimated of 1.4 million people in the United
States and tens of millions worldwide, accounting for 100.000
deaths every year.>® Subtle and early detection is essential to
control potentialhuman poisoningand to prevent the spread of
the infection. Bacteria culture is considered as the gold stand-
ard, but requiresatleast5 days to obtain reliable results. Immu-
nological and PCR-based methods are labor-intensive and
prone to false negatives.®® Affinity-based biosensors with elec-
trochemical, optical and impedimetric detection have been
widely explored for direct foodborne bacteria detection.* %%
While some of these procedures have become commercially
available, more improvements are needed to meet all the re-
quirements for fast response. This demands for more efficient
and fast protocols for “on-time” detection of enterobacterial
contamination. In a previous work, we demonstrate for the first
time the encapsulation of graphene quantum dots (GQDs) as
sensing probes into Janus micromotors and prove the concept
using Escherichia Coli lipopolysaccharides (LPS) as model
toxin. Yet, the relatively high limits of detection obtained pre-
vent its practical utility and more studies are needed. Since en-
terobacteria contamination results in the release of endotoxins
(such as Salmonellaendotoxin) herein we hypothesize that QDs
functionalized Janus micromotors canbe applied asa fast, sim-
ple and sensitivetest forenterobacterial contamination of food.

Self-propelled micromotors, capable of converting energy
into movement and forces, have revolutionized sensing technol-
ogy, leading to new ‘on-the-fly’ detection schemes along with
higher efficiency, shortertimes, no sample preparationand po-
tentially lower costs.’>*® As promising examples, micromotors
engineered with conventional fluorescentdyes or nanoparticles
such as quantum dots have beenused for chemical weapons and
heavy metal threats detection, with real-time fluorescent visu-
alization of theanalyte recognitionevent.!! 22 Real-time ana-
lytical measurements “on-site” can thus be performed, either
near chemical spots or directly in living cells, to report on the
local concentration of the target analyte by changes in their op-
tical properties.'®2*%® Such new “nanoscale” tools also allow
forthe design of field-portable analytical systems. Yet, fewre-
ports deal with the use of micromotor for food safety applica-
tions. In this context, our group have reported the use of galac-
tosidase modified micromotors for lactose removal and gra-
phene micromotors for mycotoxin detection.?"? Also, Schmidt
group reported a graphene-composite-sodium borohydride mi-
cromotor for value-added product synthesis.?® Yet, to the best
of our knowledge, thisis the first time that Janus micromotors
are used in food control applications for deadly toxins detection.

The micromotor-based mobile sensing strategy reported here
allows for fast monitoring of enterobacterial contamination in
food through detection of endotoxins. Such compounds are con-
stituent of the outer membrane ofthecellwall of gram-negative
bacteria,andare released in smallamounts during its growing,
and promptly after contamination.*® The micromotors are syn-
thetized via a Pickeringemulsionapproach, andrely on the sim-
ultaneous encapsulation of nanoparticles -for enhanced bubble



propulsion-and receptor-functionalized quantum dotsfor selec-
tive bindingto 3-deoxy-d-manno-oct-2-ulosonic acid (KDO), a
characteristic componentofthe endotoxinstructure. Salmonella
enterica was used as main enterobacterial indicator, which upon
interaction with the quantum dots induce a rapid quenching of
the native fluorescence of the micromotors in a concentration-
dependent manner. Main novelty here is the use, for the first
time, of Janus micromotors forfood safety applications. In the
following sections, we will demonstrate the feasibility of our
monitoring strategy for thesensitive (ngmL* levels) and selec-
tive detection of the target toxin in raw, viscous food samples
in 15 minutes compared to several hours required by existing
methods.®* The new strategy holds considerable promise for uk
trafast detection of food contamination while awaiting the re-
sults of bacterial culturesand, most importantly, is particularly
valuable when contamination is suspected but bacteriological
methods fail to recover the organism. Inaddition, endotoxin de-
tection is important since it can also cause watery diarrhea or
dysentery, a more severe infection caused by Salmonella.

EXPERIMENTAL SECTION

Reagents and equipment. Salmonella enterica serotype en-
teritidis (cat. L7770), D-fructose (cat. F0127), glucose (cat.
G5767)andgalactose (cat. G0625) were obtained from Sigma-
Aldrich. Sodium dodecyl sulfate (cat. 71727) was supplied by
Merck (Germany). Milk and egg samples were obtained from
local supermarkets. An inverted optical microscope (Nikon
Eclipse Instrument Inc. TiS/L100), coupled with 10X and 40X
objectives, and a Hamamatsu digital camera C11440 and NIS
Elements AR 3.2 software, were used for capturingmovies ata
rate of 25 frames per second. The speed of the micromotors was
trackedusinga NIS Elementstracking module. The microscope
includes an Epi-fluorescence attachment with a UV-2E/C
(DAPI) filter cube. Raman spectra was obtained usinga micro-
Raman system (Witec alpha-300R) with 100x objective lens
(NA=0,95) and 1 mW the incident laser power.

Graphene quantum dots synthesis and characterization.
The quantum dots were prepared by direct pyrolysis of citric
acid anddispersion in alkaline solutions. In brief, 1.5 g of citric
acid (cat. 251275) were heatedto 150 °C usinga heating mantle
for 10 min until the formation of an orange liquid. Next, as-
obtained liquid was added drop by drop into a 50 mL NaOH
solution (0.1 M) and the pH of the resulting solution was ad-
justed to 7.0 to trigger the dispersion of the GQDs. For func-
tionalization, 1 mL of GQDs solution was mixed with 1 mL of
PBS buffer (0.1 M, pH 7.4), 12 mg of 3-Aminophenylboronic
acid monohydrate (cat.287512) and 16 mg of N-(3-Dimethyla-
minopropyl)-N-ethylcarbodiimide (cat. 39391) and mixed in a
vortex for 3 h. The resulting quantum dots have a round mor-
phology with anaverage particle size of ~3 nm (by atomic force
microscopy) and exhibit strong fluorescence emission at 470
nm after excitation at 360 nm (see Figure S1).

Platinum nanoparticles synthesis. Platinum nanoparticles
(average particle size 100 nm) were obtained by chemical re-
duction of chloroplatinic acid (cat. 398322) with hydrazine
(30% in H20,, cat. 309400) at 25 °C and pH 10. In a typical
procedure, 250 mg of H2PtCls were dissolvedin 1 mL of NaOH
(12 M) and stirred by magnetic stirrer. The reduction of the
metal ions was accomplished by adding hydrazine solution as
reducing agent. The resulting precipitate, which contains the
platinum nanoparticles, was separated by centrifugation (3000

rpm, 5 min) and washed with waterandacetone (5 times each).
Then, the acetone and water in liquid phasewas vaporized in an
oven at 110 °C.

Janus micromotor synthesis. 2 mL of the functionalized
quantum dots were dissolved in 8 mL of 10% sodium dodecyl
sulfate (cat. 71727) solution and placed in an erlenmeyer flask
under vigorous stirring. Next, 1 mL of a chloroform (cat.
650498) containing 100 mgof polycaprolactone (cat. 440752),
and 5 mgof platinum nanoparticles was rapidly added. The so-
lution was stirred for 10 min and dropped ontoa clean petridish
to enable evaporation of the chloroform and polymer solidifica-
tion for 12 h. Micromotors were released fromthe petridish by
gentle pipettingand filtered through 12 um pore size PC mem-
branes. Themicrosensors ¢20 um) canbestored upto2 months
in an opaque vial without any changes in its properties.

RESULTS AND DISCUSSION

Figure 1A illustrate the “ON-OFF” fluorescence switching
approach for the fast and selective detection of enterobacterial
contamination. Initially, the micromotor display a strong fluo-
rescent emission (see ON microscopy image). The motion-ac-
celerated binding of LPS from Salmonella enterica selectively
quenches the native fluorescent emission of the micromotors
(see the absence of fluorescent emission in LPS/OFF image).
Yet, under the presence of interfering saccharides (glucose,
fructose and galactose) negligible fluorescent quenching is
noted. The Janus microsensors acthere as multifunctional vehi-
cles, transporting the sensing probes and inducingan enhanced
mixing effect for ultrafast detection, avoiding sample prepara-
tion and viscosity constraints (see Figure 1B). Optical images
reveal the distribution of catalytic platinum nanoparticles on
one size of the micromotor body and Janus structure. In addi
tion, Raman spectra characterization reveals the successful in-
corporation of the quantum dots probes in the micromotor body
(in green). Barret—-Joyner—Halenda (BJH) pore-size distribu-
tions as well as Brunauer—Emmett—Teller (BET) surface areas
studies further reveals the micro/mesoporous pore distribution
(pore size <50 nm) nature of the micromotor, with BET surface
areasof 1.36 and0.0884 m? g ! forthe micromotor andthepok
ymer, respectively. Such result indicates the inherent porous
structure of the micromotor for further LPS diffusion and sub-
sequent fluorescence quenching.

As showin Figure 1C, the “enterobacterial test” can besimply
performed by placing 1 pL of sample on the top of the micro-
scope objective and a known amount of micromotors. Upon
peroxide addition, the QDs probes -modified with 3-aminophe-
nylboronic acid, PABA-binds to the target LPS, turning the flu-
orescent “OFF”. Such changes can be easily monitored with the
optical microscope, holding thus considerable promise for de-
veloping futureportable detectionschemes. Thesensing princi
ple, asillustrated in Figure 1D, rely on the specific interaction
of the PABA groups in the GQDs with the KDO residue in the
LPS core. As KDO possessesan acyclic 1,2-diolon the exocy-
clic side chain, it can selectively bindto PABAthroughreversi
ble boronate formation, leadingto a covalentcross-linked QDs
structure by covalent anchored LPS. Such covalent cross-link-
ing resultsin the generation of surface states for efficient fluo-
rescence quenchingthat obeys the Lineweaver—Burk equations
via surface quenching states.
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Figure 1. Self-propelled Janus microsensors for the detection LPS from Salmonella enterica (serotype enteritidis). (A) Real-time optical
visualization of the LPS recognition event: time lapse fluorescent images of the micromotors before (ON)and after LPS addition (OFF) and
selectivity of the protocol in the presence of interfering saccharides (see Videos S1 and S2). (B) Schematic of the microsensor operation and
characterization. Optical images and Raman mapping showing the distribution of nanoparticles, GQDs and polycaprolactone (PCL) in the
microsensor and corresponding Raman spectra. (C) Schematic of the set-up for the Janus micromotors based sensing protocol. (D) Schemat-
ics for structure of the LPS from Salmonella enterica and mechanism of quenching by LPS union to the quantum dot (GQDS) recognition
units contained in the microsensors. Experimental conditions: 15 % H202, surfactant, 5% (w/v) sodium cholate. Scale bars, 20 um. (Reviewer

2, comments 3 and 4)

Prior to demonstratethe practical utility of our Janus micromo-
tor sensing approach in food samples, we evaluated the re-
sponse time under different mixingand static conditions, asil-
lustrated in Figure 2. The time lapse microscopy images and the
corresponding fluorescence decay plot vs. time profile indicated
that the quenchingrate increased with time, untilcomplete flu-
orescence quenching was achieved after 15 min navigation in
solutions contaminated with 1 ngmL " of the LPS. Comparable
results were obtained in an additional control experiment but
using a magnetic stirring instead (ca. 200 rpm) to agitate the
mixture. Yet, the autonomous bubble propulsion of the micro-
motorsenable agreatreductionoftheamountof sample (1 pL),
whereas for magnetic stirring1 mL of the sample was required
(1000-fold) thus indicating the crucial role of the enhanced fluid
motion of the micromotors. Thisis further reflected by control
experiments usingstatic micromotors, which did not showany
fluorescence quenching after 30 min interaction with LPS. To
ensure adequate operation time for further experiments, the
time between fueladdition and video acquisition was set to 15
min. In our previous work," a response time of 5 min was ob-
tained for LPS from Escherichia Coli detection. Such differ-

ences in the response time can be attributed to different diffu-
sion profiles of the toxin into the micromotors due to the inher-
ent differences in its structure. This is particularly promising for
future multiplexing detection schemes, in which the micromo-
tors can be functionalized with quantum dots -modified with
different receptors for other specific target in the LPS molecule-
with differentemission wavelengths, allowing fora time-based
endotoxin discrimination.

Next, we evaluated the effect of different LPS concentrations
upon detection efficiency. Figure 3A display images of differ-
ent micromotors navigating in solutions containing increased
concentrations of LPS (up to 3.5 ng mL), along with 15% of
the peroxidefuel. The corresponding plot of fluorescence inten-
sity (calculated as corrected fluorescence) vs. LPS concentra-
tion displays linear dependence up to 1 ngmL %, followed by a
slight curvature, with nearly 100% fluorescence quenching at
3.5 ng mL™ The limits of detection and quantification were
0.07 and 0.20 ngmL?, respectively. Such concentrations are
well below the level of LPS considered toxic to humans (275
pug mL1)?, which testified the applicability of ourtest to detect
the presence of enterobacteria in food.
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Figure 2. Response time of the Janus microsensors. (A) Time-lapse
fluorescent images taken before and after the micromotor had nav-
igated in a solution containing 1 ng mL™ of LPS at different times
and corresponding control experiments using external magnetic ag-
itation. (B) Plot showing the fluorescence decay of the micromotors
as a function of time at each condition. Experimental conditions:
15 % H,0,, surfactant, 5% (w/v) sodium cholate. Scale bars, 20

pm.

The practical utility of the micromotors was then demon-
strated by theirability to detect the target LPS in unprocessed,
fat rich and viscous food samples. The time lapse microscopy
images of Figure 4A illustrate the efficient navigation and ef-
fective fluorescent quenching of the micromotors in milk,
mayo, eggyolk andegg white samples previously contaminated
with 1 ng mL* of endotoxin. The high viscosity and complexity
of the samples result in a drastic decrease in the micromotor
speed from 452 pmstin waterto 60,58,162 and221pms>in
milk, mayo, egg yolk and egg white, respectively. Yet, such
speed decrease does not hamper the practical application of the
micromotors since percent recoveries from 90 to 100 % were
obtained (Figure 4B). Yet, the relatively low recoveriesin for-
tified mayo and egg white samples (70 %) -due to its inherent
complexity-do not hamper its practical applicationsince excek
lent recovery reproducibility is still obtained.
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Figure 3. Dependence of the fluorescence quenching of Janus mi-
cromotors on LPS from Salmonella enterica concentrations. (A)
Time-lapse images taken after the microsensors had navigated for
15 min in a solution containing 15% peroxide and increasing con-
centrations of LPS. (B) Plot showing the fluorescence quenching
(as CCRF) of the micromotors and corresponding linear relation-
ship. Scale bars, 20 um. Error bars represent the standard deviation
of 5 measurements (n = 5). Experimental conditions: 15 % H202,
surfactant, 5% (w/v) sodium cholate. Scale bars, 20 pm.

CONCLUSIONS

In conclusion, we have developed here a powerful “ON-OFF”
fluorescence sensing approach for the detection of Salmonella
enterica endotoxin as main indicator of food contamination.
The main advantage over bacteria culture orwhole bacteria de-
tection schemes is that early detection of food contamination
(within minutes) canbe achieved since endotoxins are released
during bacteria growing. Continuous mixing induced by the
motion and bubble-ejection mechanism across a contaminated
sampleresultsin a greatly enhanced mass transport, increasing
the reactionrates between endotoxin and micromotors. The mi-
cromotorassay can readily detecta concentrationas lowas 0.07
ng mL* of LPS, which is far below the level considered toxic
to humans (275 pg mL™). The high towing force of the Janus
microsensors allow for the detection of LPS in unprocessed
milk, egg and mayosamplesin 15 minutes compared to several
hoursrequired by existingmethods.* Forexample, the limulus
amebocyte lysate (considered as the gold standard) requires at
least 24 h to obtain reliable results. Thisis particularly attractive
to avoid cumbersome sample preparation procedures and con-
tamination risks. Also, the limit of detection provided by our



method (0.07 ng mL™1) is superior or comparable to that pro-
vided by FRET-based sensors for LPS (0.1-3 uM),* aptamer-
functionalized electrochemical sensors (0.01-1 ng mL1),* af-
finity-peptide based biosensors (130 pM)* ornanoMIP biosen-
sors (0.44-50 ngmL™).% Yet, the above-mentioned sensors re-
quiresthe use of expensive or labile biological recognition ele-
ments, which is a clear advantage of our method. The new mi-
cromotor-based fluorescent detection is particularly promising
for food safety assurance and security biodefense applications
against theuse of bacteria toxins. Future multiplexing detection
schemes can be achieved using micromotors functionalized
with quantum dots probes modified with different receptors to
other specific target in the LPS molecule with different emis-
sion wavelengths and a time-based endotoxin discrimination.
Current efforts in our lab are aimed at the application of our
micromotor strategy in real bacteria samples towards establish-
ing the correlation of the number of bacteria vs. endotoxin con-
centration. Yet, more efforts are still needed to integrate our
strategy into portable detection schemes i.e. microscope into a
mobile phone.
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Figure 4. LPS detection on food samples (A) Time-lapse images
of the microsensors (taken from Videos S3 and S4) in milk, mayo,
egg yolk and egg white samples contaminated LPS from Salmo-
nella enterica taken after the microsensors had navigated for 0 and
15 min in the contaminated solution. (B) Plot showing the average

LPS recoveries in the different samples. Experimental conditions:
15 % H,0,, surfactant, 5% (w/v) sodium cholate. Scale bars, 20
um. Error bars represent the standard deviation of 5 measurements
(n =5). Samples were fortified with 1 ng mL™ of endotoxin.
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