Sensors & Actuators: B. Chemical 291 (2019) 58-66

Contents lists available at ScienceDirect

SENSORS and 2

Sensors and Actuators B: Chemical ACTUATORS

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

Rapid isolation of Escherichia coli from water samples using magnetic R

Check for

microdiscs e

Keisha Y. Castillo-Torres®, David P. Arnold®*, Eric S. McLamore”

2 Electrical and Computer Engineering Department, Interdisciplinary Microsystems Group, University of Florida, Gainesville, FL 32611, United States
Y Agricultural and Biological Engineering Department, Institute of Food and Agricultural Sciences, University of Florida, Gainesville, FL 32611, United States

ARTICLE INFO ABSTRACT

This work introduces a method for rapid isolation of target bacterial cells using “bacteria-sized,” gold-coated
magnetic microdiscs (1.5 pm in diameter, 80 nm in thickness). These microdiscs are functionalized with DNA
aptamers for selectively isolating Escherichia coli cells from lab-prepared and environmental water samples at
concentrations as low as 10> CFU/100 mL with no enrichment. This microdisc platform enables viability assay
on the magnetically captured discs using fluorescent markers such as SYTO9, propidium iodide, and carbon
quantum dots, providing both a detection and viability step in a single analysis. The significance of this gravity-
driven separation technique is the ability to rapidly isolate target cells from relatively large sample volumes (up
to 100 mL) with simple field-deployable apparatus in one step, without the use of complicated equipment or
energy. This technique has immediate application for rapid (< 45 min) isolation and detection of fecal indicators
(E. coli) in agricultural water and can be used for drinking water analysis if an enrichment step is added. In
addition to targeting E. coli, the platform can be used for targeting other cells based on functionalization of the
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microdiscs with other bioreceptors such as aptamers, lectins, phages, or peptides.

1. Introduction

Globally, more than 900,000 deaths are reported every year related
to foodborne and waterborne diseases [1,2]. Ensuring safe food and
water represents a global concern and an ongoing societal challenge,
and one of the primary sources of contamination is fecal material from
animals. Dating back to the World Health Organization guidelines of
2006 [3], most regulations for food and water are based on a tolerable
additional disease burden of 10 ~° DALYs (disability adjusted life years)
per person per year (pppy). This risk-based approach does not consider
the number of pathogens in a given volume, but rather how many vi-
able pathogens can be ingested without exceeding the tolerable disease
burden at the population scale. In the US, the current regulatory fra-
mework is based on sample volumes of 100 mL for both fresh produce
and drinking water. This relatively large sample volume is critical to
ensure that adequate sample size produces statistically meaningful data
regarding change(s) in tolerable disease burden.

For drinking water, the U.S. Environmental Protection Agency
(EPA) standards and regulations require presence of less than 10° CFU/
100 mL, and rapid detection is a priority so critical management steps
can be implemented to alleviate the problem and maintain DALYs less
than 10~ ° pppy [4]. The emerging paradigm for ensuring safe drinking

* Corresponding author.
E-mail address: darnold@ufl.edu (D.P. Arnold).

https://doi.org/10.1016/j.snb.2019.04.043

water in distribution systems is based on the framework of smart water
networks [5], where sensors provide rapid feedback to managers for
improving decision support and limiting risk. For smart water networks
to be a reality, a portfolio of portable, rapid, and low-cost testing sys-
tems are highly needed. Standard culture-based methods are accurate
and will remain a useful tool for the foreseeable future, but these
techniques are labor intensive, laboratory based, and require up to one
day for results. Emerging methods such as nucleotide-based sensors,
polymerase chain reaction, and immunoassays have demonstrated low
concentration detection limits for E. coli (10°~10° CFU/100 mL) for
water/food samples [6,7] but are limited to low sample volumes of
1-10 mL, require complex lab tools/equipment, need trained expert
users, and require test times of 1-24 h [7].

Among the plethora of sensors for detecting E. coli in drinking water
(reviewed by [8]) sensors based on aptamers have proven to be highly
efficient. Aptamers are durable, can be mass produced without the need
of animal housing processes, and the binding affinity and sensor per-
formance are comparable, or superior to, antibodies used in im-
munoassays. A variety of platforms have been used for creating E. coli
sensors and among these, methods that employ magnetic structures are
gaining attention. The recent focus on magnetic biosensor platforms is
due to the material biocompatibility and also the unique ability to non-
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Scheme 1. Overall concept (from left to right) 1) SEM image of magnetic microdiscs, 2) concept of surface bioconjugation using thiolated aptamers, 3) and
fluorescent microscope image showing isolation of GFP E. coli from a water sample.

invasively actuate and/or interrogate the sample using external mag-
netic fields [9-11].

Magnetic nanoparticles (MNPs) have been used for magnetic ima-
ging contrast enhancement agents, magnetic hyperthermia, drug de-
livery, and magnetic separation of cells [9-12]. A key feature of MNPs
is their superparamagnetic behavior (ideally zero magnetic re-
manence), which inhibits inter-particle magnetic dipole interactions
and thus unwanted magnetic agglomeration of particles when in sus-
pension [11]. However, for a magnetic particle to exhibit super-
paramagnetic behavior, the particle diameter is limited to a few tens of
nanometers. For example, the ubiquitously used superparamagnetic
iron oxide nanoparticles (SPIONs) are superparamagnetic up to only
“20 nm, above which the particles are considered magnetically blocked
and hence retain a small dipole moment even in the absence of a
magnetic field. Upon application of a field, the SPIONs are typically
driven to magnetic saturation with a saturation magnetization of typi-
cally poM; = 0.58 T (90 emu/g) [13-16]. Because the net magnetic
moment of a single “20-nanometer particle is too small for many ap-
plications, the MNPs are often mixed with polymers (e.g. polystyrene)
and used to form larger micron-sized magnetic beads. However, the
magnetic volume fraction can be up to 70% [17], which means the
effective saturation magnetization of a single bead is only 0.41 T. MNPs
have been used to magnetically isolate E. coli, among other cells but
detection limits (10%-10° CFU/100 mL) have not reached levels re-
levant to drinking water quality monitoring set by the EPA. [11,18-21].

An alternative to MNPs for biomagnetic applications is the use of
metal or metal alloy (typically NigoFeyo) “spin-vortex” discs. A spin-
vortex disc is a disc-shaped nanostructure, that under the right di-
mensions, exhibits a self-enclosing vortex arrangement of the atomic
moments in the absence of a magnetic field [22,23]. Like a SPION, these
discs are characterized by near-zero remanence (see supplemental Fig.
S-1A), but much higher saturation magnetization,
poMs = 1.00 = 0.01 T (91.16 = 1.34emu/g). The magnetic micro-
discs (1.5pm in diameter, 80 nm in thickness) are lithographically
patterned, which provides reliable control of size, shape, structure, and
function. Furthermore, the magnetic microdiscs are already micron-
sized and fully magnetic. The saturation magnetic moment of one disc is
up to 6 orders of magnitude larger compared to typical SPIONs
("200,000 times larger than typical magnetic beads), and therefore
these particles can impart much higher magnetic forces and/or make
use of smaller magnetic fields and field gradients. Another distin-
guishing advantage is that the magnetic discs can impose torques,
whereas SPIONs and magnetic beads cannot.

All these advantages make magnetic microdiscs of interest for bio-
applications, especially for (micron-sized) cell targeting and magnetic
isolation. For example, use of these discs have been explored and de-
monstrated to target and trigger cancer cell apoptosis and magnetic
hyperthermia by introducing an alternating magnetic field that creates
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a rotating magneto-mechanical stimulus on the discs and therefore on
the cells [12,24]. Similarly, previous works on these discs have de-
monstrated the ability to characterize fluidic sample properties (i.e.
viscosity) by also actuating the discs with a rotating magnetic field
[25]. Our group has also reported preliminary results for selective
targeting and isolation of bacteria using these discs as well [26,27].

This work aims to extend the study on bacteria targeting using
surface-functionalized gold-coated magnetic microdiscs to detect pre-
sence and viability of Escherichia coli in irrigation/drinking water and
other complex matrices samples. Herein, we show E. coli isolation using
DNA aptamer-functionalized magnetic microdiscs at detection levels of
down to 102 CFU/100 mL (79% of infectious dose for irrigation water,
FDA FSMA) in less than an hour using three different fluorescent tags
for imaging: green fluorescent protein (GFP), SYTO9/propidium iodide
(PI), and carbon quantum dots (CDs).

A long-term goal of this method is to develop a water monitoring
system that serves as a rapid indicator of presence of fecal material in
water samples. Once the detection of E. coli is performed, the water
sample can be subject to analysis under a more specific biosensor. The
significance of our technique is that it provides a platform for rapid
screening for bacteria with limits of detection reaching as low as 102
CFU/100 mL using simple fluorescent imaging. The total protocol re-
quires less than 45 min for non-enriched samples, and if combined with
rotational stimulus of discs to enhance bacteria binding and a smart-
phone imaging platform, one can envision a rapid, portable bacter-
iological screening tool.

Scheme 1 shows the concept of our microfabricated magnetic mi-
crodiscs, their surface functionalization, and bacteria isolation from
water samples. In summary, DNA aptamers are used as the capture
probes to functionalize our gold-coated magnetic microdiscs to isolate
E. coli from water samples and detect presence and viability of E. coli
using different fluorescent labels (i.e. GFP, SYTO9/PI, and CDs).

In our previous work [26,27], we showed preliminary results of a
similar strategy using a thiolated 39-mer specific to O-antigen on E. coli.
using DNA aptamers. In this work, we expand the study by using an
aptamer specific to ATCC 25922 and investigate the role of base pair
mismatches within the stem loop structure, as well as increasing the
sample volume to meet field testing requirements.

2. Materials and methods
See supplemental section for chemicals and reagents.
2.1. Bacteria enumeration and fluorescent labeling
Lyophilized E. coli pellets (ATCC 25922; FDA strain 1946) were

equilibrated at room temperature for 30 min while the hydrating buffer
was warmed to 34°C per the protocol from the manufacturer. See
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supplemental section for details on preparation of bacteria suspensions,
including live and dead cell preparations. Where noted, mixtures of
viable/non-viable cells were obtained following the protocol in the
BacLight LIVE/DEAD Kkit.

Three different approaches were used for cell imaging, namely: i)
SYTO9/PI labeling, ii) CD viability staining, or iii) GFP transformation.
SYTO9/PI staining was conducted following the protocol in the
BacLight kit. An aliquot (3 pL) of SYTO9 was mixed with 3 uL of 20 mM
PI and 1 mL of bacterial suspension. This solution was maintained at
room temperature for 15 min and then washed 3 times using phosphate
buffer saline (PBS) buffer. For CD labeling of viable cells, the methods
reported by Liu et al. [28] were used. Briefly, E. coli cells were grown in
TSB at 37 °C for 6h, diluted, and then washed in PBS buffer. A cell
suspension (1 mL) was mixed with an aliquot of CD (75 pL) and vortex
mixed. The mixture was incubated on a shaker table (30 rpm) at 37 °C
for 6 h. Samples were then added to disc solutions for confocal micro-
scopy as described below. GFP transformed cells provided by EnCor
Biologics, Inc. were grown in TSB at 37 °C for 6 h, diluted, and then
washed in PBS buffer.

During initial studies, positive control samples were collected from
a local municipal wastewater treatment plant in Gainesville, FL. (UF
Water Reclamation Facility). Samples were collected from the effluent
wier of the secondary clarifier and analyzed on the same day of col-
lection.

2.2. Microfabrication of gold-coated magnetic microdiscs

The magnetic microdiscs were microfabricated using standard mi-
crofabrication techniques. A densely packed array of circular polymer
pillars (1.5 pm in diameter) were formed on a 100-mm-diameter silicon
substrate similar to [26,27]. Cleaning process of (100) p-type Silicon
test wafers consisted of separate submersion steps in positive resist
stripper 3000 (PRS3000) and buffered oxide etching (BOE), followed by
some rinsing, drying, and/or de-hydration steps. Then, a 100-nm layer
of tungsten was deposited as a sacrificial layer, at a deposition rate of
0.1 nm/s, using magnetron sputtering (Kurt J. Lesker multi-source RF
and DC sputter system) followed by spin-coating a 300-nm thick layer
of lift-off resist (LOR 3 A) and 800-nm thick layer of a positive photo-
resist (AZ 1512). Polymer resists (LOR and AZ 1512) were patterned by
standard UV exposure (vacuum contact) and developed (AZ300MIF) for
1 min, forming a lift-off masking layer. Then, gold and permalloy
(NigoFeso) metals were deposited by magnetron sputtering followed by
an ultra-sonicated lift-off process to obtain the permalloy magnetic
microdisc array using AZ400 K diluted in water (1:4). Finally, the mi-
crodiscs were released by dissolving the tungsten sacrificial layer using
30% hydrogen peroxide and rinsed three times with DI water using a
permanent magnet to decant supernatant. Scheme la represents an
image of dried magnetic microdiscs on a silicon substrate. Refer to
supplemental Fig. S-1B for more detail on the microfabrication process
of the microdiscs.

2.3. Bio-conjugation of aptamers to gold

An 88-mer aptamer (P12-55; MW = 11.8kDa; Kp = 0.83nM) that
specifically binds to E. coli 25922 cells [29] was synthesized by Gene-
Link, Inc. (Hawthorne, NY, USA). A scrambled version of the P12-55
aptamer with three single basepair (bp) mismatches was also tested.
One bp scramble was positioned within the main stem loop (T-G re-
placement), and the other two bp scrambles were in the apical stem
loop (G-T replacement); see supplemental Fig. S-2 for details and se-
quences. All aptamers were thiol-terminated at the 5’ end with a C6
spacer bound to the C residue for covalent binding to gold-coated
surfaces. See supplemental Fig. S-2 for additional information.

Aptamers were conjugated to gold electrodes following the methods
in Burrs et al. [30] and Rong et al. [31]. An aliquot of 1-5 million discs
were suspended in 200-300 pL of the aptamer buffer solution and

60

Sensors & Actuators: B. Chemical 291 (2019) 58-66

stored overnight at room temperature. After overnight storage, discs
were rinsed three times with DI water using a permanent magnet to
decant supernatant and then microdiscs were biofunctionalized with
aptamers (after de-protecting the thiol tag following the protocol by
GeneLink). Briefly, a disposable microwell was fixed to the electrode
and the de-protected aptamer was drop cast into the well, then allowed
to bind for 6 h. The microwell fixture was subsequently removed and
the surface rinsed three times in DI prior to analysis.

2.4. E. coli sample preparation and imaging on microdiscs

E. coli 25922 stock concentration used for experiments consisted of
10* CFU/100 mL. See supplemental section for details on the sample
preparations for the three kinds of fluorescent assays (SYTO9/PI, CD
live cell tagging, and GFP transformed cell imaging). In summary,
SYTO9/PI staining was conducted following the protocol in the
BacLight kit (3 pL of SYTO9; 3 uL of 20 mM PI; 1 mL of bacterial sus-
pension). CDs were produced following the methods by Sun et al. [32],
with slight modification. These CDs with quantum yields ranging from
4 to 10% in response to an excitation of 400 nm [32], possess tunable
fluorescent properties, low-cost, and low-environmental toxicity when
compared with other live/dead stains [32-35]. All GFP E. coli were
grown to a concentration of 10'! CFU/100 mL and diluted prior to
imaging as noted.

Cells were incubated with the magnetic microdiscs for 15-20 min at
room temperature, rinsed with PBS buffer, tagged with SYTO9/PI and
rinsed with PBS buffer again. Rinsing steps were done by magnetically
concentrating the microdiscs with a permanent magnet, decanting su-
pernatant and re-suspending in new buffer. The magnetic microdiscs
bound/unbound to target cells (viable and/or non-viable) were rinsed
as described above, magnetically concentrated and retrieved from the
vial using a 10 pL pipette and deposited on a glass slide for fluorescent
or confocal microscopic imaging and inspection. For imaging of CD-
labeled cells, E. coli that had been previously incubated with CD solu-
tions (as described in section 2.3) were exposed to 2 million discs,
captured with a single permanent magnet, and then transferred to a
glass slide for imaging. GFP E. coli (10® CFU) were exposed to 2 million
magnetic microdiscs and incubated for 20 min, captured with a per-
manent magnet, and imaged.

2.5. Confirmation of E. coli binding using electrochemical testing

Prior to testing aptamer-functionalized microdiscs, aptamer binding
to E. coli 25922 was verified using standard electrochemical impedance
spectroscopy (EIS) as described by Hills et al. [36]. EIS tests were
performed in 4 mM potassium K,FeCNHg and 1 M KCI at 20 °C. An in-
itial DC voltage of 0.25 V and an AC voltage of 100 mV with a frequency
range of 1 Hz to 100 kHz were applied and used for all tests.

3. Results and discussion
3.1. Affinity of thiolated aptamer for E. coli

Prior to testing aptamer-functionalized microdiscs, a commercial
gold disc electrode (1.6 mm diameter) was used to confirm E. coli 25922
binding for the primary aptamer (P12-55) and for the scrambled ap-
tamer. Bode plots (Fig. 1A) show an increase in impedance during
stepwise addition of E. coli using aptamer P12-55 88mer. The response
was linear across the range of 10' to 10° CFU/100 mL at a cutoff fre-
quency of 6.31 Hz using Faradaic impedance with 4 mM K4FeCNg as the
redox probe. Fig. 1B shows a that cutoff frequency was optimal at
6.31 Hz based on linear regression coefficient (calibration curves) and
sensitivity toward E. coli. This data clearly show that aptamer P12-55 is
selective for E. coli 25922, and that the functionality is directly corre-
lated to the sequence selected from the SELEX process by Marton et al
[29]. Although the specific molecular target of aptamer P12-55 was not
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Fig. 1. Electrochemical impedance spectroscopy analysis of thiolated aptamers on a gold electrode toward E. coli 25922. (A) Bode plots for P12-55 88mer; inset
shows linear calibration plot using impedance at a cutoff frequency of 6.31 Hz (Faradaic impedance with 4 mM K,FeCNg) (B) Cutoff frequency was performed

between 1-21.54 Hz for sensitivity toward E. coli and linear regression coefficient.

reported by Marton et al. [29], the authors estimate that the aptamer
has a high affinity for E. coli 25922 cells, with an estimated 14,950
binding sites on a single E. coli cell. On the other hand, the scrambled
aptamer (three single bp substitutions in the stem-loop structures) did
not respond to E. coli 25922 at any concentration (see supplemental
section). This result confirms the results by Marton et al. [29] in studies
of aptamer-cell suspensions and validates that single bp substitutions to
the stem-loop region significantly alter binding affinity, likely resulting
from a change in secondary structure.

To further challenge this result, the specificity of aptamer P12-55
and the scrambled aptamer were tested with other Gram negative cells
and the aptamer was at least 92% selective over all other cells tested.
(See Supplemental Fig. S-2C)

3.2. Isolation of viable and non-viable E. coli using bio-conjugated magnetic
microdiscs

Microdiscs with P12-55 aptamer (40 nM/mm?) demonstrated suc-
cessful capture of E. coli 25922 from 100 mL samples. To further extend
this result, viability was assessed using common staining methods: i)
live/dead staining by SYTO9/P]I, and ii) CD staining of live cells, as well
as GFP transformed cells (positive control). Refer to Fig. S-8 for sche-
matic of approach and details of methods. Fig. 2 shows representative
confocal images (bright and fluorescent fields) of aptamer-functiona-
lized magnetic microdiscs exposed to SYTO9/PI-stained E. coli 25922
samples. The concentration after incubation was 10* CFU/100 mL
(Fig. 2A), 10% CFU/100 mL (Fig. 2B), 10° CFU/100 mL (Fig. 2C), and 0
CFU/100 mL (control) (Fig. 2D). As shown in the images, the fluores-
cence signal is directly correlated to bacteria concentration, and no
signal is apparent in control samples, which validates the utility of our
approach for E. coli detection. Due to the stacking and agglomeration of
discs during the capture process, it is currently not possible to provide
quantitative cell counts, although the capture mechanism is highly
useful for rapid screening and disc actuation methods (i.e., spin vortex)
are possible in future studies, which is discussed in a later section.
Consistent with other fluorescent viability assays, the test shown in
Fig. 2 is limited by the accuracy of the fluorescent label for reporting
cell viability. Given the known promiscuity of SYTO9 for staining ex-
tracellular DNA, or eDNA [37], it is possible that the green rod-like
features in Fig. 2 are cell debris, and not viable cells as reported by
many previous manuscripts. To further explore the use of micron-sized
discs as capture probes, alternative fluorescent labels were compared
during simulated field testing as discussed in section 3.3.
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3.3. Fluorescence labeling of isolated E. coli in water samples

To determine the broad applicability of the technique, a compara-
tive study was conducted using three fluorescent techniques, namely:
GFP transformed cells, CD-labeled viable cells, and SYTO9/PI stained
cells. Fig. 3 shows representative fluorescent images after E. coli 25922
capture using aptamer-functionalized magnetic microdiscs. GFP-trans-
formed E. coli (Fig. 3A) are visible along the edges of the discs, and the
rod-like structure is apparent with little debris or artifact, indicating
successful capture by the aptamer-coated microdiscs. Likewise, CD-la-
beled E. coli (Fig. 3B) capture is apparent based on the morphologically
appropriate rod structures near discs and lack of significant debris. The
relatively low level of debris is attributed to the uptake of CD by viable
cells as compared to the non-specific staining that is common to other
labeling techniques. SYTO9/PI-tagged E. coli (Fig. 3C) are visible, but
there was significant debris and artifact in all samples, which is a
common problem in SYTO9 staining as any eDNA would be labeled by
SYTO9. There was some visible PI (red channel) in the samples shown
in Fig. 3C, but the high uncertainty regarding false positives was
deemed unacceptable for water quality testing. Given the false positive
issue common to SYTO9 staining, as well as the low shelf life of the
stain, CD-labeling was selected as the most viable option for develop-
ment of a rapid viability biosensor in further testing among the methods
tested herein. Thus, this approach was challenged in water samples and
compared to literature values.

3.4. E. coli 25922 detection in water samples and comparison to literature
detection in water samples and comparison to literature

Fig. 4 depicts the overall process of the testing protocol for samples
of up to 100 mL. The technique is simple, utilizes readily available, low-
cost items (glass funnel, beaker, neodymium magnets), and can inter-
face with any fluorescent detection system that is capable of imaging
bacterial targets and/or other downstream biosensors. E. coli 25922
detection was demonstrated using aptamer-functionalized microdiscs in
sample volumes ranging from 0.5mL to 100 mL, and bacteria con-
centrations ranging from 10° to 10'* CFU/100 mL. Samples with E. coli
concentrations above 10> CFU/100 mL were analyzed within less than
45 min (Figs. 2-3). However, dilute samples below this threshold (e.g.,
10° CFU/100 mL) required enrichment for accurate detection (Fig.
S-7). For screening dilute samples, the solution was incubated with TSB
for 6 h at 37 °C. For screening concentrated solutions, no enrichment is
required as shown in Figs. 2-3. For application in drinking water within
the US, an enrichment step is required since the maximum containment
level goals for E. coli are zero in 40 samples per month according to the
revised total coliform rule [38]. For screening watersheds, or targeting
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Fig. 2. Example (bright and fluorescent fields) images of samples containing aptamer-functionalized discs exposed to viable E. coliA) 10* CFU/100 mL, B) 102 CFU/
100 mL, C) 10° CFU/100 mL, and D) 0 CFU/100 mL no cells (control). All samples were tagged using SYTO9/PI.
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Fig. 3. Fluorescence labeling of E. coli 25922 was demonstrated using three different approaches: A) green-fluorescence protein (GFP) transformation, B) carbon dot
(CD) labeling, and C) SYTO9/propidium iodide (PI) staining. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).

other pathogenic bacteria, the technique has applications where direct
use is possible (e.g., in studies screening for pathogens with a high
infectious dose in the range of 10° to 108 cells, such as Vibrio cholera;
[39D).

To demonstrate the versatility of the method using other receptors,
various capture probes were also tested (for an example of microdiscs
coated with the lectin ConA, see supplemental Fig. S-7). In agricultural
applications (e.g., irrigation water screening), the current food safety
modernization act (FSMA) guidelines require that a minimum of 20
water samples have less than 126 CFU/100 mL, and samples must be
processed within 8 h of collection [40]. For these levels and timeframe,
the microdisc method is directly applicable by using the enrichment
step, although further studies are needed to investigate the minimum
enrichment time and temperature required for detection of dilute E. coli
samples in various water samples.

Performance characteristics of the microdisc capture method was
compared to different methods using magnetic particles as summarized
in Table 1. The limit of detection (LOD) reported in the literature ranges

magnetically
trapped -
discs/bacteria

water sample
containing discs
and bacteria

N i

« magnet array
id with alternating
- polarization
By
-

from 3.0 x 10° to 1.5 x 10° CFU/100 mL, while response times ranged
between 0.35-2.5 h. The microdisc method herein demonstrated E. coli
detection using aptamer-functionalized discs in samples of 0.5-100 mL
and bacteria concentrations as low as 10> CFU/100 mL in less than an
hour. However, preliminary results (supplemental Figs. S-7C and S-7D)
have been obtained on samples of up to 100 mL and E. coli concentra-
tions down to 10° CFU/100 mL within 8 h. Using our microdisc capture
method, the LOD for non-enriched samples (102 CFU/100 mL) is within
the same range, and the response time is less than one hour. Obtaining
LOD values down to 1 CFU/100 mL using the microdisc platform is
possible with sample enrichment, in which case the response time is 8 h
for a concentration of 1 CFU/100 mL. While this magnetic microdisc
method requires enrichment to meet EPA thresholds in drinking water
(1 CFU/100 mL in less than 8 h), the technique is directly applicable for
detection of fecal coliforms in irrigation water (126 CFU/100 mL in less
than an hour). Havelaar et al. [40] recently analyzed six agricultural
irrigation ponds and found that the current FSMA rule grossly under-
estimates true pathogen levels and the sampling strategy is not

Fig. 4. (left) Magnetic capture procedure and representative image. This procedure uses a fluidic channel built with a glass pipette and an array of magnets with
alternating polarization to increase high magnetic gradient contact points with the sample. (top right) For imaging, discs are subsequently collected using a single
permanent magnet. (bottom right) Image acquisition can be performed with an epi-fluorescence scope, confocal scope, or other envisioned device such as a smart-
phone based fluorescence scope. In sample images, blue circles depict magnetic microdiscs while red oval depictsE. coli (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article).



Sensors & Actuators: B. Chemical 291 (2019) 58-66

K.Y. Castillo-Torres, et al.

SIoM (wu g :SseWwIY) ‘Wi G'T @) Kesse JU2DS2ION[J + SISIPOIITUI
ST S9X 0S0 > (0T X010l X 0T 001-S°0 sroweyde YN SOSTpoIDdIUW Ao[[euriad onouSew xa)10A-urds Suisn uoryeost dnaudey
(wuQST.)
sopnied sapodreq dnaudew
[8¥] ON 0S'C LOL X 0T 10 sapooreq pazijeuonduny-owelde  [edo asiaaur [0801pAY ([024]8 dua[Aya) Ajod  [9801pAYy paseq—ioureide Sursn uondaep pue armded [erLldeg
sajisodwodoueu 1]09 *q JO UOTIE[OST
[z¥] S9X 0S°0 0L X 0T o1 SJIN peyIpouw sururedoponiu-g 0ODI uo paoydue (SJIN) sa[onted onoudewl  9ANII[AS 0] s1djedYouru (QDHI) aprxo susydeid paonpai onaudeN
wu /
[ov] ON 00'T 60T X G'T 0's SANIAl pazIfeuonouny-sultie SAN 911L19) 3[eqo) SANIN Sulsn Aesse (9L12WI0[0d) LI
(wu 001-0S)
[st] oN 2S°0-GE°0 0L X 9L 10 Apoqniue /H:/STO 1109 T SN 9pIXO uoIl euwrwes 0URUOSAI dNRUSRU TBI[INN
(wu 001-09S) SANIN
[12] oN 00'T > 0T X 0T S0 S3IPOqIIUE [RUO[IOUOUT SAN £0%4- A pareod-auriuek[od pazieuonouny-Apoqriue SUISN JOSUSSOUNUIIT [EDTISYIONINT
(wu 0§ 1) SANIN Suisn
[61] ON 0S°0 0L X 0T o) 01 saIpoqnue 102 7 Jo sjuswdel-jrey s193sn[ YQfa pajeod-wnune[q uoTd339p dLIIpWLIo[0d pue Ayderdoreworyd snaroydojouden
(eusodurod-wu GZ—GT ‘PAyIpOUIuN-uru O1)
SdN YO pue
[++] S9X 0S50 < LOT X 0T S0°C-1 SISOUJUAS [BULISYIOA[OS  PIZISAIUAS SGN 931sodurod sauaydeid / ¥Qag  SINIA pue a3isoduwrod auayderd onoudeuwr 3uisn [eAowal eLv)dRg
(4v.LD) (wuor)
[et] oN 00'T 0L X G'T 0'S  9pluoiq Wnuouue-[AYIRWINAIR) dv.ID PIM PIZISSIUAS SIN YOfod uondauIsIp pue amided onauewr eLLdRg
(wrig-g)
speaq A1epuodas auaikisAjod
[zv] ON 00T 0T X 0°€ 001-T Apoqnue /H:/STO 109 ‘7 pue (XVIN Speaqeuiq) speaq dnausey Uon933p DH Pue ST
sa1poqriue (pa3eod-wu OQT—0G ‘PIYIPOWUN-UIU OZ) [i{JsREIETS)
[1+] ON 80'T 01 X 09 10 LH:/STO 109 "F-TJUE [RUO[IOUOIN SAN 9PIX0 UOIl ewwes pajeod-aul[iues[od (D) [e21WAYD01I3[2 pue (SIAI) uoneredss dnsudewountrury
(7702 "7) setpoqnue (WwuGy1)
[0z] oN 850 o0L X ¥ S0 jeo08 TeuopAjod pafpqe-urolq sdN YOfad pajeod-urpiaeldons sarpoqnue-dNIA Im pajdnod 1osuasorq dduepadury
(Tu
() (Tw 001/N4AD) aumjoA (2qo1d axmded) (a21s pue [eLId)RUIY)
U ¢(dars LpiqerA swm asuodsay UOMDIIIP JO JTWIT o1dures JSVNSREIE saponaed onaudepy POYIRIN

‘soponed onsudew 3uisn SPOYISU UOTIISIIP 102 °F JO SONSLISIORIRYD SUISUISOIg

1 9IqelL

64



K.Y. Castillo-Torres, et al.

sufficient for indicating microbial contamination until several years of
data are collected. Havelaar et al. suggest a more targeted risk man-
agement strategy based on comprehensive and frequent analysis of
water quality parameters to inform preventive or rapid corrective ac-
tions, particularly during peak contamination events. Therefore, the
method herein presented represents a potential alternative to target and
isolate fecal coliforms at detection levels as low as 10> CFU/100 mL in
less than an hour with the capability of viability detection.

Other than the immunomagnetic separation method by Jayamohan
et al. [42] that incorporated commercial magnetic beads, none of the
sensors in Table 1 tested sample volumes of up to 100 mL (most sensors
tested volumes of 0.1-10 mL) and only one other method [44] included
a viability step. Table 1 also shows that most of the magnetic particles
used in E. coli biosensors consisted of iron oxide particles with dia-
meters raging between 50-150 nm. These MNPs (tens of nanometers)
are in many cases coated and/or combined with polymers and/or
polysterene NPs (i.e. polyaniline, polystyrene beads, and PEG), which
when compared to our magnetic microdiscs (1.5 pm in diameter, 80 nm
in thickness), are approximately 236,000 times smaller. While there are
known benefits to using nanoscale sensor platforms (higher surface
volume to area), there are also major challenges in terms of recovering
the material from environmental samples, unknown toxicity at field
scale, and unknown fate and transport in the environment. In addition
to these issues, details on the MNP assay selectivity to E. coli was de-
scribed in terms of the specific capture probes used for their assays.
Here, the microdisc capture method is proposed as a platform solution
and a variety of antibodies, amines, aptamers, and other capture probes
were presented. Given that the microdisc approach can detect low le-
vels of viable E. coli in under one hour, this method is an excellent
platform for rapid screening of water samples and can easily target
other cells by changing the capture probe.

3.5. Bacterial detection acquisition system and future perspectives

This method provides versatility in terms of the capture probes that
can be used (i.e. aptamers, lectins, antibodies, and others), but also in
terms of the fluorescent labels that can be used (i.e. different sizes of
quantum carbon dots) to identify different kinds of cells (see pre-
liminary results in Fig. S-10). Preliminary results have been obtained
using Concavalin A (ConA) lectins as capture probes while targeting
coliforms (i.e. E. coli., K. variicola, and P. mirabilis), see supplemental
Figs. S-7C and S-7D. These preliminary results were obtained from, not
only lab-prepared water samples but also, from more complex samples
(i.e. vegetable broth), see supplemental Figs. S-11 and S-12. The mi-
crodisc capture method represents the advantages of being field-ready
(when access to portable fluorescence microscope) and detecting via-
bility within 8 h, as well as potentially detecting cell counts as low as 1
CFU/100 mL. While other biosensors, such as impedimetric apta-
sensors, are accurate and highly useful, these sensors require expensive
equipment, trained personnel, and considerable ad hoc data analysis for
interpreting results. Although outside the scope of this manuscript, it is
envisioned that combining this bacteriological screening method with
rotational stimulus of microdiscs could enhance bacteria binding and
provide a unique actuation step to the capture process shown here,
potentially paving new roads for microdiscs which follow the sense-
analyze-respond paradigm. There is an opportunity to combine this
simple method with smartphone-based imaging platforms [49], ma-
chine vision classifiers [50], and data analytics [31] for providing
rapid, portable detection of fecal indicators in water samples.

4. Conclusions

Rapid detection of E. coli in drinking water is vital to ensuring the
safety of the public, and without sensing capabilities, smart water
networks such as those proposed by Rasekh (2016) are not possible.
This work demonstrated the ability to rapidly (< 45 min) isolate E. coli
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from water samples at levels of 10> CFU/100 mL using bio-conjugated
(i.e. aptamer) magnetic microdiscs. Also, viability labeling was shown
using three different labels (i.e. GFP, SYTO9/PI, and CDs). Finally,
versatility in terms of fluorescent microscopy was demonstrated, ser-
ving as inspiration to further considering smartphone based fluorescent
imaging with appropriate fluorescent tags. Other future perspectives
include the used of other bioreceptors (e.g. lectins, antibodies, phages,
or peptides) to isolate other target cells.
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