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ARTICLE INFO ABSTRACT

Keywords: In this report, a passive microfluidic chip design was developed for fast and sensitive fluorometric determination
E. coli of Escherichia coli (E. coli) based on sandwich immunoassay. Initially, magnetic nanoparticles (MNPs) and
Microfluidic chip chitosan modified mercaptopropionic acid capped cadmium telluride (CdTe) quantum dots (QDs) were func-
Immunomagnetic separation tionalized with E.coli specific antibody to form a sandwich immunoassay with the E. coli. The magnetic se-
Fluores.cen,c N paration and preconcentration of the E.coli from the sample solution was performed in the vial. Conjugation of
Sandwich immunoassay . . . . . . .
QDs to the magnetically captured E. coli and washing were performed using a passive type of microchip. The
microfluidic chip consists of four microchambers connected to each other by microchannels which act as ca-
pillary valves. Signal measurement was performed at the last chamber by using a hand-held spectrofluorometer
equipped with a fiber optic reflection probe. The selectivity of the method was tested with Enterobacter aerogenes
(E. aerogenes) and Salmonella enteritidis (S. enteritidis), it was observed that these bacteria have no interference
effect on E.coli determination. The calibration curve was found to be linear in the range of 10'-10° cfu/mL with a
correlation coefficient higher than 0.99. The limit of detection was calculated as 5 cfu/mL. The method was
successfully applied to spiked tap and lake water samples. The results suggest that the developed method is
applicable for on-site E. coli detection and offers several advantages such as large dynamic range, high sensi-
tivity, high selectivity and short analysis time.

1. Introduction

Diseases caused by pathogenic bacteria are significant in that they
pose a threat to public health (Morens et al., 2004; Lazcka et al., 2007;
Mairhofer et al., 2009). Therefore, rapid detection and identification of
bacteria is crucial in order to prevent their quick spreading. Conven-
tional microbial culturing based methods used for bacterial identifica-
tion are accepted as the standard methods. Although culture testing has
long been the discipline's most common method for enumerating bac-
teria, it has several serious limitations including, inability to detect
viable but not culturable bacteria, multi-day incubation periods and the
need to verify positive culture results with confirmation testing. Up to
now, various techniques such as polymerase chain reaction (PCR) (Suo
et al., 2010), quartz crystal microbalance (QCM) (Farka et al., 2015),
surface plasmon resonance (SPR) (Torun et al., 2012), electrochemical
impedance spectroscopy (EIS) (Li et al., 2015), surface enhanced
Raman scattering (SERS) (Zhou et al., 2015; Guven et al., 2011) and
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fluorescence spectroscopy (Dudak and Boyaci, 2008; Zhu et al., 2011;
Dogan et al., 2016) have been reported in the literature for rapid de-
tection of bacteria. Although much progress has been achieved, there is
still an urgent need to develop selective, sensitive and rapid methods
which is also suitable for on-site detection of bacteria (Law et al., 2015).

In recent years, flow-based biosensor applications have attracted
much attention as they reduce laboratory procedures and enable more
automated determinations (Phurimsak et al., 2014a). Generally, con-
tinuous flow chips are preferred for magnetic particle based assays (Lee
et al., 2014; Phurimsak et al., 2014b; Lee et al., 2012). In such chips,
working fluids flowing through separate channels merge at a junction
where they are mixed with a micro-mixer. However, this procedure
may require the use of external tubing, connection ports and pumps to
ensure continuous flow of the working fluids. The existence of these
peripheral components reduces the reliability of the assay and makes it
difficult to operate the chip-based assay. An alternative approach is to
utilize pipette operated passive microfluidic chips where working fluids
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are kept stagnant in a series of chambers separated by an immiscible
fluid layer (Berry et al., 2012) or by capillary barriers (Phurimsak et al.,
2014a; Gliere and Delattre, 2006). Oil is used to separate the chambers
of aqueous solutions in a streamline, while the working fluids in
neighboring chambers are in direct contact (Phurimsak et al., 2014a).
Phaseguides which are shallow ridges acting as capillary barriers pat-
terned on the base of the chip were utilized to obtain the lanes of liquids
(Vulto et al., 2011; Yildirim et al., 2014).

Recently, there has been growing interest in quantum dots (QDs)
and magnetic nanoparticle (MNP) applications. (Reddy et al., 2006,
2008, 2009; Hassan et al., 2014; Small Methods, 2018; Zhang et al.,
2019). Among the other inorganic and carbon based QDs, CdTe QDs
have the advantages such as: narrow emission bands, high quantum
yield, easy to synthesis and more suitable for the multiplex applications
(Petryayeva et al., 2012).

To date, the immunomagnetic separation combined with QD labeled
antibodies have been used for bacteria detection. As an example, Su and
Li (2004) used CdSe/ZnS QDs and MNP to develop a sandwich type
immunoassay method for determination of E. coli In their work,
fluorescence signals were measured on a fiber optic fluorescence
spectrometer. In another study, streptavidin-coated QDs and MNP were
modified with antibody selective to S. aureus, and fluorescence mea-
surements were performed using a spectrometer equipped with a fiber
optic probe (Hu et al., 2014). The working range and limit of detection
of the method was reported as 1 x 10°-1 x 10°cfu/mL and
1 x 10®cfu/mL, respectively. The analysis time was approximately
three hours. In another work, (Kim et al., 2015) immunomagnetic se-
paration of Salmonella on a PDMS microfluidic chip was described. In
the first stage, antibody modified MNPs were interacted with the bac-
teria followed by interaction with CdSe/ZnS QDs in the microfluidic
device. Samples were delivered to the system via syringe pump. The
fluorescence signals from the complexes were measured using a custom-
made fluorometer. The linear range and LOD were determined as
103-10° cfu/mL and 10°cfu/mL, respectively. The proposed method
has also been successfully applied in real matrix.

To the best of our knowledge, the combination of magnetic se-
paration and chitosan modified QDs labeling for E.coli detection in
water samples by using a passive type microfluidic platform has not
been reported in the literature previously. Here, we describe a rapid
isolation and quantitative analysis method for E.coli with QD probe.
After immunomagnetic separation of E.coli, the homogeneous sandwich
structure was formed in passive chip, and fluorescence signals were
recorded. The working fluid is transferred into the chip by using a
pipette and kept stationary in micro chambers in the chip. The main
advantages of the proposed method are: (i) the time necessary for la-
beling and washing step was decreased, (ii) since the need for an ex-
ternal pump was eliminated, the system is simple and portable and (iii)
the consumption of MNP and QD is minimized.

2. Material and methods
2.1. Reagents

All chemicals listed below were of analytical grade and were used as
received without any further purification. Cadmium (II) chloride
(CdC12), Trisodium citrate dihydrate (Na3CgHs0,2H,0),
Mercaptopropionic acid (MPA), Hydrogen tellurite (H,TeO,). Chitosan,
Silver nitrate (AgNO3), iron (II) sulfate heptahydrate (FeSO47H,0),
sodium hydroxide (NaOH), perchloric acid (HClIO,4), Sodium borohy-
dride (NaBHy), Iron (III) chloride (FeCl3), Hydrogen tetrachloroaurate
(HAuCly), Hexadecyltrimethylammonium bromide (CTAB), 11-mer-
captoundecanoic acid (11-MUA), Ethanolamine, N-(3-dimethylamino-
propyl)-N-ethyl carbodiimide hydrochloride (EDQ),
Ethylenediaminetetraacetic acid (EDTA), Hydroxylamine hydro-
chloride, 2-morpholinoethanesulphonic acid monohydrate (MES),
Absolute ethanol, NaCl, Na,HPO4, KH,PO, used as phosphate-buffered
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saline (PBS) and N-Hydroxysulfosuccinimide sodium salt (NHS).
Polyclonal E. coli antibody was obtained from Fitzgerald Industries
International (Acton, Massachusetts, USA). Immunopure avidin was
purchased from Pierce Biotechnology (Rockford, IL). In order to reach
the desired concentrations, all solutions were prepared using deionized
water (0.06 pS cm ') obtained from Millipore milli-Q water purifica-
tion system.

2.2. Chip fabrication

Designed chips were fabricated on polymethyl methacrylate
(PMMA) substrates by milling on ProLight WPLM1000 machining
center. After the milling process, through holes were drilled using 1 mm
milling cutter to open the access holes. In order to seal the channels and
the chambers, a blank PMMA sheet was bonded by solvent assisted
thermo-compression (Ogilvie et al., 2010). After solvent (chloroform)
vapor treatment, PMMA substrates were bonded by applying 270 N/
cm? pressure for 3min. at 85°C. Fig. S1 illustrates the fabrication
process.

2.3. Apparatus

Fluorescence measurements were performed using Ocean Optics HR
4000 spectrometer (FL, USA) equipped with a 295 nm LED lamp as an
excitation source and a fiber optic reflection probe (Premium-grade
reflection probe, Ocean Optics FL, USA). (Fig. S2). The reflection probe
has a 6-around-1 fiber bundle design (400 pm core diameter) and a 6-
fiber leg is connected to light source, while a single-fiber leg is con-
nected to spectrometer. The spectra were obtained using 750 ms in-
tegration time and an average of ten spectra was used to improve signal
to noise ratio. A homemade measurement cell containing a room for
microchip and a hole for the probe was used to eliminate the back-
ground light. Optical absorption spectra were obtained with a
Spectronics, Genesis model single beam UV-VIS spectrophotometer.
Transmission electron microscopic analyses were performed with JEOL
JEM 1400 instrument at 80 kV and 90 kV.

2.4. Microorganism

E. coli (ATCC35218), S. enteritidis (ATCC BAA1045) and E. aerogenes
(ATCC13048) were purchased from Hacettepe University Food
Research Center Culture Collection, Ankara, Turkey. The cultures for
assay were grown on Tryptic Soy Broth (TSB; Merck, Germany) at 37 °C
for 18 h. Cells were then centrifuged at 1377 (m.s~?) for 10 min, and
supernatant was discarded. Cells were washed three times with sterile
PBS (0.67M at pH7.4). Turbidity of the cells was adjusted to 0.5
McFarland standard, and bacteria dilutions were prepared making ne-
cessary dilutions with sterile PBS.

2.5. Synthesis and surface modification of MPA-CdTe quantum dots with
chitosan

An aliquot of 0.100 g of trisodium citrate was dissolved in 25.0 mL,
0.64 mM CdCl, solution and was transferred to a single neck balloon.
Then, 100 pL of 11.5 M mercaptopropionic acid (MPA), 0.010 mmol Te
(IV) (pH 8-9) and 50 mg of solid NaBH, were added sequentially while
stirring was maintained. The solution was stirred at 96 °C for 1h, after
which it was cooled to room temperature, and 75 mL of ethanol was
added to precipitate the QDs. The supernatant was discarded and the
precipitate was washed with 25 mL of ethanol, and the residue was
dried at 40 °C. Then, 75 mg of dried precipitate was dissolved in deio-
nized water and diluted to 25.0mL (3mg/mL QD). The emission
maximum of the QD solution is around 505nm with relatively low
intensity. In order to increase emission intensity and shift the maximum
emission wavelength to 550-575 nm, the pH of the final solution was
adjusted to 11.4 and heated at 96 °C until the desired emission
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Fig. 1. (a) General view of the microfluidic chip showing the chambers, access holes, and the capillary valves. Chip cover is suppressed for clarity. (b-c) Detailed view
of capillary valve. The meniscus advances through the connection channel until it gets pinned at the capillary valve. (d-e) The shape of the pinned meniscus obtained
by using Surface Evolver. Breaching of the capillary valve would require a convex interface because of the contact angle between PMMA and aqueous solutions (0
being approximately equal to 70°) as illustrated in (e). (f) Fabricated chip. (g) Liquid gets pinned at the capillary valve between the first and the second chambers as
the first chamber is filled. (h) The chip after filling all the chambers. A minor mixing is observed at the capillary valves.

wavelength was reached.

For the 5.0 mL QD solution, 100 uL of 1% (w/v) chitosan solution
(0.1 g of chitosan was dissolved in 10.0 mL of 1% ((v/v) acetic acid)
was added and vortexed for 1 min. The pH of this solution was adjusted
to 6 and sonicated for 15 min. Then the solution was centrifuged and
the supernatant was discarded, after which it was dispersed in 5mL
MES buffer (pH6.5). The characterization of the QD and chitosan
modified QD was carried out by TEM, X-ray photoelectron spectro-
scopy, fluorescence and IR spectroscopy in our previous study. (Dogan
et al., 2016).

2.6. Preparation of QD-antibody conjugates

In order to activate the amine groups on chitosan-CdTe QDs, 4 mg of
EDC and 4 mg of NHS were added to 1.0 mL of the chitosan-modified
QD solution and incubated on the orbital shaker for 30 min. The solu-
tion was centrifuged for 4 min at 1377 (m.s~?), and the supernatant
solution was discarded to remove NHS and EDC. This procedure was
repeated three times with MES buffer having a pH of 6.5. Then, the
precipitate was dispersed in PBS buffer and 100 pL of 1 mg/mL avidin
was added. The solution was shaken for 30 min on the orbital shaker to
attach avidin to the amine groups. After washing with PBS buffer, the
solution was treated with ethanolamine to prevent nonspecific inter-
actions. A 100 pL portion of 0.1 mg/mL biotin-bound rabbit anti-E.coli
polyclonal antibody solution was added, and the avidin-biotinylated
antibody interaction was achieved by shaking it on the orbital shaker
for 30 min. The solution was washed three times and then dispersed in
1.0 mL of PBS buffer. The full width at half maxima for the QD-antibody
conjugates was around 60-65 nm.

2.7. Preparation of MNP-antibody conjugates

The synthesis and characterization of spherical Fe;0,@Au magnetic
nanoparticles (9 = 1nm) was described previously (Tamer et al.,
2013; Dogan et al., 2016). The surface of the magnetic nanoparticles
was modified with 11-MUA. To this end, 5mg MNP was dispersed in
1.0mL of 20mM 11-MUA solution prepared in ethanol and stirred
overnight. Thus, 11-MUA is covalently bound to the gold surface via

thiol groups. The excess of 11-MUA was removed by washing three
times with MES buffer. The MNPs were re-dispersed in MES buffer
(pH 6.5), 4 mg of EDC and NHS were added to this solution and shaken
on an orbital shaker for 30 min to activate the carboxylic acid ends of
11-MUA. Then, the washing procedure was performed at least three
times to remove excess EDC and NHS from the solution. After activation
of the carboxyl groups, 100 uL of 1.0 mg/mL avidin was added to the
1.0 mL of MNP solution and incubated for 30 min on the orbital shaker.
In order to prevent nonspecific interactions 1% (v/v) ethanolamine was
added to this solution and incubated for 30 min on the orbital shaker.
After washing step, MNPs were also re-dispersed in 1.0 mL of PBS buffer
(pH 7.4), 100 pL of 0.1 mg/mL biotinylated rabbit anti-E. coli antibody
solution was added and shaken for 30 min on an orbital shaker. The
MNP-antibody conjugates were recovered using a magnet, washed
three times with PBS buffer and dispersed in 1.0 mL PBS buffer.

2.8. General procedure of the proposed assay

MNP-antibody conjugate (100 uL) was added to different population
density of E. coli (500 puL) and incubated for 30 min using an orbital
shaker at 100 rpm. This biotinylated antibody recognizes all 'O’ and ‘K’
antigenic serotypes of E. coli (https://www.fitzgerald-fii.com/e-coli-
antibody-biotin-60-e13b.html (accessed 11 July 2019)). The captured
E. coli were separated magnetically and washed three times with sterile
PBS solution to remove unbound E. coli and suspended in 500 pL, 0.1 M
PBS. The first chamber of the microchip was filled with 15 pL. MNP-E.
coli conjugate, and the second microchamber was filled with QD-anti-
body conjugate. The third and the last chamber was filled with washing
buffer (phosphate buffered saline, pH 7.4). The MNP-E. coli conjugates
were transferred to the second microchamber through the micro-
channel and interacted with the QD-antibody for 1 min by using an
external magnet. Then, the MNP-E. coli-QD conjugates formed in the
second microchamber were transferred to the third microchamber,
filled with buffer solution, and circulated for 1 min by moving the
magnet in order to eliminate unbound QDs. Finally, the washed sand-
wich structures were transferred to the last microchamber where the
fluorescence spectra were recorded using a hand-held spectrometer.
The signal intensity at 550 nm corresponding to maximum emission
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Fig. 2. Schematic illustration of the method a) Manuel injection of MNP-bacteria conjugates and QDs, b) Formation of MNP-bacteria-QD sandwich structure in the
second microchamber, ¢) Washing in the third chamber and d) Fluorescence measurement in the last microchamber, respectively.

wavelength of the QD was followed throughout the study. The sche-
matic representation of the experiment is shown in Fig. 2.

2.9. Sample preparation

As an application, tap water and lake water were analyzed for E.coli
by using plate counting method and proposed method. Tap water
samples (100 mL, n = 3) were spiked with 500 pL. population densities
of 1.2 x 10% cfu/mL and 1.2 x 10* cfu/mL of E.coli. 100 pL volume of
MNP-antibody conjugate was added and incubated in orbital shaker for
30 min. MNP-E. coli conjugates were collected using a magnet, dis-
persed in 1.0 mL PBS buffer and washed three times. After washing, the
MNP-E. coli conjugate was dispersed in 500 pL PBS buffer and subjected
to the general procedure.

Lake water sample was filtered through 0.45 um pore size filters and
three parallel samples of filtered lake water (10 mL) were spiked with
500 pL of E. coli at population densities of 1.2 x 102 and 1.2 x 10* cfu/
mL, and the same procedure was applied.

3. Results and discussion

Rapid analysis and identification of bacteria have recently been
considered as an important research topic. Conventional methods re-
quire copious amounts of solvent and are time-consuming.
Furthermore, they require complicated sample preparation steps and

expensive reagents (Tokeshi et al., 2003). The use of magnetic nano-
particles to separate the bacteria from their matrix was found to be
more effective due to the high surface/volume ratio (Tamer et al.,
2011). This approach has provided a higher contact surface area re-
sulting in higher capture efficiency. Our previous work also showed
that the magnetic nanoparticle based immunoassay system showed
capture efficiency similar to the conventional Dynabeads based im-
munomagnetic separation (Tamer et al., 2010).

In a recent study, the performance of passive chip was evaluated for
quantitative analysis of luteinizing hormone (LH) by using labeled
surface enhanced Raman scattering (SERS) probe (Gjergjizi et al., 2018)
and C-reactive protein immunoassay fluorescently labeled secondary
antibody (Phurimsak et al., 2014b). The present work investigated the
fluorescence measurements of QD probe for detection of E. coli in a
passive microchip, and all the other interactions with modified nano-
particles were performed in a passive microchip. Here, a magnetic
particle-based assay platform was used in which E.coli bound magnetic
particles were transferred sequentially through chambers for labeling
and washing. The fluorescence signal from the MNP-E.coli-QD con-
jugates was measured using a hand-held fluorescence spectrometer
equipped with a fiber optic reflection probe. The proposed assay con-
sists of three major steps; which are (i) the immobilization of antibodies
on Fe;0,@Au and QDs NPs; (ii) isolation of E.coli from water samples
by using Fe;04@Au-antibody, and (iii) labeling the isolated E.coli with
QD-antibody, washing it with buffer and performing the fluorescence
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Fig. 3. TEM image of the bacteria removed from the measurement micro-
chamber.

measurement in a passive chip.

3.1. Characteristics of the microfluidic chip

The chip (Fig. 1a) consists of four 3mm X 6 mm chambers con-
nected by 400 um wide channels. The depth of the channels (200 pm)
was designed to be less than the depth of the chambers (500 um) so that
the exit of a channel to a neighboring chamber could act as a capillary
barrier. Each chamber has two access holes. Working liquids were pi-
petted to the chambers in sequence through one of these access holes.
After transferring the liquid to the first chamber, it flows through the
connection channel by capillary action (Fig. 1b—c). When the capillary
interface reaches to the exit of the channel, the liquid cannot flow any
further due to meniscus pinning (Gjergjizi et al., 2018; Cho et al., 2007;
Atencia and Beebe, 2005; Chen et al., 2011). Beyond this point, due to

350
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negative concavity of the capillary interface (Fig. 1d—e), advancing of
the flow can only be possible by pressurizing the chamber. Fig. 1d il-
lustrates the shape of the meniscus pinned at the capillary valve ob-
tained through Surface Evolver software (Brakke, 2013; Zhao et al.,
2001). After filling the first chamber, the rest of the chambers could be
filled similarly in sequence.

The fabricated chips (Fig. 1f) were initially tested to verify the op-
eration of the capillary valves. For this purpose, dyed water was se-
quentially pipetted into the chambers. Initial flow test results are shown
in Fig. 1g and h. During the tests, it was observed that while filling the
next chamber, a minor back flow occurred in the previous channel,
which caused a local mixing of the working liquids. However, this
minor mixing problem did not affect the test results. The chips were
also tested with magnetic particles. During the magnetic particle tests,
it was observed that the traces of magnetic particles stuck on the
channel and chamber surfaces. In order to solve this problem, hydro-
philicity of the chips was improved by exposing them to air plasma for
1 min after the bonding process. After each use, the microchips were
cleaned in water by sonication for 10 min. Then, ethanol was passed
through the microchambers with a pipette and dried at 40 °C for 12h. A
microchip could be used more than ten times.

3.2. Optimization of experimental parameters

The experimental parameters such as the amount of MNP-antibody
to be used for capturing E. coli, the final population densities of the
magnetically enriched MNP-antibody-E. coli and QD-antibody con-
jugates to be loaded into the microchip were optimized to obtain the
highest fluorescence signal.

The amount of MNP-antibody conjugate should be at a concentra-
tion that is high enough to capture all the E. coli but does not cause any
aggregation. Since avidin: MNP ratio is 10:1 and the size of the avidin is
about 7nm, we estimated maximum four biotinylated antibody per
particle. In order to optimize the amount of MNP, 50, 75 and 100 pL
volume of MNP-antibody complex was added to 500 uL of 1 x 103 cfu/
mL E. coli solution and incubated as described previously. The highest
fluorescence intensity was obtained with 100 pL volumes of MNP-an-
tibody conjugate, which was selected and used throughout the study
(Supplementary data, Fig. S3). Similarly, after the E. coli capturing and
washing steps, the concentration of MNP-antibody-E. coli conjugates
loaded into the microchip was studied using different dilution volumes
of 500, 750 and 1000 pL with PBS. As expected, the minimum dilution
volume gave the highest fluorescence intensity; therefore, 500 uL, di-
lution volume was selected (Fig. S4). The concentration of QD-antibody
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enteritidis spiked with 1 x 10 cfu/mL E. coli; respectively.
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Table 1
Determination of E.coli in water samples.

E. coli (cfu/mL)

Added Found Added Found
Tap water 120 100 + 17 1,2 x 10* 1,2 + 0,1 (x10%
Lake water 120 80 + 30 1,2 x 10* 1,1 + 0,4 (x10%

conjugate loaded to the second microchamber was also optimized since
the fluorescence intensity is directly proportional to QD concentration.
An aliquot of 15 pL of the QD-antibody conjugate dispersed in 300, 500
and 750 uL. PBS were loaded to the second microchamber, and the
general procedure was applied. The highest fluorescence signal was
observed using QD-antibody conjugate dispersed in 300 puL and used
throughout the study (Fig. S5). Each data are the mean values of the
fluorescence intensity obtained with three parallel microchips.

3.3. Characterization of the proposed method for E.coli detection

The number of scans and integration time were set to 10 and
750 ms, respectively. These settings were used throughout the study
since higher scan number and integration times caused increase in
background signal.

The measurements with blank and standards confirm that the QD

fluorescence signal at 550 nm was observed only in the presence of E.
coli. In order to prove that the signal stemmed from the MNP-E. coli-QD
conjugates, 1.0 X 10 cfu/mL E.coli was incubated with 100 uL. MNP-
antibody for 30 min, washed and diluted to 500 puL with PBS. After the
general procedure and fluorescence measurement from the microchip,
the sample solution collected from the measurement microchamber was
analyzed using TEM. The TEM image (Fig. 3) clearly indicated the
presence of E. coli surrounded by MNP and QD in the measurement
microchamber.

3.4. Selectivity test and sample analysis

In order to test the nonspecific interactions between bare MNP and
QDs, the general procedure was repeated without antibody modifica-
tion of MNP and QD, in the presence of 1.0 X 10° cfu/mL of E. coli. As
shown in Fig. S5, the signal was the same as the blank signal. This
indicates that there are no non-specific interactions between bare MNP
and QD in the solution.

The selectivity of the method for E. coli was evaluated with
6 x 10° cfu/mL of E. aerogenes and S. enteritidis. Firstly, E. coli selective
antibody modified MNP was interacted with those bacteria in separate
vial. Secondly, same experiment was repeated in the presence of
1 x 10* cfu/mL E. coli. Fluorescence signals obtained from 6 x 10° cfu/
mL of E. aerogenes and S. enteritidis were compared with blank signal
and spiked samples were compared with 1 x 10* cfu/mL E.coli standard
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Table 2
Comparison of the developed method with other reported methods for E.coli detection.
Technique Sample Analysis time (min) Linear Range (cfu/mL) LOD (cfu/mL) Reference
Real-time PCR Culture 320 5-5 x 10* 5 cells (Fu et al., 2005)
SPR biosensor Culture Not available 10%-10° 10? (Oh et al., 2005)
UV-VIS Microfluidic Water Not available 10'-10° 10! (Lee et al., 2015)
Milk 10%-10° 10?
Fluorescence Water <120 8.9 x 10'-1.9 x 10° 8.9 x 10! (Dudak and Boyaci, 2008)
Fluorescence Water < 200 8 x 10%-1.6 x 107 Not available (Dudak et al., 2009)
Fluorescence Standards <120 102-107 102 (Xue et al., 2009)
Fluorescence Standards <15 1.3 x 10%-1.3 x 10° 28 (Carrillo-Carrion et al., 2011)
Fluorescence Standards <30 2.5 x 10°-1.95 x 10° 5 x 107 (Chen et al., 2011)
Fluorescence Standards <120 10%-107 10° (Su and Li, 2004)
Fluorescence Water <120 10%-108 30 (Dogan et al., 2016)
Urine
Fluorescence Microfluidic Chicken extract 70 10%-10° 10° (Kim et al., 2015)
Fluorescence Microfluidic Standards Not available 10°-107 10° (Agrawal et al., 2012)
Fluorescence Microfluidic Standards 120 10*-107 10* (Yang and Li, 2006)
Fluorescence Microfluidic Tap water, Lake water 50 10*-10° 5 This work

signal. Three parallel microchip was used for each experiment. As
shown in Fig. 4, the fluorescence signal remained unchanged, same as
blank signal, for E. aerogenes and S. enteritidis and the fluorescence
signal intensities of E. aerogenes and S. enteritidis solutions (1 x 10° cfu/
mL) both fortified with 1 x 10* cfu/mL E. coli were the same with the
standard containing only 1 x 10* cfu/mL E. coli (Fig. 4). In addition,
TEM images were taken after the E. aerogenes and S. enteritidis were
interacted with the biotinylated E. coli -specific antibody. As shown in
Fig. S7, there was no MNP on E. aerogenes and S. enteritidis while the E.
coli was surrounded with MNP. These results suggest the high se-
lectivity of the proposed method for E. coli assay.

In order to evaluate the applicability, recovery and possible matrix
effect, real samples obtained from lake and tap water were analyzed for
E. coli by using the developed immunoassay method, and the results
were compared with plate counting methods. E. coli could not be de-
tected in the samples in both methods. Known population densities of E.
coli at 1.2 x 10% and 1.2 x 10* cfu/mL were added to water samples
and analyzed for E. coli. Each sample was studied using three parallel
microchips. As shown in Table 1, the recovery for the microchip im-
munoassay was in the range of 67-98% for the lake and tap water. The
results demonstrated that the developed immunoassay could be used
for accurate detection of E. coli in both water samples.

3.5. Analytical performance of the method

Under the optimized conditions, fluorescence intensity increases
with E.coli population density. In order to determine the linear range,
the modified MNPs were incubated with E. coli standard solutions with
population densities ranging from 1.0 X 10* to 1.0 x 108 cfu/mL for
30 min, and the general procedure was applied. Three parallel micro-
chips for each population densities were prepared. Fig. 5 shows the
mean fluorescence spectra of standard E. coli solutions between
1.0 x 10'-1.0 x 10° cfu/mL measured from the microchip by using the
fiber optic reflection probe. Fig. 6 shows the calibration curve con-
structed by using the fluorescence intensity at 550 nm. A linear re-
lationship between E. coli population density and fluorescence intensity
was observed in the range of 1 x 10 to 1 x 10° cfu/mL with a de-
termination coefficient of (R% 0.99. The correlation equation was
y = 51X + 60, where Y is the fluorescence intensity and X is the po-
pulation density of E. coli. As shown in Fig. 5 and Fig. 6, population
densities of 1.0 x 10° and 1.0 x 10° cfu/mL gave the same signal in-
tensity. Experimentally, it was observed that QD was insufficient for E.
coli population densities of 1.0 x 10° cfu/mL and higher. We have not
attempted to increase the QD concentration as the linear range is wide
enough for quantitative analysis and the aggregation of MNP-E. coli-QD
conjugate at higher QD concentrations may clog capillary valves.

The limit of detection was calculated as 5cfu/mL, using the

equation S;op = Sp; + 3 X sp, where Sy is the mean of blank mea-
surements (n = 11), sy is the standard deviation of blank measure-
ments. The minimum detectable signal (S;op), calculated from the
equation, was converted to population density by using a calibration
curve constructed with a series of standards (0, 3, 5, 7 and 10 cfu/mL E.
coli). Since, this part of the calibration curve was not linear, a poly-
nomial fitting was used for the estimation of LOD. Notably, the sensi-
tivity of the proposed method is significantly lower than that of fluor-
escent sensors based on quantum dots (Dogan et al., 2016; Su and Li,
2004; Kim et al., 2015; Trietsch et al., 2011; Carrillo-Carrion et al.,
2011; Kuang et al., 2013). This high sensitivity might be attributed to
the use of a passive microfluidic chip where working fluids are kept
stagnant and which allows the use of high scan number with longer
integration time. In flow based immunomagnetic assays, loss of analyte
in washing and labeling steps is more likely. The precision of the
method expressed as relative standard deviation (RSD) was determined
(n=75) of 1 x 10" cfu/mL. The percent RSD of the sequential mea-
surements from the same microchip was < 3%, while the % RSD among
the parallel microchips was generally < 20%.

The total analysis time, including the capturing of E. coli with MNP-
antibody, washing steps (approximately 40 min), formation of sand-
wich structure in the microchip and measurement (approximately
10 min), was < 50 min. As can be seen in Table 2, the analysis time of
the developed method is shorter than the other microfluidic fluor-
osensors previously reported for detection of bacteria. Only one of these
studies, in which immunomagnetic separation was not used, reported a
shorter analysis time (Trietsch et al., 2011).

4. Conclusion

A passive microfluidic system for fast and sensitive fluorometric
determination of E. coli based on sandwich immunoassay was demon-
strated in the present study. The main advantage of the developed
method is its simplicity. The use of passive microfluidic chip design
allows labeling with QD and subsequent washing steps to be done
quickly and easily. The chemicals and sample volumes used during
experiment was minimized by using passive microfluidic chip. This is
particularly important because it reduces the consumption of MNP and
QD, which take time to synthesize and modify. The selectivity of the
method was tested using different bacteria such as E. aerogenes, S. en-
teritidis and their signal intensities were found to be the same as blank
signal. The developed assay can be applied for determination of E. coli
in water samples with good recovery values. In addition to the high
sensitivity and selectivity of the method, the instrumentation is simple
and portable, which makes the proposed method suitable for remote
analysis.
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