IOWA STATE UNIVERSITY

Digital Repository

Food Science and Human Nutrition Publications Food Science and Human Nutrition

12-12-2018

Phage based electrochemical detection of
Escherichia coli in drinking water using afhnity
reporter probes

Danhui Wang
Cornell University

Troy Hinkley
Cornell University

Juhong Chen
University of California at Berkeley

Joey Talbert
ITowa State University, jotalber@iastate.edu
grlrllofg fhlifgaerrlld additional works at: https://lib.dr.iastate.edu/fshn_ag pubs

I RihotakieyDigestive System Diseases Commons, Fluids and Secretions Commons, Food Science
Commons, Human and Clinical Nutrition Commons, Public Health Commons, and the Water

Resource Management Commons

The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
fshn_ag pubs/216. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.

This Article is brought to you for free and open access by the Food Science and Human Nutrition at Iowa State University Digital Repository. It has
been accepted for inclusion in Food Science and Human Nutrition Publications by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/fshn_ag_pubs?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/fshn_ag?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/fshn_ag_pubs?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/986?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1013?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/84?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/84?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/97?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/738?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1057?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1057?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/fshn_ag_pubs/216
https://lib.dr.iastate.edu/fshn_ag_pubs/216
http://lib.dr.iastate.edu/howtocite.html
http://lib.dr.iastate.edu/howtocite.html
mailto:digirep@iastate.edu

Phage based electrochemical detection of Escherichia coli in drinking
water using afﬁnity reporter probes

Abstract

The monitoring of drinking water for indicators of fecal contamination is crucial for ensuring a safe supply. In
this study, a novel electrochemical method was developed for the rapid and sensitive detection of Escherichia
coli (E. coli) in drinking water. This strategy is based on the use of engineered bacteriophages (phages) to
separate and concentrate target E. coli when conjugated with magnetic beads, and to facilitate the detection by
expressing gold binding peptides fused alkaline phosphatase (GBPs-ALP). The fusion protein GBPs-ALP has
both the enzymatic activity and the ability to directly bind onto a gold surface. This binding-peptide mediated
immobilization method provided a novel and simple approach to immobilize proteins on a solid surface,
requiring no post-translational modifications. The concentration of E. coli was determined by measuring the
activity of the ALP on gold electrodes electrochemically using linear sweep voltammetry (LSV). This
approach was successfully applied in the detection of E. coli in drinking water. We were able to detect 105
CFU mL~1 of E. coli within 4 hours. After 9 hours of preincubation, 1 CFU of E. coli in 100 mL of drinking
water was detected with a total assay time of 12 hours. This approach compares favorably to the current EPA
method and has the potential to be applied to detect different bacteria in other food matrices.

Disciplines
Digestive System Diseases | Fluids and Secretions | Food Science | Human and Clinical Nutrition | Public
Health | Water Resource Management

Comments

This article is published as Wang, D., Hinkley, T, Chen,]., Talbert, J.N., Nugen, S.R., Phage based
electrochemical detection of Escherichia coli in drinking water using affinity reporter probes. Analyst, 2018,
Doi: 10.1039/C8ANO01850B . Posted with permission.

This article is ayailable at Iowa State University Digital Repository: https://lib.dr.iastate.edu/fshn_ag pubs/216

www.manaraa.com


https://doi.org/10.1039/C8AN01850B
https://lib.dr.iastate.edu/fshn_ag_pubs/216?utm_source=lib.dr.iastate.edu%2Ffshn_ag_pubs%2F216&utm_medium=PDF&utm_campaign=PDFCoverPages

12/26/2018 Phage based electrochemical detection of Escherichia coli in drinking water using affinity reporter probes - Analyst (RSC Publishing) D...

ROYAL SOCIETY m
OF CHEMISTRY
t Check for

updates

View PDF Version

DOI: 10.1039/C8ANO1850B (Paper) Analyst, 2019, Advance Article

Phage based electrochemical detection of Escherichia coli in drinking water using affinity

reporter probes:

Danhui Wang (2@, Troy Hinkley 2@ Juhong Chen @0, Joey N. Talbert ' € and Sam R. Nugen (/%@
9dDepartment of Food Science, Cornell University, Ithaca, New York 14853, USA. E-mail:

snugen@cornell.edu

bDepartment of Mechanical Engineering, University of California at Berkeley, Berkeley, California
94720, USA

CDepartment of Food Science and Human Nutrition, lowa State University, Ames, lowa 50011, USA
Received 25th September 2018, Accepted 12th December 2018

First published on 13th December 2018

Abstract

The monitoring of drinking water for indicators of fecal contamination is crucial for ensuring a
safe supply. In this study, a novel electrochemical method was developed for the rapid and
sensitive detection of Escherichia coli (E. col)) in drinking water. This strategy is based on the
use of engineered bacteriophages (phages) to separate and concentrate target £. coliwhen
conjugated with magnetic beads, and to facilitate the detection by expressing gold binding
peptides fused alkaline phosphatase (GBPs-ALP). The fusion protein GBPs-ALP has both the
enzymatic activity and the ability to directly bind onto a gold surface. This binding-peptide

mediated immobilization method provided a novel and simple approach to immobilize
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proteins on a solid surface, requiring no post-translational modifications. The concentration of
E. coliwas determined by measuring the activity of the ALP on gold electrodes
electrochemically using linear sweep voltammetry (LSV). This approach was successfully
applied in the detection of E. coliin drinking water. We were able to detect 10> CFU mL of E.
coliwithin 4 hours. After 9 hours of preincubation, 1 CFU of E. coliin 100 mL of drinking water
was detected with a total assay time of 12 hours. This approach compares favorably to the
current EPA method and has the potential to be applied to detect different bacteria in other

food matrices.

Introduction

Safe drinking water is vital to human health and considered a basic human right by the United
Nations.L Bacteria from fecal sources represent one of the most dangerous contaminants found in
drinking water.2-3 As an indicator of fecal contamination, “generic” Escherichia coli (E. coll) is
commonly quantified in water sources to determine quality and safety.ﬁlé In order to minimize the
safety risk associated with drinking water, an accurate and sensitive detection of E. coliis of vital
importance. According to the regulations of U.S. Environmental Protection Agency (EPA) on drinking
water, there is a “zero tolerance” for “generic” E. coli® Therefore, methods designed to determine
water quality using “generic” E. colimust have a detection limit of 1 CFU per 100 mL. The EPA has
approved several methods for the analysis of E. coli. Although reliable, traditional culture-based
methods rely on selective or differential media which requires days for results.Z Unfortunately, the
delay in determining the water quality without a timely response can result in a risk to public health.
Therefore, an easy-to-use, portable and sensitive detection of bacteria with minimal equipment is in
need for the water industry.

Electrochemical methods have demonstrated the potential of providing rapid responses with
minimal cost and equipment. Compared to other rapid methods, electrochemistry can be applied to
detection in turbid or colored samples where the results of colorimetric methods may be less
reliable 8=10 Electrochemistry is an analytical technique used to measure the change of electron
transfer caused by a catalytic reaction happens on an electrode or by the change of the electrode

surface property.ﬂ An enzymatic reaction is commonly used to change the electron transfer in

which a reporter enzyme catalyzes a substrate to generate an electroactive compound.g As
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reporters in biosensors, enzymes are often used in a sandwich assay and therefore held in proximity
to the electrode via the analyte in order to achieve a more sensitive detection. Additionally, several
methods of immobilizing enzymes on a solid surface have been proposed, but the widely used
methods that involve thiol or silane molecules are based on non-specific adsorption and may cause
the immobilization of enzyme in a random orientation. 1314

Binding peptides have emerged as a molecular tool for enzyme immobilization and are a directed
and simple method which do not require the need of additional chemicals 1216 Binding peptide tags
which are translated along with an enzyme, allow the direct attachment to a solid support.l—zﬁ Here,
we constructed a fusion reporter consisting of gold binding peptides and alkaline phosphatase
(GBPs-ALP), having the enzymatic activity of ALP and the ability to bind with gold surface.

We also utilized bacteriophages (phages) in this assay to facilitate the separation and detection of
target £. coli from drinking water. Phages are virus that can specifically recognize and capture either a
broad or narrow range of strains19.20 Phages have previously been used as biorecognition elements
to detect bacteria, allowing the advantages of high specificity and the ability to differentiate viable
cells. 21=23 Phages can also be conjugated with magnetic beads (MBs) and used for the separation
and concentration of target bacteria. In addition, phages can be engineered to carry a gene for a
reporter enzyme which can be expressed during viral replication and prior to lysis of the host
bacteria. 2423 At the end of the infection cycle, phages lyse the bacterial host cells, releasing the
replicated phages and reporter enzymes. Several studies have reported the use of phages to facilitate
the expression of ALP on the phage surface for enzyme enginneering& or free ALP into the solution
for bacterial detection.2Z The novelty of our study is the use of phages to express ALP with a specific
binding peptide which has the ability to bind onto a solid surface and can facilitate the detection. Our
research group have successfully engineered phages to express ALPZ28 beta-galactosidase (B—gal),ﬁ
and tobacco etch virus (TEV) protease.@ Here, we constructed engineered phages to express the
fusion protein GBPs-ALP during the infection of E. col..

In this study, the genetic sequence for GBPs (MHGKTQATSGTIQS) was fused to an ALP gene and
inserted into a T/ phage genome resulting in the phage NRGp7. Prior to detection, engineered
phages were covalently conjugated onto the surface of MBs for the separation and concentration of
E. colifrom drinking water. Then, GBPs-ALP were expressed and released following completion of
the phage infection of E. coli. After the immobilization of enzyme ALP on gold electrodes via GBPs,
the activity of ALP was quantified electrochemically. The intensity of the electrochemical signal was

proportional to the amount of GBPs-ALP expressed from phages, and therefore to the concentration
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E. coliin the water sample. The novelty of this study is that engineered phages were used for both
recognition of target bacteria and the expression of reporter protein which could bind a gold
electrode (Fig. 1). We proposed a new strategy to immobilize reporter enzymes on a gold electrode

using a molecular linker, thereby increasing sensitivity.

MRGpT phage-MBs

(i)
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_ -
PY - 1‘&‘“ oy
[+] = -, 2.
s ﬁ_f:
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Fig. 1 Schematic representation of the engineered-phage based electrochemical detection of E.
coliin drinking water using binding peptides mediated enzyme immobilization. (i) NRGp7 phage-
MBs were added into drinking water (ii) separation and preconcentration of E. coli using NRGp-7
phage-MBs with a magnet (iii) engineered phage infection of E. coliand expression and release of
GBPs-ALP (iv) immobilization of ALP on the gold electrode through the function of GBPs and ALP

catalyzed AAP for an electrochemical detection.

Experimental
Chemicals and materials

L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (AAP), silver nitrate (AgNOs), N-
hydroxysulfosuccinimide (Sulfo-NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)

hydrochloride, and 2-(N-morpholino)ethanesulfonic acid (MES) monohydrate, bovine serum albumin
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(BSA) were purchased from Sigma-Aldrich (St Louis, MO). Dynabeads M-270 carboxylic acid
functionalized magnetic beads were obtained from ThermoFisher (Life Technologies, Warrington,

UK). All other analytical grade chemicals were purchased from Fisher Scientific (Fair Lawn, NJ).
All DNA synthesis was provided by IDT (Coralville, lowa, USA). Phage genomic DNA (T7Select 415-
1 DNA) was purchased from EMDMillipore (Burlington, MA, USA), propagated in E. coli BL21 and

purified for downstream cloning applications as described previously.

Bacterial culture

E. coli(ECOR-13, Thomas S. Whittam STEC center, East Lansing, MI) which was isolated from a
healthy human, was grown in Luria—Bertani broth (LB broth, pH 74) overnight at 37 °C. The overnight
culture was then centrifuged, washed twice with 0.01 M phosphate-buffered saline (PBS buffer, pH
74) and resuspended in 1 mL of PBS buffer. The E. coliwas then serially diluted into desired

concentrations. The concentration of £. coli (CFU mL™) was determined by plating on LB agar plates

with overnight incubation.

Covalent conjugation of NRGp7 phages on the surface of magnetic beads

Phages were engineered based on standard cloning approaches studied previously and a detailed
description is given in ESI.+ 31 Briefly, a genetic construct of the fusion protein was inserted into the
genome of phage directly following the capsid gene. The expression of GBPs-ALP during phage
infection of E. coli did not significantly affect the infectivity of phages as compared to the wild type.
T7 phages carrying a reporter gene for ALP were designated NRGp1 (Accession: MH651795), while T7
carrying a GBP-ALP reporter was designated NRGp7 (Accession: MH703728). NRGp7 phages were
then conjugated with magnetic beads (MBs). An aliquot of 100 uL Dynabeads M-270 Carboxylic Acid
(~2 x 102 beads per mL, 30 mg mL™) was initially washed with 100 uL of MES buffer (25 mM, pH 5.0)
three times. Immediately before the activation, EDC and sulfo-NHS were dissolved in cold MES buffer
to a concentration of 40 mg mL™t and 75 mg mL™, respectively. The MBs were then activated in a
solution of 50 uL of EDC and 50 puL sulfo-NHS with gentle agitation at room temperature for 30 min.
The activated MBs were washed three times with 500 uL of ice-cold 0.01 M PBS buffer, and
incubated with NRGp7 phages (1 mL, ~3 x 1019 PFU mL™) overnight at 4 °C. The NRGp7 phage-
conjugated MBs (NRGp7-MBs) were then washed five times with PBS buffer, and resuspended in 1
mL of 0.01 M PBS buffer containing 0.1% (w/v) BSA for 2 hours at 4 °C. Finally, NRGp7-MBs were
stored in 1 mL of 0.01 M PBS buffer at 4 °C for further use. The phage titer (PFU mL™) was determined

https://pubs.rsc.org/en/content/articlehtml/2019/an/c8an01850b 5117
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by standard plaque assay procedure using a double agar overlay. Phages are relatively stable at room
temperature but are commonly stored at 4 °C. The NRGp7-MBs were stored at 4 °C and showed
similar performance following 2 weeks of storage.

For scanning electron microscopy, MBs and E. coli were prepared using 2.5% glutaraldehyde to fix
overnight at 4 °C. Afterwards, the samples were washed twice with distilled water and dehydrated
using serially diluted ethanol solutions. Then the samples were gold sputter coated using a 108 Auto
Sputter Coater (TED PELLA, Inc., Redding, CA). The images were obtained using a JCM-6000PLUS
NeoScope Benchtop SEM (Peabody, MA) with a voltage of 10 kV.

Electrochemical detection of E. coli using engineered phages

Aliquots of E. coli (1 mL) with varying concentrations (104, 105, 106, and 107 CFU mL™) were
independently mixed with 100 pL of NRGp7-MBs for 15 min at room temperature and gentle
agitation. The target E. coli was separated using a magnet and resuspended in 100 uL of LB broth.
Then the NRGp7 phages-MBs-E. colicomplex was then incubated at 37 °C for 1, 2, or 3 h, allowing
for the expression and release of GBPs-ALP. Following incubation, the sample (100 ulL) was placed on
a screen-printed gold electrode (Dropsens, Asturias, Spain) and incubated for 1.5 hours at 37 °C to
allow for enzyme immobilization. After washing off the unbound enzyme, 100 ulL of the substrate
solution (1 mM AAP and 1 mM AgNO;) was placed on the electrode and kept at 37 °C for 30 min for
the enzymatic reaction. Then 0.6 M potassium nitrate (KNO-) solution (60 ulL) was dropped on the
electrode, covering all the three electrodes. Linear sweep voltammetry (LSV) from —0.2 V to 0.8 V at
50 mV scan rate was performed to measure the peak current for different concentrations of E. coli

using a PalmSens potentiostat/galvanostat (PalmSens, Utrecht, Netherlands).
Electrochemical detection of E. coli in drinking water with pre-incubation step

The drinking water sample was obtained from potable water sources at Cornell University. The water
was first treated with sodium thiosulfate tablet (VWR, Radnor, PA) to deactivate the chlorine that
might affect £. coli growth during the pre-incubation step.2 E. colicells were serially diluted from
the overnight culture to approximate 10 and 100 CFU mL™L. Drinking water (100 mL) was inoculated
with an aliquot of 100 ul of E. coli from these two dilutions to the final concentration of E. colias
approximately 1 and 10 CFU per 100 mL, respectively. The concentration of E. coli with approximately

100 CFU mL™1 was confirmed by plate counting as (111.2 + 62.94) CFU mL™L. Then, five times

https://pubs.rsc.org/en/content/articlehtml/2019/an/c8an01850b 6/17
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concentrated (5x) LB broth (10 mL) was added into each culture flask for the pre-incubation. The
drinking water (100 mL) without inoculated E. coliwas used as a negative control. All the samples
were incubated at 37 °C for 8, 9, and 10 hours. After pre-incubation, the samples were analyzed

following the electrochemical detection steps as described in the previous section.

Results and discussion
Evaluation of the performance of GBPs-ALP expressed from engineered phages

The fusion protein GBPs-ALP was evaluated for both the function of GBPs and enzymatic activity of
ALP. This bi-functional property was confirmed by the comparison between the GBPs-ALP expressed
from NRGp7 phages and the ALP (without GBPs) expressed from NRGp1 phages. Aliquots of 100 uL
GBPs-ALP and ALP with the same original enzymatic activity were deposited on gold electrodes,
respectively. After the enzyme immobilization and washing off the unbound ALP, the enzyme
activities of the GBPs-ALP and ALP remaining on gold electrodes were determined electrochemically.
The immobilization of enzymes on a solid surface with high affinity and material specificity is
critical for a wide range of uses, including biosensor development. Binding peptides as an alternative
molecular tool for enzyme immobilization, have shown the potential to minimize the problems
associated with non-specific adsorption of commonly used enzyme immobilization methods 1833
The GBPs-ALP expressed from E. colihave been shown to have oriented immobilization of ALP on
gold surface using GBPs as the molecular linker £ To our knowledge, our study is the first time to
genetically modify phages to express GBPs-reporter enzymes for bacterial detection. As seen from
Fig. 2, the electrochemical signal obtained using E. coliinfection lysate from NRGp7 (GBPs-ALP) was
significantly higher than that using NRGp1 (ALP) or control (only LB broth). This suggests GBPs-ALP
was able to be immobilized on gold surface while the ALP without binding peptides were removed
during the washing steps. Meanwhile, the immobilized fusion protein maintained the necessary
enzyme activity to catalyze a reaction and provide an electrochemical signal. Although the ALP
without binding peptides did have a measurable difference as compared to the control, this effect is
most likely due to non-specific binding. The results confirmed the bi-functionality of GBPs-ALP
expressed from engineered phages and demonstrated the effectiveness of using GBPs as a molecular

linker genetically fused to ALP for enzyme immobilization on gold surface.
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Fig. 2 Electrochemical signal obtained from the lysate of phage infections using NRGp1l (ALP),
NRGp7 (GBPs-ALP) and control (no phage), respectively. One asterisk (*) represents a significant
difference (0.01 < p < 0.05) and two asterisks (**) represents a significant difference (p < 0.01)
between each treated group with the control group. Error bars represent standard deviation of six

independent replicates.

Optimization of the binding condition of GBPs-ALP on gold electrodes

After the evaluation of the bi-functionality of GBPs-ALP, it was necessary to investigate the binding
efficiency of the fusion protein at different conditions because a high immobilization efficiency of the
enzyme on the gold electrode is crucial for a low detection limit. The immobilization conditions with
respect to temperature and time were investigated. GBPs-ALP expressed from engineered phages
were placed on the gold electrode and incubated at different conditions followed by the
electrochemical measurement. The effect of the temperature on the binding efficiency was studied
between 37 °C and room temperature (22 °C). Although the optimal temperature for E. coligrowth is
37 °C, and the binding peptides were originally selected from the peptides expressed from E. coli34
room temperature would be more convenient for rapid and low-cost assays. The binding efficiency
was also determined using 10 min to 120 min of incubation time.

As depicted in Fig. 3, the electrochemical signal was determined using initial incubation
temperatures of 37 °C and 22 °C with varying incubation times (10, 30, 60, 90, and 120 min). Within
the same binding time, a significantly higher electrochemical signal was observed when the GBPs-
ALP was immobilized at 37 °C than that at 22 °C, suggesting that these binding peptides have a higher
binding efficiency at 37 °C. This is in agreement with the original selection conditions of the GBPs.24
It was therefore necessary to perform the binding procedure at 37 °C for a higher signal. As for the
binding time, the results demonstrated that the signal increased gradually with the increase of the

binding time and levelled off after approximately 90 min. The binding time was therefore determined
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as 90 min. It was also noted that the signal increased more rapidly from O min to 30 min than that
from 30 min to 90 min. This suggests that more enzymes bound on the gold surface at the first 30

min and then the binding rate became slower after 30 min.

2.0
® 37°C
& 20
15 3 o
< - 3
;:: 1.0 - i
= 3 A
S i
o [ 3
05 ! -
n.ﬂ T T T T T T
0 20 40 60 80 100 120

Binding time (min)
Fig. 3 Optimization of the binding condition of GBPs-ALP onto the gold electrode. Dependence of

the electrochemical signal on increased binding time (0, 10, 30, 60, 90, and 120 min) at 37 °C (red

circle) and 22 °C (blue triangle), respectively. Error bars represent standard deviation of six

independent replicates.

Prior to the detection, NRGp/ phages were covalently conjugated with carboxylic acid groups
functionalized MBs through the amide linkage. The use of magnetic separation facilitates the pre-
concentration of target bacteria to improve the sensitivity of the detection. Additionally, it allows the
separation of the target bacteria from food matrices, especially necessary for complex matrices
which might interfere with the result. 2236 Bacteria separation using phage conjugated MBs is an
improved alternative to immunomagnetic separation (IMS) which uses MBs coated with antibodies.
Phages can offer many advantages over antibodies, such as specificity, robustness, and ability to
distinguish viable cells. In addition, they are relatively stable in a large range of pH, temperature, and
salt concentration, showing more potential to be applied in low resource settings.3—7'3—8 The
effectiveness of phages as biorecognition elements for bacteria concentration has been investigated

and reported in our previous studies with a capture efficiency of over 80% for 102 CFU mL of E.

coli22:38 |n this study, engineered phages immobilized on MBs captured the target E. colias a
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biorecognition element and facilitated the detection by expressing reporter enzyme ALP for the
subsequent detection.

The immobilization efficiency of phages on MBs was determined. An aliquot of 100 ulL of MBs (2 X

109 beads per mL) after activation was mixed with 1 mL of (3.1 + 0.3) x 1010 PFU mL1 NRGp7 phages.
In the 1 mL of mixture, the number of MBs in the tube was 2 x 108 (n), as specified by the
manufacturer, and the original number of phages (N,) was (3.1 + 0.3) x 1010 PFU. Following by the
immobilization, the phages remaining in the supernatant (N,;) were determined as (0.9 + 0.16) x 1010
PFU using a standard plaque assay. After subtracting the number of phages in the supernatant (N,)
from the original number of phages (N;), the total number of phages conjugated onto the MBs (N, =
Ny — N;) was determined to be (2.2 + 0.4) x 1010 PFU. To estimate the number of phages on each
particle, the total number of phages immobilized on MBs (N\,) was divided by the number of MBs
used for the conjugation (n) following the equation N,/n. Then the number of phages on each

particle was therefore estimated to be 110 + 4 PFU. The standard deviation was determined based on
three independent trials. The capture of phage conjugated MBs was visualized using SEM. Fig. 4
shows the SEM images of E. coli cells, NRGp7 phages-MBs, and E. coli cells captured by the NRGp7
phages-MBs. These results demonstrated that NRGp7 phages were successfully conjugated to MBs

and were able to be used to capture and infect the target £. coli.

Fig. 4 Scanning electron micrographs of (a) NRGp7 phages conjugated magnetic beads, (b) £. coli

cells, and (c) E. coli cells captured by NRGp7 phages conjugated magnetic beads.

Analytical performance of electrochemical detection of E. coli using NRGp7 phages

The analytical performance of this proposed electrochemical detection was carried out using varying

concentrations of E. coli (104, 10°, 10%, and 107 CFU mL™). The detection of E. coli was based on
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measuring the activity of electrode-immobilized GBPs-ALP. The amount of GBPs-ALP expressed is
related to the dynamic interaction of phage and E. colj, and the incubation time.32 Therefore, we
incubated samples after pre-concentration for 1, 2, and 3 h to determine an optimal time for the
phage and E. coliincubation. T7/ are lytic phages, so at the end of infection cycle the E. coli cells were
lysed allowing the release of the reporter protein and replicated phages. Therefore, phage-based
assays remove the need for the additional lysozyme or chemicals to open the cells for analysis.ﬂ The
reporter enzyme ALP was then immobilized on gold electrodes through the function of GBPs and
quantified electrochemically. ALP catalyzed the hydrolysis of the substrate AAP to AA which facilitated
the reduction of AgNOg, leading to the deposition of Ag on the electrode surface that was quantified
using linear sweep voltammetry. LSV curves were obtained for each concentration of E. coliand the
peak current is proportional to the enzyme immobilized on the electrode. LSV is a common
electrochemical method used to measure the change of electron transfer in a relatively short
response time. The peak current is proportional to the quantity of compound that is oxidized or
reduced on the electrode 2041 Using the measurement of the activity of ALP on the electrode, we
were able to correlate the initial concentration of £. coli.

Fig. 5(a) shows electrochemical results after a 2 h incubation of phages and E. coli. These results
suggested that the peak current of each variant increased with increasing E. coli concentration. The
peak current was used as the electrochemical signal and the results from different incubation time
were plotted Fig. 5(b). This figure shows that at each incubation time, the signal increased
proportionally with the E. coli concentration. Similarly, with the increase in incubation time, the signal
for each concentration of £. coli also increased due to the accumulation of enzyme expressed from
engineered phages. The peak potential shifted slightly because the electrochemical system applied
higher potentials to compensate the greater electrons diffusion when detecting high concentrations
of E. coli. This potential shift did not significantly affect the performance of the method. From these
results, an optimal incubation time for phage and E. coliwas determined as 2 h. Because there was a
significant increase on the signal from 1 to 2 h, while no significant increase from 2 to 3 h. Using this

strategy, we were able to detect 105 CFU mL™ after 2 h of incubation for phages and E. coli.
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Fig. 5 Results of electrochemical detection of E. coliusing NRGp7 phages. (a) LSV curves for
increasing concentration of E. coli (0, 104, 10>, 109, and 107 CFU mL™) after 2 h of incubation for
engineered phages and E. coli. (b) Peak current obtained from LSV curve of varying concentrations
of E. coli after 1 h (white bars), 2 h (grey bars), and 3 h (black bars) of incubation for phages and E.
coli. One asterisk (*) represents a significant difference (0.01 < p < 0.05) and two asterisks (**)
represents a significant difference (p < 0.01) between each treated group with the control group.

Error bars represent standard deviation of six independent replicates.

Electrochemical detection of E. coli in drinking water with pre-incubation

EPA regulations require that a suitable test for water quality has the ability to detect a single viable
CFU of generic E. colifrom 100 mL of water. Therefore, for the detection in real water samples, the
ability to detect very low level of E. coli (1 CFU) is required. A pre-incubation step is normally used to
allow for the growth of bacterial cells and the recovery of injured cells. Some chemical factors such
as chlorine, which is used to treat the drinking water for disinfection, may cause the injury to E. coli
cells and affect the growth and various functions of E. coli. Thus, the drinking water sample was first
treated with sodium thiosulfate to minimize the effect of chlorine on E. coli growth during the pre-

incubation step. The assay was then performed following these steps: (1) separation and pre-
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concentration of target E. coli using phage-MBs, (2) incubation of phage-MBs captured E. coli for
expression and release of enzyme, (3) immobilization of ALP on electrodes through the function of
GBP, and (4) electrochemical detection. The drinking water samples inoculated with approximate 1
CFU, and 10 CFU of E. coli were pre-incubated for 8, 9, and 10 h, respectively. After pre-incubation,
electrochemical detection results were obtained as shown in Fig. 6. Following 8 h of pre-incubation,
we were able to detect as low as 10 CFU of £. coliin 100 mL drinking water and 1 CFU per 100 mL of
E. coliafter 9 h of pre-incubation. In terms of a rapid detection, the compromise between the assay
time and detection limit should be considered. Because the binding efficiency of GBPs decreased
after the initial 30 min of binding time, we reduced the binding time from 1.5 to 0.5 h. When the
binding time of the enzyme was reduced to 0.5 h, a significant signal for 1 CFU per 100 mL of E. coli
was still obtained after 9 h of pre-incubation. Therefore, the total assay time including pre-
incubation, incubation of phage and E. col, enzyme immobilization, and enzymatic reaction was 12 h
to detect 1 CFU of E. coliin 100 mL of drinking water. There have been other rapid methods reported
for the detection of E. coliin water samples based on the measurement of specific enzyme
activity.2—9'£ Most of these studies utilized the intracellular enzyme of E. coli, our phage-based
method provided a strategy to express other enzymes of interest used for different detection.
Electrochemical methods show more potential to be miniaturized and used in low-resource settings
compared to fluorescent and colorimetric detection. Phages can also facilitate electrochemical
detection by expressing enzymes linked with binding peptides, simplifying the procedure of electrode

modification.
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Fig. 6 Results of electrochemical detection of 1 CFU and 10 CFU E. coliin 100 mL of drinking water
after 8 h (grey bars) and 9 h (black bars) of pre-incubation, respectively. The left figure used 1.5 h of
for the binding of GBPs on the electrode and the right one was 0.5 h. One asterisk (*) represents a

significant difference (0.01 < p < 0.05) and two asterisks (**) represents a significant difference (p <
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0.01) between each treated group with the control group. Error bars represent standard deviation

of ten replicates.

Conclusions

An electrochemical method based on engineered phages and gold binding peptide-mediated
enzyme immobilization was successfully developed for the detection of E. coliin drinking water. The
engineered phages in this study were not only used to capture target bacteria as a biorecognition
element, but also to facilitate the detection by producing the reporter protein. In addition, the
expressed reporter protein has both enzyme activity and the ability to bind gold surfaces. This novel
strategy using binding peptides to immobilize reporter enzymes on electrodes is simple and takes
place directly, without the need for additional chemicals or complicated procedures. We
demonstrated the successful construction of NRGp7 phages, the expression of fusion protein GBPs-
ALP from this phage, and the functionality of GBPs-ALP. The immobilization of proteins on solid
surfaces using genetically fused specific binding peptides has the potential to extend to any solid
surface with the use of appropriate binding peptides and for the application in a wide range of
biosensor development. Engineered phages were also conjugated with MBs to separate and pre-
concentrate the target bacteria in order to improve the sensitivity. The EPA method 1603 which
utilizes membrane filtration, is one of the most widely used method for the enumeration of £. coliin
drinking water. This assay is simple to perform and inexpensive, however it requires at least 24 hours
of incubation period. In our study, 10> CFU mL™ £. coliwas detected within 4 hours. After 9 hours of
pre-incubation, 1 CFU of E. coliin 100 mL of drinking water was able to be detected with a total assay
time of 12 hours. These experiments demonstrate a proof-of-principle assay format which can be
expanded using other phages or phage cocktails for specific host ranges. While T7 has demonstrated
specificity within E. coli (ESIT), a more comprehensive coverage of the required host range is typically
accomplished using phage cocktails. Given the significant benefits that phage-based tools have
demonstrated as both detection and therapy tools, many researcher have now shifted focus to the

engineering of phage specificity using genetic engineering of tail fibers.
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