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HIGHLIGHTS GRAPHICAL ABSTRACT

A biosensor for on-spot detection of E. coli
in water samples using specific aptamer
has been developed.

Quantitative and qualitative ability for
precise estimation of E. coli.

Arduino 328P microcontroller used for
cost effective and sensitive detection of
the pathogen.

The biosensor is capable of detection of
lowest limit of 1 x 10 bacterial cells.
This technology can be utilized for bacte-
rial detection in various samples.
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ARTICLE INFO ABSTRACT

Editor: Warish Ahmed The contamination of food and potable water with microorganisms may cause food-borne and water-borne diseases.
The common contaminants include Escherichia coli (E. coli), Salmonella sp. etc. The conventional methods for monitor-

Keywz?rds: ing the water quality for the presence of bacterial contaminants are time-consuming, expensive, and not suitable for

ﬁ' wl;)l bi rapid on-spot detection in field conditions. In the current study, super paramagnetic iron oxide nanoparticles (SPIONs)

A;rt;l; rosensor were synthesized and conjugated with E. coli specific Aptamer I to detect E. coli cells qualitatively as well as quantita-

CdTe MPA QDs tively. The sludge consisting of E. coli- SPION complex was separated via magnetic separation. The presence of E. coli

SPIONs cells was confirmed with the help of standard techniques and confocal laser scanning microscopy (CLSM) employing

Aptamer II conjugated CdTe-MPA quantum dots (QDs). Finally, an ATmega 328P prototype biosensor based on
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Aptamer II conjugated CdTe MPA QDs exhibited quantitative and qualitative abilities to detect E.coli. This prototype
biosensor can even detect low bacterial counts (up to 1 x 102 cfu) with the help of a photodiode and plano-convex lens.
Further, the prototype biosensor made up of ultraviolet light-emitting diode (UV LED), liquid crystal display (LCD) and
ATmega328Pmicrocontroller offers on-spot detection of E.coli in water samples with high resolution and sensitivity. Simi-
larly, this in-house developed prototype biosensor can also be utilized to detect bacterial contamination in food samples.

1. Introduction

Microorganisms are abundantly present in the soil, food, and water
(Chandran and Mazumder, 2016). Lately, bacterial and viral diseases due
to contamination of water bodies have become a global health concern.
Water contaminated with pathogenic microorganisms acts as a source of or-
igin and transmission of diseases. A Centers for Disease Control and Preven-
tion (CDC) report documented that a whopping 60% of the global burden of
diseases due to diarrheal illness is directly related to contaminated water
(Investigating Outbreaks | Foodborne Outbreaks | Food Safety | CDC
[WWW Document], n.d.). The primary causes of contamination of natural
water reservoirs include urbanization, uncontrolled discharges from
water recycling plants, hospitals, unchecked industrial effluents, sewage
contamination, etc. (Chandran and Mazumder, 2016; Liu et al., 2012). Ac-
cording to an estimate, approximately 4.6% of disability-adjusted life years
(DALYs) and 3.3% of deaths are attributed to water quality globally (Alahi
and Mukhopadhyay, 2017).

Practically, a water sample cannot be tested for the presence of all the
possible pathogens, so detection of common indicator organisms is carried
out for assessing the water quality. As per the drinking water quality guide-
lines by the World Health Organization (WHO), 28 indicators organisms
are categorized as water pathogens(WHO/UNICEF JMP, 2017). The list in-
cludes 12 bacteria, 8 viruses, 6 protozoa, and 2 parasites. The presence of
indicator microorganisms is repeatedly considered as the pathogenic foot-
print of the water reservoir. Scientists have been testing water quality
from lakes, rivers, and coastal bodies for human consumption by assessing
the levels of E. coli and other coliforms in water samples (Borah et al., 2010;
Sivasakthivel and Nandini, 2014). The group coliform includes various
members of the family Enterobacteriaceae. These are commensals and nor-
mal inhabitants of the human intestinal tract. Among these, fecal coliform
(or thermotolerant coliform) due to the abundant presence of E. coli is
taken as an indicator of recent fecal contamination.

Various strains and serotypes of E. coli such as K-12, 0157:H7 and
CFTO073 are pathogenic (Lukjancenko et al., 2010) and can cause urinary
tract infections (UTIs), neonatal meningitis, gastroenteritis, etc. (Jang
et al., 2017). Other pathogens present in water contaminated with the
fecal matter may be more harmful and may cause a range of potentially
fatal diseases like hepatitis A, typhoid fever, viral gastroenteritis etc.
(Cabral, 2010; Gall et al., 2015). This is the major reason why E. coli is
used as an indicator and its detection in water samples is crucial. Since sur-
face water bodies are often used for recreational and drinking purposes, the
presence of E. coli in waterways may increase the likelihood of human infec-
tion after exposure to these sources(Cho et al., 2018).

All the conventional methods used for the detection of E. coli are enu-
merative methods based on the fermentation of lactose. One of these is
the most probable number (MPN) method used for the estimation of the
total number of organisms in the sample. It consists of three steps (presump-
tive, confirmed and completed) for detection of E. coli, coliforms and fecal
coliforms (or thermotolerant coliforms). A major drawback associated
with the use of this test is that it is time-consuming, cannot be taken to
the field for quick estimation, and requires skilled personnel. Further, a di-
agnostic technique like enzyme-linked immunosorbent assay (ELISA) has a
high possibility of false-positive or negative results because of the insuffi-
cient blocking of the microtiter plate surface. Further, the process is time-
consuming and requires skilled personnel for testing. Moreover, the tests
cannot be taken at the sample site to assess sample's quality. Other sophis-
ticated techniques like matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF), polymerase chain reaction (PCR), and pulsed-field

gel electrophoresis (PFGE) require huge initial capital, trained personnel,
and lack instant detection capabilities. This calls for the development of
simpler, faster, and on-the-spot detection techniques for pathogens like
E. coli. In recent times, biosensors with biological selectivity and processing
speed of the microelectronic circuit in combination with a bio-recognition
system have revolutionized the area of microbial detection in water
samples. These address almost all the pitfalls of conventional diagnostic
tools. Biosensors have a distinctive edge in utilizing the whole range of
biosensitive molecules viz.; oligonucleotides, antibodies and proteins for
selectivity purposes. They have special applications in food safety and envi-
ronmental research due to their high sensitivity for pathogenic contamina-
tion of the sample (Yi et al., 2020).

Biosensors capable of detecting E. coli in water would help in the quick
resolution of water quality issues. A fluorescence-based biosensor has
been developed for detecting E. coli based on the principle that 4-
methylumbelliferyl-B-D-glucuronide (MUG) is rapidly hydrolyzed by an
E. coli enzyme [B-D-glucuronidase (GUD). It yields a fluorogenic product
that is directly related to E. coli cells in water samples(Hesari et al.,
2016). RNA Output Sensors Activated by Ligand Induction (ROSALIND)
is a cell-free system for detecting various contaminants in water. This
involves the use of an RNA aptamer which induces fluorescence. A contam-
inant stimulates the aptamer to transcribe and thus, leading to the produc-
tion of fluorescent signals (Jung et al., 2020).

In the current study, we have developed E. coli aptamer I & II conjugated
SPIONs and CdTe QDs ATmega328P prototype biosensor for both qualita-
tive and quantitative detection of E. coli in water samples. A provisional
Indian patent on the current work has also been successfully filed with
the patent application number 202111024602.

2. Materials and methods

Escherichia coli (ATCC® 25922™) culture was procured from the De-
partment of Biophysics, Panjab University, Chandigarh, India. Aptamers
against E. coli were purchased from Eurofins Genomics India Pvt. Ltd.
Goat anti-E. coli antibody was purchased from Bio-Rad Labs, India.
Cadmium perchlorate hexahydrate, Iron (III) chloride hexahydrate
(97%), 1-(3-Dimethylaminopropyl)-3- ethylcarbodiimide Hydrochlo-
ride), N-Hydroxysuccinimide, Oleic acids were purchased from TCI,
Tokyo Japan. Rhodamine-6G, 1-Octadecene, 1, 2-Dichlorobenzene, 3-
Mercaptopropionic acid, Zinc telluride, Tri-n-octylphosphine oxide,
Tri-n-octylphosphine and N, N-dimethyl formamide were purchased
from Sigma-Aldrich, USA. Luria Bertani medium, Agar, Potassium chlo-
ride, Sodium chloride, Sodium hydroxide, Ethanol, Hydrochloric acid,
Acetone, Potassium hydrogen phosphate, Hexane, Citric acid (CA) and
Diethyl ether were purchased from Sisco Research Laboratories Pvt.
Ltd., India. ATmega 328P Development Board with Arduino was pur-
chased from Macfos Pvt. Ltd., S5971 Photodiode, 70 pa, 900 nm, was
purchased from Hamamatsu, Japan. Plano-convex lens was purchased
from SD Optical Lab India. UV LED (395-400 nm) was purchased from
Rhydo Technologies Pvt. Ltd., India.

2.1. Methods

2.1.1. Synthesis of nanoparticles

Ferric Oxide (Fe304) nanoparticles were synthesized by the thermal
decomposition method as previously described (Jana et al., 2004) and Cad-
mium telluride-mercaptopropionic acid quantum dots (CdTe MPA QDs)
were synthesized using direct aqueous method(Mittal and Sapra, 2015).
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Detailed methodology of synthesis of the nanoparticles (NPs) is given in
Supplementary Information (SI).

2.2. Characterization of CdTe-MPA QDs and SPIONS

2.2.1. Particle size analysis

The mean diameter of the hydrophilic CdTe-MPA QDs and hydrophilic
SPIONs (n = 6 batches prepared separately) was determined after appro-
priate dilutions (10 times) with double distilled water using Delsa™ Nano
C Particle Analyser (Beckman Coulter, USA).

2.2.2. Polydispersity index (PDI)

The PDI of the synthesized hydrophilic CdTe-MPA QDs and hydrophilic
SPIONs (n = 6) was determined after appropriate dilutions (10 times) with
double distilled water using Delsa™ Nano C Particle Analyser (Beckman
Coulter, USA).

2.2.3. Zeta potential measurement

The stability of the hydrophilic CdTe-MPA QDs and hydrophilic SPIONs
(n = 6) was determined by zeta potential after appropriate dilutions (10
times) with Milli-Q water using Delsa™ Nano C Particle Analyser (Beckman
Coulter, USA).

2.2.4. Transmission electron microscopy (TEM)

For determining the morphology and size of the prepared hydrophilic
CdTe-MPA QDs and hydrophobic and hydrophilic SPIONs, TEM was car-
ried out using JEOL, JEM-2100 electron microscope with an acceleration
voltage of 200 kV at various magnifications. To deposit the SPIONs onto
the carbon-coated copper grids, these grids were dipped in the prepared
aqueous dispersion of CdTe-MPA and SPIONs and dried at room tempera-
ture for TEM sample preparation. An average of 10-20 field views of QDs
were considered for recording the observations(El-Nahass et al., 2014).

2.2.5. Powder X-ray diffraction (PXRD)

The crystalline or amorphous nature of hydrophilic CdTe-MPA QDs and
hydrophilic SPIONs was confirmed by X-ray diffraction measurements car-
ried out with the help of an X-ray diffractometer (PANanalytical, Almedo,
Netherlands). PXRD studies were performed by exposing the lyophilized sam-
ple (0.15-0.2 g) to CuK, radiation (45 kV, 40 mA) and scanning from 5° to
50°, 20 at a step size of 0.017° and scan step time of 25 s. The instrument mea-
sures interlayer spacing ‘d’ which is calculated from the scattering angle ©
using Bragg's equation n\. = 2d sin®, where A is the wavelength of the inci-
dent X-ray beam and n is the order of the interference. The overlaid
diffractograms were prepared using Origin Pro 8 software(Yi and Wei, 2017).

2.2.6. Superconducting quantum interference device (SQUID) study

To determine the magnetic properties of the prepared SPIONs, SQUID
analysis was carried out using a SQUID magnetometer (Quantum Design
MPMS-XL) (Skratek et al., 2020). This was done by depositing the powder
sample packed in non-magnetic teflon tape onto a plastic tube designed es-
pecially for the most effective and sensitive measurement. The sample was
examined at room temperature with field strength of 2 Tesla.

2.2.7. Absorption and fluorescence spectroscopy

Absorption spectra (Anax) of the synthesized hydrophilic CdTe-MPA
QDs was determined from 200 nm to 400 nm using UV-Vis spectrophotom-
eter (PerkinElmer UV/Vis Spectrometer Lambda 35) and photolumines-
cence (PL) spectra were recorded with an excitation wavelength of
400 nm using Hitachi F-2500 Fluorescence Spectrophotometer(Tirado-
Guizar et al., 2015).

2.2.8. Effect of concentration on the emission intensity of CdTe-MPA QDs

The effect of CdTe-MPA QDs concentration on the emission intensity
was investigated by PL spectroscopy. Different concentrations of CdTe-
MPA QDs were taken and the standard plot was made by plotting these con-
centrations against the PL intensity.
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2.2.9. Measurement of quantum yield

The quantum yields of the free hydrophilic CdTe-MPA QDs, and aptamer
conjugated CdTe-MPA QDs were calculated using a Hitachi F-2500 fluores-
cence spectrometer as per the published procedure using Rhodamine 6G dis-
solved in absolute ethanol as the reference standard (quantum yield 100%,
concentration 31 nmoles/mL). The relative quantum yield of the QDs was cal-
culated from the Eq. (1) given below(Yu et al., 2003).

QYNC = QY Dye mNC/mDye x (nSolvent /nEthanol)’ @)

Where water was used as a solvent, QY Dye is the quantum yield (QY) of Rho-
damine 6G (100%) and nethanol, and nsolvent are the refractive indices of
the solvents in which the dye and the nanocrystal (NC) sample were dis-
solved, m is the slope from the plot of the integrated fluorescence intensity
versus the absorbance of the sample.

2.3. Selective capturing and bacterial detection using aptamers

Both (CA)-SPIONs and CdTe-MPA QDs (1 mL each, 167 nmoles/ mL) were
activated separately by adding 25 pL 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC; 400 mM in methanol) and 25 pL N-
hydroxysuccinimide (NHS; 100 mM in methanol) with constant stirring at
room temperature for 30 min. Subsequently, the activated NPs were stored
at 4 °C until further use(Singh et al., 2016).

2.3.1. Bioconjugation of NPs with aptamer

Activated SPIONs were mixed with 20 pg/mL of aptamer I and activated
CdTe-MPA QDs were mixed with aptamer II (20 pg/mL) prepared in tris-
EDTA buffer, pH 8 and reacted for 2 h at 8-10 °C. Aptamer I-conjugated
SPIONs and aptamer II-conjugated CdTe-MPA QDs were separated as sedi-
ments from the excess free aptamer by centrifugation at 5000 rpm for 15
min. This was followed by washing in triplicates to completely remove
the free aptamer. The purified aptamer I conjugated SPIONs and aptamer
II conjugated CdTe-MPA QDs were stored at 4 °C separately.

2.4. Bacterial detection

A suspension of E. coli (containing 100-500 cfu/mL) was taken asep-
tically in a suitably labelled Eppendorf tube, to which the aptamer I con-
jugated hydrophilic SPIONs were added. After incubation for 1 h, the
SPION nanoparticles were separated in the form of sludge/pellet,
using a magnet with strength of 5000 gauss. This was followed by a
thorough washing step repeated thrice. The sludge/pellet was separated
from the supernatant (with the help of the magnet) after the third wash-
ing, and the supernatant was discarded. Subsequently, aptamer II conju-
gated CdTe-MPA QDs were added to the pellet and incubated for
another 20-30 min, followed by washing twice with sterilized Milli-Q
(MQ) water. This complex was then subjected to the following tests
for the detection of E. coli.

2.5. Bacterial detection using fluorescence spectrophotometry

The effect of concentration of aptamer II on the emission intensity of
CdTe-MPA QDs was investigated by PL spectroscopy. Different concentra-
tions of aptamer II conjugated CdTe-MPA QDs were taken and a standard
plot was generated by plotting these concentrations against PL intensity.

2.6. Fabrication of in-house developed prototype device for the detection of E. coli

An assembly of the prototype was designed and all the components
required were placed and attached to the ATmega328P (Arduino Uno)
microcontroller for the proper working of the biosensor, as shown in
Fig. 1a. ATmega328P microcontroller was connected to a power source of
9 V. AUV LED, photodiode, and LCD were connected to ATmega328P mi-
crocontroller. A sample holder was placed in the middle of the UV light
source and photodiode, as shown in Fig. 2d. Fig. 2j represents the ports
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Fig. 1. a) Circuit diagram for Arduino Uno based biosensor b) 3D diagram of Arduino Uno based biosensor.

created for software installation, power source (AC-to-DC adapter or bat-
tery), and ON/OFF switch. Moreover, plano-convex lenses were fixed in be-
tween the sample holder and the UV light source; and between the sample
holder and photodiode, as depicted in Fig. 1b. The life evaluation diagram
of the biosensor is given in Fig. 3.

3. Results and discussion
3.1. Synthesis of nanoparticles

The elaborated methodology on synthesis and ligand exchange of
SPIONS is given in the SI Fig. S1 and S2 (Fig. S: Supplementary Figure).
Detailed methodology on synthesis of CdTe-MPA QDs is given in SI
(Figs. S3 and S4).

3.2. Characterization of NPs

3.2.1. Particle size analysis and polydispersity index (PDI)

Dynamic light scattering (DLS) was used to measure the size distri-
bution of the prepared hydrophilic CdTe-MPA QDs and hydrophilic
SPIONs dispersed in ultrapure water. The average particle size of

hydrophilic CdTe-MPA QDs was found to be 132.9 nm, and for hydro-
philic SPIONs, it was 238.9 + 15.1 nm, as measured by DLS and
shown in Fig. S5 (Hao and Liu, 2016). The PDI of the synthesized hydro-
philic CdTe-MPA QDs and hydrophilic SPIONs was 0.243 and 0.309 re-
spectively, as shown in Fig. S6. NPs with PDI in the range of 0.1-0.4 are
considered to be moderately polydisperse and are approved for use
(Bhattacharjee, 2016).

3.2.2. Zeta potential and transmission electron microscopy (TEM)

The Zeta potential of the hydrophilic CdTe-MPA QDs and hydrophilic
SPIONs was —13.27 mV and — 8.62 mV, respectively, as shown in
Fig. S7. Further, the hydrophilic CdTe-MPA QDs and hydrophilic SPIONs
were found to be negatively charged, which prevents their excessive aggre-
gation in buffer solution due to the repellent forces among particles. Fig. S8
depicts TEM images of hydrophilic CdTe-MPA QDs and hydrophilic
SPIONSs, suggesting the formation/ synthesis of spherical CdTe-MPA QDs
with the particle size of about 3 to 5 nm and spherical CA-SPIONs with
size in the range of 10.14 to 11.77 nm. All the CdTe QDS and CA-SPIONs
had the same shape and appeared to exist singly. DLS studies provide hy-
drodynamic diameter, thus, justifying a larger particle size obtained in
the studies.
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k) Final prepared prototype biosensor.

3.2.3. Powder X-ray diffraction pattern (PXRD) of CdTe-MPA QDs and SPIONs

PXRD pattern of CdTe-MPA QDs and SPIONs were observed by plotting
counts (y-axis) vs. position 20 (x-axis), as shown in Fig. $9 (Vo et al., 2016).
The PXRD pattern of the CdTe-MPA QDs exhibited peaks at 25°, 43°, and
50° diffractions indicating its crystalline nature, as shown in Fig. S9a.
PXRD pattern of the SPIONs exhibited peaks at 20 scattered angles of
30.4243°,35.8019°, 43.3951°, 53.8799°, 57.4093° and 63.0408°, indicating
its crystalline nature (Thuy et al., 2010), as shown in Fig. S9b.

3.2.4. Superconducting quantum interference device (SQUID) study of SPIONs

The magnetic property of the SPIONs was examined at room tempera-
ture by using a superconducting quantum interference device magnetome-
ter. Fig. S12 indicates that the SPIONSs are superparamagnetic in nature and
the net magnetization of the particles in the absence of an external field was
zero. Furthermore, no hysteresis was seen when magnetization studies
were performed on Fe;0,4 nanoparticles at room temperature. Under a
large external field, the magnetization of the particles aligned within the

0

”——()' 4
= | ] Ca-
L SPIONS

Escherichia coli

ooy WHy«—1— Aptamer I

ooy NHa—1 Aptamer II

F—07 «——3 CdTe-MPA QDs
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> Plano convex lens

» ATmega 328P
microcontroller

RESULTL:8 I
RESULTZ: 18 '

VAN

LCD Result Display

Bio-recognition elements

Life Evaluation Diagram of the Biosensor

Fig. 3. The figure depicts life evaluation diagram of the biosensor.
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field direction and reached its saturation value (saturation magnetization,
os). Further, no coercivity or magnetic remanence was observed, which is
typical of superparamagnetic NPs (Kumar et al., 2012).

3.2.5. Absorption spectroscopy and fluorescence spectroscopy of CdTe-MPA QDs

CdTe-MPA QDs stabilized with MPA showed an absorption maximum at
224 nm and were observed by UV-Vis spectrophotometer, as shown in
Fig. S13a. When observed under a spectrofluorometer, the CdTe-MPA
QDs showed a prominent emission peak at 667 nm when excited at 390
nm, as illustrated in Fig. S13b. This was consistent with the quantum con-
finement effects and was in agreement with the slight orange-red color ob-
tained. It was observed that the emission spectrum of QDs exhibited good
symmetry with a narrow spectral width. This facilitates an adequate spec-
tral resolution for quantitative detection of the fluorescence intensity.
Thus, the results indicate that CdTe-MPA QDs have sharp fluorescence in-
tensity and can be explored as a potential fluorescent probe for detection
(Torchynska and Vorobiev, 2011).

3.2.6. Effect of concentration on the emission intensity of CdTe-MPA QDs

The effect of concentration on fluorescence intensity of CdTe QDs was
found to be increasing i.e., from 10 pg to 100 pg when validated for 5
days. Fig. S14 (a-e) shows a prominent emission peak for hydrophilic
CdTe-MPA QDs at 637 nm when excited at 390-400 nm. On gradually in-
creasing the concentration of QDs, an increase in emission intensity was ob-
served which establishes the fact that the emission intensity is directly
proportional to the concentration of the CdTe-MPA QDs. A slight shift in
emission wavelength was observed, which might be due to the different ex-
citation wavelengths (390-400 nm). The test for fluorescence stability of
water dispersible CdTe-MPA was conducted at different concentrations
from 10 pg to 100 pg at pH 7.0 and analyzed using a spectrofluorometer in-
dependently for 5 consecutive days.

3.2.7. Measurement of quantum yield

Mean photoluminescence quantum yields of the CdTe-MPA QDs and
conjugated QDs, measured using Rhodamine 6G as a reference standard,
were found to be 38 + 2% and 21 * 5%, respectively. Thus, it is quite ev-
ident from the results that the quantum yield of conjugated QDs relative to
that of non-conjugated ones was about 79%. Since quantum yield is a mea-
sure of the optical quality of fluorophores, the resultant high value of quan-
tum yield suggest substantial retention of fluorescent properties of QDs
even after conjugation(Ferrari and Bergquist, 2007; Yu et al., 2003).

3.3. Selective capturing and bacterial detection using aptamers

To successfully detect the pathogen, the aptamers hand-picked against
E. coli had to be conjugated with their respective nanoparticles (both
SPIONs as well as CdTe-MPA QDs) to result in an efficient system. In
order to achieve this, both types of nanoparticles were subjected to EDC/
NHS activation, which resulted in the formation of highly reactive interme-
diates (NHS-carboxylate)(Tripathi et al., 2016). EDC, a zero-length cross-
linker, was selected for bioconjugation, since it is the most commonly
used coupling agent. Moreover, it is known to produce higher yields of bio-
conjugates in a controlled manner with high efficiencies. This intermediate
was further used to attach the aptamer.

3.3.1. Bioconjugation of CA-SPIONs and CdTe-MPA QDs with aptamer I and IT

After the activation with EDC/NHS, the addition of aptamer I and II to
the reactive intermediate resulted in the formation of amide linkage be-
tween the amino group of the DNA oligonucleotide and NHS ester. This
led to the formation of the desired nanoconjugates of aptamer I-CA-
SPIONs and aptamer II-CdTe-MPA QDs.

3.3.2. Confirmation of bioconjugation of CA-SPIONs and CdTe-MPA QDs with
aptamer I and IT

This was done to confirm whether the water-dispersible nanoparticles
have indeed been conjugated with the respective aptamers and also to

Science of the Total Environment 831 (2022) 154857

validate/confirm the fluorescent nature of CdTe-MPA QDs after
bioconjugation with the aptamer.

3.3.2.1. FTIR of SPIONs and CdTe-MPA QDs. FTIR spectra for both the
SPIONSs (conjugated as well as unconjugated) were recorded to confirm
the presence of an amide bond formed due to the amino group of the
aptamer I and NHS carboxylate intermediate (conjugated SPIONSs) or a
coating layer consisting of CA on the surface of the SPIONS, as shown in
Fig. S11a. To verify whether the respective aptamer has efficiently at-
tached with CA, FTIR spectra of the bioconjugated SPIONs (Fig. S19a)
were also recorded. The spectrum showed characteristic peaks at 1663
em ™! and 1613 ecm ™! which are typical of the carbonyl groups for amide
linkages, and at 3425 cm ™!, which is probably due to the -NH group of
the amide bond. It also showed a significantly enhanced -CH, peak (in con-
text to those observed in Fig. S11a for CA-SPIONs) observed at 2923 cm ™ ?,
which confirms bioconjugation(Lattuada and Hatton, 2007). Fig. S20a de-
picts that the aptamer II has been efficiently attached. The spectrum
showed characteristic peaks at 1660 cm ™! which is typical of the carbonyl
groups for amide linkages and a sharper peak was recorded at 3426 cm ™ *,
which is probably due to the -NH group of the amide bond in contrast to the
broader peak of —OH group observed for unconjugated CdTe-MPA QDs, as
shown in Fig. S20b. It also shows a significantly enhanced -CH, peak ob-
served at 2935 cm ™}, which further confirms bioconjugation (Lattuada
and Hatton, 2007).

3.3.2.2. Fluorescence properties of CdTe-MPA QDs. When observed under a
spectrofluorometer, the CdTe-MPA QDs showed prominent emission peak
at 667 nm when excited at 390 nm, as illustrated in Fig. S13b. Fig. 4a depicts
the emission spectra of non-conjugated CdTe-MPA QDs with a prominent
emission peak at 667 nm on excitation at 390 nm. Moreover, a minuscule
bathochromic shift (i.e., peak position shift towards longer wavelength) was
also observed for the conjugated CdTe-MPA QDs. Nevertheless, two-fold re-
duction in emission spectra was observed with aptamer II-conjugated CdTe-
MPA QDs. This decrease in the fluorescence intensity of CdTe-MPA QDs on
bioconjugation with aptamer II is attributed to changes in the electronic en-
ergy caused by interactions which occurred on the surface of CdTe-MPA
QDs during the bioconjugation process. It may however, be noted that the
quantum yield of the aptamer II conjugated CdTe-MPA QDs (Section 2.2.7)
was still 79% and the fluorescence was experimentally significant.

3.4. Bacterial detection

3.4.1. Bioconjugated CA-SPIONs and CdTe-MPA QDs for bacterial detection

A concentration of 10 pM of E. coli specific aptamer I & II conjugated to
the CA-SPIONS (Fig. 5a) and CdTe-MPA QDs (1 mL each) (Fig. 5b) contain-
ing 2 pg/L of CA-SPIONs and 167 nM of CdTe-MPA QDs respectively were
selected for the detection of E. coli. Water samples containing E. coli cells
were incubated with E. coli specific aptamer I conjugated CA-SPIONSs.
These immediately get attached to E. coli cells due to the presence of the
highly specific aptamer I on the surface of SPIONs. Afterward, they were
separated using a high strength laboratory magnet to form a sludge
consisting of the bacteria-SPION complex. The presence of the trapped
E. coli cells can be verified with the help of aptamer II-conjugated CdTe-
MPA QDs. Once appropriate washings have been done (to remove the su-
pernatant), the addition of aptamer II conjugated CdTe-MPA QDs yielded
positive results when viewed with the help of different techniques. These
studies affirm the utility of both types of NPs, viz. CA-SPIONs and CdTe-
MPA QDs, each conjugated with an E. coli specific aptamer capable of de-
tecting even a low count of 100 E. coli cfu. Fig. 6 shows CLSM, Field Emis-
sion Scanning Electron Microscope (FESEM) and Gram staining results of
E. coli-aptamer II-conjugated CdTe-MPA QDs. This confirms the attachment
of conjugated nanoparticles onto the E. coli cells.

3.4.2. Bacterial detection using fluorescence spectrophotometry
Fluorescence spectra of bacteria captured with Aptamer II conjugated
CdTe-MPA QDs was observed under a spectrofluorometer, the Aptamer II
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CdTe-MPA QDs (1 mg/mL).

conjugated CdTe-MPA QDs showed a prominent emission peak at 667 nm
when excited at 390 nm, as illustrated in Fig. 4a. Fig. 4b shows a prominent
emission peak of E. coli-Aptamer II-conjugated CdTe-MPA QDs (pH 7) at
667 nm when excited at 390-400 nm. On gradually increasing the concen-
tration of E. coli cfu, an increase in emission intensity was observed which
establishes the fact that the emission intensity is directly proportional to
the concentration of the CdTe-MPA QDs attached onto the surface of E.
coli cells. A slight shift in emission wavelength was observed, which
might be due to the different excitation wavelength (390-400 nm).
Fig. S25 (a-c) shows prominent emission peaks of E.coli-Aptamer II-
conjugated CdTe-MPA QDs at pH 6.0, 8.0 and 9.0. On gradually increasing
the number of E. coli cells, an increase in emission intensity was observed,
which establishes the fact that varying the pH has no significant effect on
the sensitivity of detection.

3.5. Fabrication of in-house developed prototype biosensor for the detection of E.coli

ATmega 328P microcontroller was selected for the development of a
prototype biosensor as shown in Fig. 2. In brief, the light from the UV
LED uniformly illuminates the sample contained in the cuvette, while the
photodiode detects the fluorescent emission. Additionally, plano-convex
lenses were used to focus light emitted from the sample holder onto the
photodiode; wherein, these lenses increase the light arriving on the photo-
diode so that light sources with lower light intensity can be used(Dutta,
2019). ATmega 328P microcontroller was connected to a photodiode for
sensing emission from water samples containing the Aptamer II conjugated
CdTe- MPA QDs attached to E. coli cells. Further, the photodiode converts
light into the electrical current; the generated current is displayed on LCD
in the form of numerical values. The circuit diagram for the prototype bio-
sensor is shown in Fig. 1a.

3.5.1. Fluorescence measurement of CdTe-MPA QDs by prototype biosensor
Fluorescence intensity readings of CdTe-MPA QDs were monitored on
the LCD of the prototype biosensor (before and after excitation by UV
light, as shown in Fig. 7a and b. The values of the fluorescence intensity
were recorded for the QDs up to a least limit of 100 pg/mL and the highest
limit of 400 pg/mL. The results were optimized for three consecutive days,
further; it was observed that the UV light was causing interference with the
signals below 100 pg/mL, due to which the prototype biosensor was unable
to produce a signal for low count. Thus, the sensitivity limit of the prototype
biosensor was observed to be 100 pg/mL - 400 pg/mL. The results recorded
as digital signals on LCD were calculated by conversion of millivolts (mV),
since, in ATmega 328P microcontroller, 5 V is equal to 1024 (Arduino,
2020). The LCD screen of biosensor exhibits Result 1 and Result 2. Result
1, which was not connected to photodiode, consequently not considered
for the detection of fluorescence. Whereas, Result 2 (Fig. 7c) shown in the
LCD was the desired result, as it exhibited maximum fluorescence produced
by QDs when excited by wavelength of 400 nm and hence, confirmed that
the biosensor prototype was functioning well. Fig. 7 (c-e) depicts the corre-
lation between the current generated due to the increased fluorescence in-
tensity. As, with 100 pg/mL, the digital signal was found to be 10 (48.83
mV), for 200 pg/mL, the digital signal was found to be 13 (63.48 mV)
and for 400 pg/mL, the digital signal was found to be 17 (83 mV). Thus,
all these results depicted that CdTe-MPA QDs were able to produce suffi-
cient and concentration dependent fluorescence intensity, thereby confirm-
ing the immense potential of a prototype biosensor for pathogen detection.

3.5.2. Fluorescence measurement of E. coli captured Aptamer II-conjugated
CdTe-MPA QDs by prototype biosensor

Fluorescence intensity readings of E. coli captured aptamer II conjugated
CdTe MPA QDs were monitored on the LCD of the prototype biosensor.
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Fig. 6. Depiction of a) Gram staining, b) CLSM and c) FESEM results for E. coli aptamer II conjuagted CdTe MPA QDs.

Result 2 shown in the LCD was considered for the detection of fluorescence,
as mentioned above. The fluorescence intensity values were recorded for
100, 200, 300, 400 and 500 cfu, each having100 pg/mL CdTe-MPA QDs.
The results were optimized for three consecutive days and it was observed
that for 100 cfu, the prototype biosensor was able to produce a digital signal
of 6 (29.3 mV) (Fig. 8a), for 200 cfu the digital signal was found to be 7
(34.18 mV) (Fig. 8b), for 300 cfu the digital signal was found to be 8
(39.06 mV) (Fig. 8c), for 400 cfu the digital signal was found to be 9
(43.94 mV) (Fig. 8d) and for 500 cfu, the digital signal was found to be
10 (48.82 mV) (Fig. 8e). Thus, all these results depict that aptamer II conju-
gated CdTe-MPA QDs were selectively able to capture E. coli and produced
sufficient fluorescence signals. Eventually, the prototype biosensor justifies
the utility of aptamer II conjugated CdTe-MPA QDs for the detection of even
a low count of 100 E. coli cells. Further studies are needed to validate and
quantify the experimental results.

3.6. Signal reproducibility study of biosensor for bacterial concentration at
different pH

The E. coli samples were subjected to different pH i.e., 6, 8 and 9 and
were tested with our biosensor device at different time intervals (at 5 min
interval upto 25 min). Further, it confirms that the digital signals exhibited
by biosensor at aforementioned pH are reproducible. The photographic im-
ages of digital signals are shown in Figs. $26-28.

4. Conclusions

The current research work reports the successful development of a
fluorescence-based ATmega328P prototype biosensor for the efficient de-
tection of E. coli. SPIONs and CdTe-MPA QDs were synthesized using ther-
mal decomposition method and direct aqueous method respectively, and
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Fig. 7. Photographic image of device of the upper panel shows a) before excitation by UV light and b)after excitation by UV light: Photographic image of device in the below
panel showing result for ¢) 100 pL of CdTe-MPA QDs in 900 pl Milli-Q water (1:10) d) 200 pL of CdTe-MPA QDs in 800 pL Milli-Q water (1:4) and e) 400 pL of CdTe-MPA QDs
in 600 pL Milli-Q water (1:1.5).

were confirmed to be monodispersed and spherical shaped. Both types of characteristics justify the utility of conjugated SPIONs and CdTe-MPA
nanoparticles were then conjugated with E. coli specific aptamer I & II. QDs as an effective microbial detection tool. Bioconjugation of E. coli spe-
SQUID and high quantum yield with significant magnetic and fluorescent cific aptamer I &II with SPIONs as well as QDs studied using various

Fig. 8. Photographic image of the device showing result for a) 100 pl of CdTe-MPA QDs with 100 cfu b) 100 pl of CdTe-MPA QDs with 200 cfu ¢) 100 pl of CdTe MPA QDs with
300 cfu d) 100 pl of CdTe-MPA QDs with 400 cfu and e) 100 pl of CdTe-MPA QDs with 500 cfu.
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methods demonstrated selective separation and subsequently, detection of
E. coli. Aptamer II conjugated CdTe MPA QDs were further used for the
capture and detection of E.coli with the ATmega 328P prototype biosen-
sor. The biosensor can detect up to100 cfu in the sample, which reflects
the sensitivity of the developed technique. It offers on-spot detection,
ease of usage and is less time consuming. In a nutshell, ATmega328P
prototype biosensor and cadmium-based QDs hold immense potential
for the efficient detection of E. coli in water samples. The technology
can be rationally extended and explored for the detection of other path-
ogenic microorganisms in a myriad of food samples. Further, the system
fulfills the need to develop a miniaturized and portable field deployable
device for pathogen detection.
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