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Introduction

Water contamination is the major problem in developing countries, and especially by the bacteria. Three different bacteria
routinely monitored by water bodies such as faecal indicators bacteria (FIB), E. coli and enterococci [1-3]. The E. coli
detection mainly relies on cultivation of the target organism which requires relatively long incubation periods (up to 48 h)
and this poses an inconvenience. Previously PCR based amplifications, nucleic acid based detections, ELISA based immune
assay and enzyme substrate based detection methods are already developed by the researchers. The PCR and nucleic acid
based detections are not yet routinely used due to the fact that they are not sensitive enough, the equipment is expensive, they
are strain specific, or they detect total rather than viable cells. Furthermore, ELISA method requires extensive sample
preparation steps and is not yet suitable for rapid on-site monitoring [4-6]. The combination of nanotechnology with the
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analytical method helps to improve the sensitivity of the assay, reduce the running cost and time [7,8]. Magnetic
nanoparticles are widely applied for the specific enrichment of target cells from the complex matrix, due to their strong
external magnetic field response [9,10]. The surface modification of nanoparticles adds to their usefulness and alters their
intrinsic characteristics. The assemblies of biomolecules such as antibodies, enzymes, and streptavidin on the surface of
nanoparticles provide the platform for bioanalysis [11-14]. In the water industries specific enzyme biomarker (f-
galactosidase, f-glucuronidase and S-glucosidase) based bacteria detection were widely used, and for the pre concentration
and recovery of bacteria from the sample they used syringe filters or other enrichment techniques. So in this work we
developed glycine coated CoFe,0,4 nanoparticles as an enrichment nano probe to collect up to 92% of E. coli within 20 min.
The enriched bacteria were lysed with lysis buffer and the p-glucuronidase concentration was detected using 4-
methylumbelliferyl s-D-glucuronide hydrate as substrate. The major advantage, this method does not required any recovery

and pre concentration steps, and the assay within 45 min and highly suitable for on-site monitoring.

Materials and Methods

Glycine coated CoFe,O,4 nanoparticles

Glycine coated CoFe,O,4 nano particles were synthesized based on co-precipitation method. Briefly, 0.54 g of iron (ii) nitrate
monohydrate, 0.234 g of cobalt (ii) nitrate hex hydrate was dissolved in 20 mL of milli-Q-water, and then 20 mL of ammonia
was added, and the sample was heated at 80°C for 30 min with stirring. Finally 25 mL of 2.5 g of glycine was added and the
solution was heated another 90 min. finally the particles were collected by centrifugation at 8000 rpm for 10 min. The
synthesized glycine coated CoFe,O, particles were collected by magnetic separations and washed repeatedly. For the
unmodified particle synthesis, after adding ammonium hydroxide the final solution was heated at 80°C for 30 min. Both the
synthesized particles were dried at 55°C and stored at room temperature before use. For the quantification of glycine
functional groups on the nanoparticle surface was carried out by ninhydrin colorimetric assay [15,16]. The ninhydrin reagent
(500 uL of 0.2% w/v in 0.1 M buffer phosphate, pH 9) was added to 200 pL of nanoparticle sample and the mixture heated in
a boiling water bath for 15 min. Samples were cooled to room temperature and placed on a magnetic separator to remove the
nanoparticles. The absorbance of supernatants was measured at 570 nm on a microplate and the amine content quantified

using glycine standard curves.

Magnetic collection of bacteria

To study the collection efficiency of the bacteria, 5 x 10° CFU/mL of E. coli were taken and the dilution was confirmed both
plate counting (no. of colonies x dilution factor)/volume inoculated=CFU/ml) and UV absorption at 600 nm. Following
addition of the Gly coated CoFe,0, nanoparticles (to each of the above bacterial isolates) the samples were incubated at 37°C
for 20 min and the bound bacteria was captured using a magnet to determine the capture efficacy based on plate counting,

optical density at 600 nm, and it also confirmed by using TEM.

For the estimation of lower capture efficiency, the E. coli was serially diluted up to 1 x 10" CFU/mL. To each of the above

serial dilutions, 25 mg/mL of Gly coated CoFe,O, nanoparticles were mixed and incubated for 20 min at 37°C. The number
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of bound bacteria (capture efficacy) was determined in the supernatant by plating the supernatant in the selective agar and the
optical detection at 600 nm.

Quantification of bacteria in samples

The bacteria detection involved three major steps such as:

1. Glycine coated CoFe,O4 nano particles reacted with bacteria, magnetic separations and followed by
washing with PBS buffer.

2. Addition of lysis buffer with bacteria captured glycine conjugated CoFe,O, particles.

3. Fluorescence measurement. Briefly, 100 uL of 25 mg/mL glycine conjugated CoFe,O, particles, 100
uL of serially diluted bacteria samples, and the concentration ranging from 1 x 10" ~ 1 x 10° CFU/mL
were added into 1 mL eppendrof tube. The tube was agitated for 10 min (hand agitation) and kept
under magnetic separators, the unbound bacteria were removed and the bacteria bound nanoparticles
were lysed with lytic reagent (2 mL) and vigorously mixed for 5 min and followed by magnetic
separation. The separated lysate was mixed with 50uL of 4-methylumbelliferyl p-D-glucuronide

hydrate (100 mm in DMSO) and the fluorescent was read at 445 nm (excitation wave length 365 nm).

Results and Discussion

Nanoparticles were synthesized based on co precipitation process using iron (ii) nitrate monohydrate and cobalt (ii) nitrate
hexahydrate. The reaction between iron (ii) nitrate and cobalt (ii) nitrate ions were catalyzed by using ammonium hydroxide.
For the glycine surface modifications, the glycine was added during synthesis and it offered the NH, functional group on the
surface. The size was confirmed by using SEM and it indicated that the size was around 10nm to15 nm (FIG.1a). The glycine
surface modification was confirmed by using FTIR and the result was shown in FIG. 1b. Based on the results the broad bands
of 33947" and 2916 cm™" identified related with y (OH),1383 cm™ (8§ CH,-COO ~ vs. COO™ group of glycine), 1105 cm™ and
1031 cm™" attribute to NH** also recorded similar like previous publications®. The 1Fe-O peak was recorded at587 cm™' and
the glycine peak was recorded at 1616 cm™' . For the comparison we also scanned CoFe;O, particles and it showed broad
bands of 3394 cm™" and 2343 cm™' that were related to the y (OH), 1300 cm™' (COO ~ group), 596 cm™" attributed to vFe-O,
and 1629 cm ™' indicated presence of NH moiety. The X-ray diffraction (XRD) patterns of the nanoparticles were compared
with standard JCPDS indexed patterns and the reference card number is: 22-1086 based on that the peak corresponding to the
planes (31 1), (4 4 0) and (2 2 0) confirms the phase formation of pure CoFe,O,4 with a well-defined spinel structure. The
glycine modified CoFe,0, nanoparticles exhibited the characteristic planes same as like CoFe,O,4 and it indicated that the
glycine surface modification did not affect the crystal structure of the particles (FIG. 2a.) The elemental compositions of the
nanoparticles were estimated by using EDX detector and the results were shown in FIG 2b. The CoFe,O, nanoparticles
showed 78.93 wt% of Fe, 11.88 wt% of Co, 7.96 wt% of O, and 1.23 wt% of nitrogen. The Gly/CoFe,O, nanoparticles
contained 58.15 wt% of Fe, 19.21 wt% of Co, 20.93 wt% of O and 1.70 wt% of nitrogen. The increase of nitrogen weight
percentage indicated that the successful conjugation of glycine on CoFe,O, nanoparticles. The magnetic sensitivity of the
nanoparticles was measured using the VSM and the results were shown in FIG. 2c. From the curve the saturation
magnetization (Ms) value of CoFe,O, nanoparticles was found to be 50.232 emu/g and the Gly/CoFe,O, nanoparticles

showed the magnetization value was 49.24 emu/g.
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FIG. 1a. Size measurement of (a) CoFe,O,4 and (b) Gly/CoFe,O4 nano particles.
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FIG. 1b. FTIR spectra analysis of synthesized CoFe,O, and Gly/CoFe,O,4 nanoparticles.
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FIG. 2b. Elemental analysis of NPs by energy dispersive X-ray (EDX) of (a) CoFe,O, and (b) Gly/CoFe,0,
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FIG. 2a. XRD pattern results of CoFe,0,4 and Gly/CoFe,O4 nanoparticles.
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FIG. 2c. VSM analyses of the CoFe,O,4 and glycine passivated CoFe,O,4 particles.

The glycine group was estimated at 15.5 nmol glycine/mg of nanoparticles. In our study, the amine density on the
nanoparticle surface was estimated to be 0.437 umol/mg nanoparticles. This amine content corresponds to about 15.6 nmol
glycine/mg of nanoparticles. To study the bacterial collection efficiency, bacterial isolates were serially diluted up to 5 x 10°
CFU/mL and incubated with CoFe,O4 and Gly/CoFe,0O, nanoparticles. From the results, we found that the Gly/CoFe,O,4
nanoparticles exhibit maximum 92% + 1 of E. coli. The CoFe,O, nanoparticles exhibited 25 + 3.01% of E. coli and their
binding were confirmed with TEM and plating method (FIG. 3). The glycine molecules in the nanoparticles surface offered
amino terminus for the non-specific bacteria binding. The non-specifically collected bacteria from the water samples were
lysed with Iytic buffer and the specific E. coli surface marker was allowed to react with specific substrate such as 4-
methylumbelliferyl f-D-glucuronide hydrate and the reaction chemistry was shown in FIG 3a. Initially the experimental
parameters such as substrate concentration, incubation time were optimized. To determine the concentration of B-gal released
from the lysed bacteria cells, varying concentrations of bacteria (0 mL ™, 10° mL?, 10° mL* and 10" CFU mL™) were taken
in eppendroff tube and mixed with 2 mL of lytic buffer and vigorously mixed for 5 min. After that, the lysate was mixed with
50uL of 4-methylumbelliferyl g-D-glucuronide hydrate (100 mm) and the absorbance was measured at different time
intervals 0 min, 10 min, 20 min, 30 min and 60 min. Same kind of experiment also performed using nanoparticles, the
enzyme activity was measured in different time intervals. We found the intensity was same after 20 min in both samples. So

we fixed 20 min is enough for the assay.

We also optimized the substrate concentration for this study we used increasing concentrations of E. coli (107 CFU/mL™).
And it was incubated with nanoparticles for 10 min, followed by lysis and magnetic separations. The lysate was incubated
with various concentrations of 4-methylumbelliferyl f-D-glucuronide hydrate (25 mm to 150 mm in DMSO). The absorbance
increased with increasing concentration of substrate and tended to level off after a concentration of 100 mM. Hence, a 4-
methylumbelliferyl g-D-glucuronide hydrate concentration of 100 mM was selected for further enzymatic experiments.
Under optimal conditions, the glycine coated nanoparticles were introduced to detect different concentration of E. coli. The
glycine conjugated CoFe,0O, nano particles were exposed to different bacteria concentration ranging between 1 x 10'~ 5 x
10° CFU/mL. The capture bacteria were washed with PBS buffer and followed by lysis with lytic buffer for 10 min and the

lysate was collected using magnet and also mixed with 4-methylumbelliferyl g-D-glucuronide hydrate and the red colour
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product was transferred into a 96-well plate to obtain the fluorescent readout (excitation wave length 365 nm and the
emission wave length 445 nm). The enzymatic product fluorescent intensity was increased with the increasing bacterial
concentration and the result was shown in FIG. 4. Based on the absorbance, we could reproducibly detect bacteria
concentration at 1 x 10 CFU-mL ™ (p<0.05). The linearity was obtained from 1 x 10>~ 1 x 10* CFU/ml (R?*=0.9944). The
minimum detectable concentration was 1 x 10 > CFU/mL and the inter-intra-assay cumulative values (CV) obtained was
5.03%, 6.23%, 6.50%, 5.34%, 5.11%, and 7.21% for a range between 1 x 10" CFU/mL ~ 1 x 10° CFU/mL. These results
indicated that CV values were less than 10% hence the proposed method was highly reproducible. The specificity of the
assay was evaluated using common pathogenic bacteria strains as competitors, including Salmonella enterica (S. enterica)
and Staphylococcus aureus (S. aureus). The bacteria concentration of each strain in separate (10° CFU/mL) or mixed with E.
coli solutions and the results indicated that the specific colour changes, absorbance were observed only with the presence of
E. coli cells and it demonstrated this approach has a good specificity toward E. coli. The developed nanoparticles assay was
then applied for the detection of bacteria in water sample. The water sample was spiked with 5 x 10% 5 x 10°, 1 x 10* 1 x 10°
and 5 x 10° CFU/mL of bacteria. The assay showed the average fluorescent intensity value (a.u) of bacteria without water
spike such as 0.082 £ 0.02, 0.79 = 0.04, 1.521 + 0.06, 2.66 + 0.51 and 4.350 £ 0.50. The bacteria spiked water samples
showed the values were 0.080 + 0.03, 0.80 + 0.02, 1.454 = 0.07, 2.60 = 0.9, and 4.35 + 0.5. Based on the results we found the
assay is highly suitable for bacterial detections in water samples.

.

Plating method based confirmations
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FIG. 3. The TEM images of the E. coli captured Gly/CoFe,O4 NPs and the plating method based

confirmations.
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FIG. 4. Normalized fluorescent intensity of the assay — each data point represent mean + S.D (n=3).

Conclusion

In conclusion, the glycine passivated cobalt ferrite nanoparticles were successfully synthesized and it was used as diagnostic
tool for E. coli detections. The E. coli detection was carried out based on enzyme released from bacterial cell surface as a
marker. The developed method is rapid, sensitive and avoids the pelleting and centrifugation steps and provided stable signal,

flexible platform and short incubation time.
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