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ABSTRACT: Mannose-rhodamine (Rh) conjugate (80% yield) was synthesized in a one-pot reaction and immobilized onto magnetic
polymeric nanoparticles (MPNP; 43% magnetic content) of poly(styrene/divinyl benzene/acrylic acid). The resulting nanoparticles
contained MPNP as a substrate, mannose as an E. coli receptor and Rh as a fluorescent signaling unit. TEM imaging clearly demon-
strated that multiple mannose-Rh MPNPs could be captured by E. coli strain ORN178. The fluorescent signal from captured nanopar-
ticles was emitted at 580 nm. These results indicate that mannose-Rh MPNP offers a simple and rapid strategy for bacterial

detection. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40012.
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INTRODUCTION

Escherichia coli (E. coli) is pathogenic bacteria which can cause
intestinal and extra-intestinal infections, e.g., diarrhoea, food
poisoning, and urinary tract infections."> Therefore, the detec-
tion of E. coli is necessary for maintaining food safety and
hygiene. Currently available methods for detection of E. coli are
mainly based on cell culture and colony counting techniques
which are tedious and time intensive.>™ Alternative techniques
with high selectivity and sensitivity using the polymerase chain
(PCR) and enzyme-linked immunosorbent assays
(ELISA) have been developed.” However, these techniques
require long detection times, complicated procedures, enrich-
ment prior to analysis, and expensive apparatus.>’ Hence, a
new technique, which is rapid, reliable, simple, specific, and
sensitive for the detection of E. coli, is highly desirable.

reaction

Detection of E. coli based on the carbohydrate—protein interac-
tion has been of great interest due to the fact that infection and
colonization of E. coli strains is mediated by the interaction
between mannose on the host cell surface and the FimH protein
of E. coli®® The weakness of mannose-FimH interaction
requires the attachment of a single E. coli cell to several
mannose molecules for efficient complex formation. Magnetic
nanoparticles (MNPs) with a high surface/volume ratio or large
contact area containing mannose groups can be used as a
substitute for host cells and aid in the detection of E. coli.'®"

© 2013 Wiley Periodicals, Inc.
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The large contact area on the MNPs is predicted to enhance the
interaction between E. coli and mannose allowing for separation
of E. coli from the surrounding material when an external mag-
netic field is applied. Magnetic glycol-nanoparticles (MGNPs),
prepared by functionalization of silica-coated magnetite with
D-mannose, have been previously used for the determination of
E. coli with a detection limit of 10* cells/mL. However, a major
drawback of this technique is the multi-step procedure for prep-
aration of MGNPs followed by staining of E. coli cells in the
MGNPs/E. coli complexes with a fluorescent dye (PicoGreen)
prior to detection using epifluorescent microscopy.'>"* To elim-
inate the staining step, fluorescent MNP composed of a mag-
netic core coated or embedded with fluorophores has been
proposed. In addition, a protective layer or spacer between the
MNP core and fluorophore is required in order to suppress the
quenching of fluorophore by MNP. The low molecular weight
chitosan (CS) covalently bound to fluorescein isothiocyanate
(FITC) was synthesized and then immobilized onto MNPs.
However, the fluorescent intensity of the FITC-labeled CS
coated MNP was low, presumably due to the quenching effects
due to the short chain length of the CS spacer.'® Attempts to
reduce MNP mediated quenching have utilized magnetic poly-
meric nanoparticle (MPNP) or MNPs encapsulated in a poly-
mer matrix. MPNPs have the additional advantages of being
easily functionalized for immobilizing of fluorescent dyes or tar-
geting ligands and the oxidation and leakage of magnetite are
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Scheme 1. MPNP functionalized by mannose-Rh molecules for E. coli detection.

prevented. Recently, MNPs embedded into poly(styrene/divinyl
benzene/acrylic acid) (PS/DVB/AA) have been synthesized via
the miniemulsion polymerization process.'”> These MPNPs
contained a high magnetic content (53%) and were coated with
high molecular weight CS prior to immobilization with FITC
for cell-labeling applications. The high molecular weight CS was
an effective spacer between the MPNP and FITC and prevented
the electron transfer process that causes fluorescent quenching.'®
Although FITC provides a strong emission intensity with
pH-dependency and a simple labeling process, its poor photo-
stability reduces its utility.'"” Rhodamine B (Rh B) and its deriv-
atives have received much interest as alternatives to FITC due
to their long absorption and emission wavelengths, high fluores-
cence quantum yields, large extinction coefficient and good
photostability.'*°

The goal of the present study was to develop a mannose-Rh
based E. coli detection system with PS/DVB/AA MPNP as a
substrate. Mannose is predicted to act as an E. coli receptor and
Rh as a fluorescent signalling unit. The mannose-Rh molecules
were synthesized and immobilized onto the surface of MPNP
for E. coli detection as shown in Scheme 1. The mannose-Rh
conjugate was synthesized via the coupling reaction between
mannose and Rh hydrazide using Y(OTf); as Lewis acid cata-
lyst. To understand interaction involved in the attachment of
the fluorescent signaling unit to MPNP substrate, Rh B, a
precursor for synthesis of mannose-Rh conjugate, coated onto
PS/DVB/AA MPNP was first examined. The driving force for
the interaction between the MPNP and Rh B is an electrostatic
interaction between negatively charged MPNP and positively
charged Rh B molecule.’' The synthesized mannose-Rh conju-
gate was subsequently produced and bound to MPNP via a
hydrophobic interaction.”**> The deposition of Rh B or
mannose-Rh onto MPNPs was monitored using UV-vis spec-
troscopy. The binding between mannose-Rh MPNPs with E. coli
cell was investigated with TEM and the fluorescence properties
of mannose-Rh MPNPs upon binding to E. coli were also
determined.

EXPERIMENTAL

Materials

Styrene (St; Sigma Aldrich, Purum) and acrylic acid (AA;
Aldrich, Purum) monomers were purified by passing through a
column packed with neutral aluminium oxide and basic alu-
minium oxide (Fluka, Purum) before being distilled under
reduced pressure. D-(+)-mannose (Sigma), aniline (Sigma-
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Aldrich), yttrium(III) triflate [Y(OTf);] (Fluka), rhodamine B
(Sigma), hydrazine monohydrate (Fluka), iron (III) chloride
(FeCls; Riedel-deHaén), iron (II) chloride tetrahydrate
(FeCl,-4H,0; Sigma Aldrich, Purum), 25% ammonium hydrox-
ide (NH,OH) solution (Merck, AR), oleic acid (OA; Fluka,
Natural from suet), divinyl benzene (DVB; Merck, Synthese),
hexadecane (HD; Fluka, Purum), sodium dodecyl sulfate
(SDS; Sigma, GC) and potassium persulphate (KPS; Fluka,
Puriss) were used as received. Deionized water was used
throughout the work. E. coli ORN178 and ORN208 strains,
kindly provided by Professor P.E. Orndroff, North Carolina
State University, United States, were grown in sterile Luria-
Bertani (LB) media. A single colony of each strain was lifted
from an agar plate and inoculated in LB media (10 mL) and
grown overnight to approximately 10° cfu/mL. Cells were
washed thrice by centrifugation (9,000 rpm, 5 min; Tomy,
MX-301) with phosphate buffered saline (PBS; 1X, pH 7.4)
prior to use.

Synthesis of Mannose-Rh Conjugate

Rh hydrazide was prepared by mixing Rh B with hydrazine
monohydrate in dry ethanol and refluxed with stirring under
N, for 24 h.** After cooling to RT, brine was added to the
reaction mixture before extraction with dichloromethane three
times. The combined organic layers were dried over anhy-
drous magnesium sulphate and the filtrate was concentrated
to give Rh hydrazide as a brown solid. Rh hydrazide (457
mg, 1.00 mmol) was then dissolved in anhydrous methanol
(10 mL) while stirring at RT under a N, atmosphere. b-Man-
nose (180 mg, 1.00 mmol) and Y(OTf); (0.1 mmol) were
subsequently added into the Rh hydrazide solution and the
mixture was allowed to stir at RT for 24 h. After completion,
the mixture was concentrated and the crude product was
purified using column chromatography (CH,Cl,/MeOH, 9 : 1,
v/v) resulting in the isolation of the mannose-Rh conjugate
as a pink solid. Percent yield of mannose-Rh conjugate was
gravimetrically determined (80%). '"H-NMR (400 Hz, DMSO)
8 7.77 (m, 1H), 7.49 (m, 2H), 6.99 (m, 1H), 6.64 (d, J=8.9
Hz, 1H), 6.32 (m, 5H), 621 (d, J=8.7 Hz, 1H), 5.59
(d, J=10.7 Hz, 1H), 4.80 (d, J=5.2 Hz, 1H), 4.63 (m, 2H),
4.03 (m, 1H), 3.50 (m, 1H), 3.41 (m, 1H), 3.22 (m, 2H), 2.83
(m, 1H), 2.37 (m, 1H), 1.08 (m, 12H). "C-NMR (500 Hz,
DMSO) ¢ 12.47, 43.67, 61.14, 64.60, 66.84, 69.64, 74.40,
78.01, 86.04, 97.29, 105.17, 105.55, 107.76, 108.11, 122.26,
123.42, 127.78, 128.18, 128.93, 132.58, 148.07, 151.96, 152.39,
152.89, 164.77. HRMS (ESI") found: 619.3126 (M +H)",
caled for Cs,H,3N,0O, 619.3053.
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Synthesis of MPNPs

MNP was prepared by the co-precipitation method as previ-
ously described.”® In this process, an excess of NH,OH solution
was added into a mixture of an aqueous solution of FeCl; and
FeCl,-4H,0 (molar ratio 2 : 1) under N, atmosphere while stir-
ring at RT. The prepared MNPs (7.0 g) were then coated with
OA (1.5 mL). After removal of excess OA by washing with
methanol, the OA coated MNPs (OA-MNPs) were redispersed
into a mixture of St (1.5 g), DVB (1.0 g), AA (0.045 g), and
HD (0.3 g). The mixture was poured into an aqueous solution
of SDS (0.072 g) and deionized water (24.0 g) for preparation
of MPNP via miniemulsion polymerization. At 72°C, an aque-
ous solution of KPS (0.1 g) in deionized water (2.0 g) was
added to start the polymerization. The reaction was incubated
for 22 h with continuous stirring under N, and the resulting
MPNPs were centrifuged (5,000 rpm, 30 min; Hettich, Universal
320) before characterization.

Preparation of Rh B-MPNPs

Rh B-MPNPs were prepared by adding Rh B (0.02 g/mL,
0.1 mL) into MPNPs (0.1% w/v, 10 mL) followed by incubation
with shaking at RT for 12 h. The obtained Rh B-MPNPs were
separated by applying a magnet and the supernatant was care-
fully removed by pipetting. Particles were washed and redis-
persed in deionized water. Two cycles of magnetically induced
separation, washing, and redispersion were performed. All
supernatant solutions were collected and analyzed by UV-vis
spectroscopy (JASCO, V-530) to determine the amount of Rh B
present on MPNPs.

Preparation of Mannose-Rh MPNPs

The synthesized mannose-Rh (50 mg, 0.08 mmol) was dissolved
in dichloromethane (10 mL) prior to addition of MPNPs (5
mg) and deionized water (20 mL). The mixture was ultrasoni-
cated (Vibracell, VCX 500) in an ice bath at 60% amplitude for
10 min. The resulting suspension was stirred overnight at RT to
evaporate dichloromethane and was subsequently centrifuged
(12,000 rpm, 20 min). The mannose-Rh functionalized MPNPs
were washed twice with deionized water and the supernatant
containing unbound mannose-Rh was collected for UV-Vis
measurement to calculate the amount of mannose-Rh conjugate
onto MPNPs.

Characterizations of OA-MNPs, MPNPs, Rh B-MPNPs, and
Mannose-Rh MPNPs

X-ray Powder Diffraction (XRD). The crystallographic struc-
ture of the OA-MNPs was investigated by XRD (Rigaku TTRAX
III, 18 kW) with a high power Cu Ko X-ray source. The phases
of sample were identified through the Power Diffraction File
(PDF) database (JCPDS, International centre for Diffraction
Data). The average crystallite size of MNPs was calculated from
the Debye—Scherrer equation,”

092

~ BcosO W

where D is average crystallite size (A), A is an X-ray wave-
length (Cu Ko: 2 =1.5418 A), f§ is the full width at half maxi-
mum (FWHM; in radians), and 0 is the Bragg diffraction
angle.
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Transmission Electron Microscopy (TEM). The morphology of
OA-MNPs and MPNPs and selected area electron diffraction
(SAED) pattern of the OA-MNPs were observed using TEM
(FEI, TECNAI G?). A few drop of dilute sample was placed on
a carbon-coated copper grid. The sample was dried overnight at
room temperature before investigation.

Thermogravimetric Analysis (TGA). TGA (Metter Toledo,
SDTA851) was employed to determine the magnetic content of
MPNP. The measurement was performed from 40 to 600°C
under N, with a heating rate of 20°C/min.

Fourier Transform Infrared Spectroscopy (FTIR). The chemi-
cal structure and functional groups of MPNPs were examined
by FTIR (Perkin Elmer, SpectrumGX). Samples were dried at
80°C and compressed with KBr. Spectra were recorded twice

using 16 scan and a resolution of 4 cm ™.

Zeta Potential and Particle Size Measurement. The hydrody-
namic diameter and zeta potential of MPNPs and Rh B-MPNPs
were measured by using a zeta sizer (Malvern, Nano ZS) at
25°C. For determination of zeta potentials, the pH of sample
was adjusted by addition of 0.01M HCI or NaOH. Each sample
was repeatedly measured in triplicate.

UV-Vis Spectrophotometry and Fluorescence Spectrofluorometry.
The UV-vis spectra of MPNPs, Rh B-MPNPs and mannose-Rh
MPNPs dispersed in methanol (1%v/v) and Rh B and
mannose-Rh conjugate dissolved in methanol (1%v/v) were
recorded on UV-vis spectrophotometer using a quartz cell of
1.0 cm path length. To determine the amount of Rh B and
mannose-Rh conjugate onto surface of MPNPs, UV—vis mea-
surement of supernatant solutions obtained from Rh B-MPNPs
and mannose-Rh MPNPs preparations were also conducted as
mentioned before.

The fluorescence properties of MPNPs and Rh B-MPNPs were
investigated using a spectrofluorometer (JASCO, FP-6200). Flu-
orescence emission spectra were obtained by exciting the sam-
ples at 553 nm.

Detection of E. coli Employing Mannose-Rh MPNPs

To determine the effectiveness of mannose-Rh MPNPs in
detecting E. coli two different bacterial strains, ORN178 and
ORN208 were tested. Strain ORN178 contains the FimH pro-
tein that specifically binds to mannose, whereas ORN208
does not express FimH and fails to bind to mannose and
should not interact with mannose-Rh MPNPs. Growth of
E. coli cells was conducted according to reported proce-
dures.'® Mannose-Rh MPNPs (2 mg/mL) were added to
E. coli in PBS buffer (10° cfu/mL) with stirring and after
incubation for 1 h at RT with gentle shaking, the samples
were exposed to a magnet. The supernatant was carefully
removed by pipetting and the nanoparticles were washed
three times before re-suspending with PBS to the original
volume. The binding between mannose-Rh MPNPs and
E. coli was investigated using TEM after dropping a small
amount of the mannose-Rh MPNPs/E. coli suspension
(10 pL) onto a carbon-coated copper grid. A drop of phos-
photungustic acid (1% w/v) was used to negatively stain the
specimen for 1 min. Fluorescence of mannose-Rh MPNPs
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Mannose-Rh conjugate

Scheme 2. Synthesis of mannose-Rh conjugate.

binding with E. coli was measured using a microplate reader
(Molecular devices, SpectraMax M2). The emission spectrum
of mannose-Rh MPNPs/E. coli cells was measured with an
excitation wavelength at 556 nm.

RESULTS AND DISCUSSION

Synthesis of Mannose-Rh Conjugate

A simple one-pot procedure was used for the synthesis of
mannose-Rh conjugate (Scheme 2). The mannose-Rh conjugate
was simply prepared from a coupling reaction between mannose
and Rh hydrazide by using Y(OTf); as a catalyst and resulted in
a good yield of product (80%). With Y(OTf); catalysis, the
hydroxyl group of mannose was activated which produces a
good leaving group. The corresponding N-glycosylated product
was then obtained via the formation of oxocarbenium, pro-
moted by the elimination of an activated hydroxyl group at the
anomeric carbon, followed by the nucleophilic addition from
the Rh nitrogen. The structure of the mannose-Rh conjugate
was examined by 'H-NMR, *C-NMR, and mass spectrometry.
The "H-NMR spectra of mannose, Rh hydrazide, and mannose-
Rh conjugate were presented in Figure 1(A—-C). The 'H-NMR
spectrum of mannose-Rh conjugate in Figure 1(C) exhibited
peaks at 6.21, 6.32, and 6.64 ppm indicative of the xanthene
protons of Rh hydrazide in Figure 1(B). Aromatic protons peaks
for Rh hydrazide appeared at 6.99, 7.49, and 7.77 ppm, whereas
peaks at 2.37, 2.83, 3.22, 3.41, 3.50, 4.03, 4.63, and 4.80 ppm in
Figure 1(C) corresponded to mannose protons in Figure 1(A).
In addition, 'H-NMR of the mannose-Rh conjugate showed
N-H proton at 5.59 ppm indicating the conjugation of rhoda-
mine hydrazide and mannose moiety. For the *C-NMR spec-
trum of mannose-Rh conjugate, the peaks at 86.04, 105.17,
105.55, 107.76, 108.11, 122.26, 123.42, 127.78, 128.18, 128.93,
132.58, 148.07, 151.96, 152.39, and 152.89 were characteristic
peaks for Rh hydrazide, while the peaks at 61.14, 64.60, 66.84,
69.64, 78.01, and 97.29 were those of mannose. Mass spectra
analysis revealed a peak at m/z=619.3126 (M + H)" which
corresponded to molecular mass of the mannose-Rh conjugate.
These spectroscopic data confirmed the presence of the
mannose-Rh conjugate.

Characterization of OA-MNPs and MPNPs

The crystallographic structure of OA-MNPs was demon-
strated by the XRD pattern as shown in Figure 2(A). The
position and relative intensity of the peaks at 220, 311, 400,
511, and 440 indicated the crystalline characteristic of Fe;O,
(magnetite).ls’26 The average particle size of 5 nm, calculated
by using the Debye-Scherrer equation, was similar to that
determined from TEM image as shown in Figure 2(B). In
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addition, distinct rings, characteristics of polycrystalline sam-
ples of SAED, are observed in Figure 2(C). These results
illustrate the good crystalline nature of the Fe;O,
nanoparticles.””

As already mentioned, MPNP was used as a substrate for
immobilization of mannose-Rh conjugate due to (1) its high
specific surface area for attaching mannose-Rh molecules; and
(2) the ease of removing E. coli cells using a magnet. The OA-
MNPs (dark spots) were then embedded in a PS/DVB/AA
matrix (light phase) as seen in the TEM micrograph in Figure
3(A). The uniform distribution of MNPs in each spherical
MPNP, having an average size of 202 = 14 nm, in the absence
of non-magnetic nanoparticles was clearly observed. It is possi-
ble that the presence of DVB, a crosslinking agent of PS,
increased the internal viscosity of MPNP during polymerization
preventing MNPs from moving outward. Previous studies have
demonstrated the formation of non-magnetic nanoparticles and
inhomogeneous distribution of MNPs within MPNP in the
absence of DVB."”

A)

,".!n' |

LK

©

4L1_U LA

Figure 1. "H-NMR of (A) mannose, (B) Rh hydrazide, and (C) mannose-
Rh conjugate.
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Figure 2. (A) XRD pattern, (B) TEM micrograph, and (C) SAED of the
OA-MNPs.

The Fe;O, content was determined by TGA and the thermo-
gram is presented in Figure 3(B). The weight loss of MPNPs
was divided into two steps. The first step of 6.3% between
100 and 300°C was ascribed to the dehydration and decom-
position of residual surfactant and hexadecane.'>?® The sec-
ond step of 50.9% between 300 and 500°C was caused by the
decomposition of the polymer matrix.”® It was concluded
from the residual weight loss that the magnetic content of
the MPNPs was 42.8%. Due to the high magnetic content
complete magnetic separation of MPNPs (10% v/v) was
achieved within 3 min when a magnet was applied, as shown
in Figure 3(C). The magnetic separation capability of the
MPNPs provided for the effective separation of target mole-
cules bound to MPNPs.

The chemical structure and functional groups of MPNPs were
analyzed by FTIR (Figure 4). The existence of AA was indi-
cated by the peak at 1707 cm ™! relating to the C=0 stretching
of carboxyl group.'® In addition to peaks for C-H stretching
(aromatic stretching vibration at 3060 and 3026 cm™', C-H
stretching vibration at 2924 and 2853 cm™ '), three absorption
peaks at 1602, 1493 and 1453 cm™' were consistent with the
vibration of C-C bonds in benzene ring and confirmed the
presence of PS and DVB. Moreover, the double peaks at 760
and 700 cm~ ' corresponded to the out-of-plane bending
vibration of C-H groups in the monosubstituted benzene ring.
The presence of the p-substituted benzene of DVB was also
supported by observation of aromatic C-H in-plane bending
at 989 and 905 cm™ ' and out-of-plane bending at 797, 760,
and 700 cm™'. The peak between 450 and 620 cm ™' was
assigned to the stretching vibration for the Fe-O bond of
Fe3O4.30732
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Figure 3. (A) TEM micrograph of MPNPs, (B) TGA thermogram of
MPNPs, and (C) photographic images of MPNPs before and after apply-
ing a magnet.

Before

Characterization of Rh B-MPNPs and mannose-Rh MPNPs
The presence of Rh B on the MPNP surface was verified using
zeta potential measurements. Figure 5 shows the zeta potentials
of MPNPs and Rh B-MPNPs as a function of pH. The negative
zeta potential values of MPNPs at all pHs in curve 5A were due
to the carboxyl groups of AA and sulfate groups of the added
SDS.* After coating MPNPs with Rh B, the absolute zeta
potentials of Rh B-MPNPs were lower than those of MPNPs as
shown in curve 5B. It appears that the presence of Rh B
shielded the negative charge of the exposed AA or shifted the
shear plane around the MPNPs.*'*

To confirm the attachment of Rh B onto MPNP, UV-vis spec-
troscopy was also employed and the spectra of Rh B, MPNPs
and Rh B-MPNPs are displayed in Figure 6.

The curve 6C shows a maximum absorbance peak at 555 nm
for Rh B-MPNPs which is similar to that for Rh B in curve 6A.
However, a peak at 555 nm was not observed in curve 6B for
MPNPs, indicating that this peak was diagnostic for the pres-
ence of Rh B. These results confirmed the successful deposition

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40012
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Figure 4. FTIR spectrum of MPNPs.

of Rh B onto MPNPs. The amount of Rh B deposited onto
MPNPs (10 mg) was 376 ug or 37.6 mg/g of MPNPs, based on
the concentration of Rh B in the supernatant, 1624 pg, calcu-
lated from absorbance peak of Rh B at 553 nm.
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Figure 5. Zeta potentials of (A) MPNPs and (B) Rh B-MPNPs as a func-
tion of pH.

1
0.9
0.8 1
0.7
0.6
0.5
0.4
0.3 A
0.2
0.1

0+ : : :
450 500 550 600 650

Wavelength (nm)

Figure 6. UV-vis spectra of (A) Rh B, (B) MPNPs, and (C) Rh B-
MPNPs. [Color figure can be viewed in the online issue, which is available
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The fluorescence properties of Rh B, MPNPs and Rh B-MPNPs
were examined by spectrofluorometer and the fluorescence
emission spectra at 550—-620 nm are presented in Figure 7.

When excited at 553 nm, the Rh B solution exhibited an emis-
sion at 572 nm (curve 7A). The fluorescence spectrum of
MPNPs in curve 7B did not display a fluorescence peak within
this range, while the emission maximum of Rh B-MPNPs in
curve 7C was at 574 nm. This also indicated that Rh B was
deposited onto MPNPs.

Since mannose-Rh molecules were prepared from the reaction
of mannose with Rh hydrazide, the mannose-Rh could attach
onto MPNP through the hydrophobic interaction.”*** It was
expected that the Rh portion would be anchored on the sur-
face of MPNP, while the mannose was exposed to the water
phase and available for binding with FimH protein on E. coli
cells.

Using UV-vis spectrophotometry the presence of mannose-Rh
onto MPNP was further confirmed. The UV-vis spectra of

80
(A) Rh B

70 4 +(B) MPNPs
0(C) Rh B-MPNPs
601
00
50 4c° . o
40 P a-

30

Fluorescence Intensity

20 4

10 b

0

560 570 580 590 600 610 620
Wavelength (nm)

Figure 7. Fluorescence emission spectra of (A) Rh B, (B) MPNPs, and
(C) Rh B-MPNPs. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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0.30 mannose-Rh, MPNPs and mannose-Rh MPNPs are shown in
4(A) Mannose-Rh Figure 8.
0.25 A #(B) MPNPs
Y 4(C) Mannose-Rh MPNPs The spectrum of mannose-Rh in curve 8A displays an absorb-
0.20 ance peak at 556 nm that is absent in curve 8B for MPNPs.

When mannose-Rh was immobilized onto MPNP, the maxi-
mum absorption peak was red shifted at 567 nm (curve 8C).
This confirmed that MPNP was modified by mannose-Rh.

0.15 4

Absorbance

0.10 ..
Similar to the case of Rh B-MPNP, the amount of mannose-Rh

adsorbed onto MPNP was determined from the analysis of the
UV-vis absorption of the supernatant at 556 nm. The results
0.00 ] . . - indicated that the amount of free mannose-Rh was 49.75 mg

450 500 550 600 650 and, hence, that amount of mannose-Rh attached onto MPNP
Wayelengrh (nr) was 0.25 mg or 50 mg/g of MPNP. It was possible that several

Figure 8. UV-vis spectra of (A) mannose-Rh, (B) MPNPs, and (C)  mannose-Rh molecules could attach to the surface of MPNP

mannose-Rh MPNPs. [Color figure can be viewed in the online issue, resulting in enhanced binding between mannose on the MPNPs
which is available at wileyonlinelibrary.com.] and FimH protein of E. coli 121335
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Figure 9. TEM micrographs of (A) MPNPs/ORN178 strain, (B) Rh B-MPNPs/ORN178 strain, (C) mannose-Rh MPNPs/ORN208 strain, (D) mannose-
Rh MPNPs/ORN178 strain, and (E) fluorescence spectrum of mannose-Rh MPNPs/ORN178 strain when excited at 556 nm. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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E. coli Detection

The mannose-Rh MPNPs were used for detection of two E. coli
strains and binding between mannose-Rh MPNPs and E. coli
cells was observed using TEM. The unmodified MPNPs were
also incubated with ORN178 for use as a negative control. The
TEM micrographs of MPNPs/ORN178, Rh B-MPNPs/ORN178,
mannose-Rh  MPNPs/ORN208 and mannose-Rh  MPNPs/
ORN178 are displayed in Figure 9(A-D), respectively. It should
be noted that in Figure 9(A-C) only the MPNPs, Rh B-MPNPs,
and mannose-Rh MPNPs were found due to the unbound bac-
teria, ORN178 and ORN208 strains, were discarded during the
magnetic separation process. The fluorescence spectrum of the
mannose-Rh MPNPs/ORN178 strain when excited at 556 nm is
displayed in Figure 9(E).

As expected, the TEM image in Figure 9(A,B) demonstrate that
the uncoated MPNPs and Rh B-MPNPs could not bind to the
ORN178 strain, whereas the mannose-Rh MPNPs effectively
attached to the ORN178 cells [Figure 9(D)]. This appeared to
be due to specific binding of mannose on the mannose-Rh
MPNPs to the FimH protein of E. coli.'>*> It has been reported
that all hydroxyl groups of mannose, except 1-OH, bind exten-
sively with the FimH receptor. Residues within FimH make spe-
cific contacts with mannose including phenylalanine 1 (Phel),
asparagine 46 (Asn46), aspartic acid 47 (Asp47), aspartic acid
54 (Asp54), asparagine 135 (Asnl135), glutamine 133 (GIn133),
aspartic acid 140 (Aspl40), and phenylalanine 142 (Phel42)
that interact with mannose via hydrogen bonding and hydro-
phobic interactions. In addition, 2-OH of mannose interacts
with water molecule inside FimH.**® From Figure 9(D), it can
be clearly observed that many mannose-Rh MPNPs are attached
to each ORN178 E. coli cell. Additionally, the presence of several
mannose molecules on each MPNP allowed for simultaneous
multiple interactions of mannose-Rh MPNPs with the bacteria.
This resulted in firm attachment of mannose-Rh MPNPs com-
pared to monovalent binding.’® The interaction of mannose-Rh
MPNPs with E. coli required the FimH protein as no binding of
MPNPs to strain ORN208 lacking the FimH protein was
observed [Figure 9(C)]. After capture, the mannose-Rh MPNPs/
E. coli complex could be rapidly and easily separated from the
mixture by applying a magnet. Upon magnetic separation or
washing, the multivalent interactions between the mannose-Rh
MPNPs and E. coli cells were not disturbed and these multiva-
lent interactions appeared to be critical for the mannose-based
E. coli detection. The mannose-immobilized fluorescent poly-
mer, mannosylated poly(p-phenylene ethylene) (PPE) contains
several mannose units and could effectively bind to E. coli yield-
ing brightly fluorescent aggregates of bacteria. In contrast,
E. coli remained as individual cells after incubation with a
mannose-functionalized fluorescent dye, 2’-fluorescein amino-
ethyl mannoside, that contains only one mannose unit and
exhibits monovalent interactions with cells.””

The fluorescence property of the mannose-Rh MPNPs after
binding to E. coli ORN178 was investigated using a microplate
reader. As seen in Figure 9(E), the mannose-Rh MPNPs fluores-
cently labeled E. coli ORN178 resulting in a fluorescence emis-
sion peak at 580 nm. After binding, the emission of mannose-
Rh MPNPs was red-shifted compared to that of the unbound
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mannose-Rh MPNPs (fluorescence emission peak at 577 nm).
The slight shift in the emission peak might be due to an
increase in m—7 stacking interactions between the Rh B mole-
cules as they were come into closer proximity when bound to
bacteria.”” Mannose-Rh MPNPs allows for a simple and rapid
system for bacterial detection. Analysis time was 60 min (incu-
bation of E. coli ORN178 and mannose-Rh MPNPs) which was
much faster than the conventional culture techniques.

CONCLUSIONS

Mannose-Rh was successfully synthesized and immobilized onto
PS/DVB/AA MPNPs. The high specific surface area of MPNPs
allowed for the binding of 50 mg of mannose-Rh/g of MPNP.
After incubating with E. coli ORN178 strain, several mannose-
Rh MPNPs could bind to each E. coli cell resulting in fluores-
cently stained E. coli ORN178 with an emission peak at 580
nm. The mannose-Rh MPNPs have the potential for use as a
simple and rapid E. coli detection system. This strategy also has
the capacity to be expanded to exploit other carbohydrate—cell
interactions for testing or labeling of disease causing pathogenic
bacteria.
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