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Abstract

A novel method for pathogenic bacteria identification directly from blood samples by cationic
ionic liquid-modified magnetic nanoparticle (CILMS) was reported. The magnetic nanoparticles
were prepared by co-precipitation and the core-shell Fe;04@SiO; nanoparticles were prepared by the
sol-gel process, followed by the grafting of 3-chloropropyltrimethoxysilane that was reacted further
with N-methylimidazole to form cationic ionic liquid-modified Fe;O4@Si0O, magnetic nanoparticles
(CILMS). The pathogenic bacteria were separated based on the electrostatic interactions among the
negative charges of the cell membranes and the positive charges of the CILMS particles. CILMS is
used directly without the need for any further apparatus and auxiliary chemicals. The separated cells
were detected using matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS).
The lowest detectable number of bacteria was 3.4x10°, 3.2x10°, and 4.2x10° cfu mL" for
Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, respectively. The bacteria
affinities toward CILMS were investigated using transmission electron microscopy that revealed
immobilization of the CILMS on the outer of cell membranes. The present approach offers a high

sensitivity, fast, and simple method for the cell capture of the pathogenic bacteria. The current
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approach could be adapted to separate and identify the pathogenic bacteria from septicemic patients

or contaminated blood before blood transfusions.

Keywords Magnetic nanoparticles; matrix assisted laser desorption/ionization mass spectrometry;
pathogenic bacteria; separation, ionic liquid
1. Introduction

Pathogenic bacteria, among many others pathogens, account for many illnesses and epidemic
diseases worldwide and are considered as high serious health threats. Bacteremia, the presence of

bacteria in the bloodstream, has a high mortality rate (2850%). For instance, Staphylococcus aureus

(S. aureus) is one of the top five pathogens that contribute to the most foodborne illnesses in
America (www.cdc.gov, 2012). Thus, a rapid and accurate detection of pathogens in the bloodstream
is vital for an effective prevention of severe health problems and can cause a great significance in
diagnostics, and proteomics. ' Nanoparticles, with large contact surface area and fast response,
exhibit excellent capture efficiency due to the advantages of high surface/volume ratios and kinetics
in reactivity, receiving much attention among the potential materials.® For the specificity and
sensitivity of target bacteria, some affinity ligands were tailored on the surface of nanoparticle to
generate affinity probes for the isolation of bacteria. Among the existing protocols, magnetic
nanoparticles have received more attention because of their unique characteristics, such as facile
preparation, good dispersion, facile post-modifications, good biocompatibility, and effective binding
of biomacromolecules. As for the concerns of separation from reaction medium and the recyclability
of materials, the separation and identification of pathogenic bacteria by magnetic nanoparticle
(MNPs) has been achieved.'” "> Magnetic separation is a popular method which has many
advantages such as simplicity, cheap, sensitive, and has the potential for further modification.

Ionic liquid-modified magnetic nanoparticles (IL-MNPs) have been received intensive attention

recently for different applications such as catalysis,”**’ dye removal,***' biomedical applications,*
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biomolecular sensors,” and separation of biological materials.’® It has been gained widespread
popularity due to the advantages of thermal/chemical stability, ionic conductivity, highly
responsiveness toward magnetic fields. Compared to the conventional magnetic nanoparticles, the
aggregations almost were absent due to the repulsion of the same charges. Thus, it has high stability
over than the modified magnetic nanoparticles. Several modifications have been made onto the
surfaces of MNPs. However, non-specific bonding or decreasing trapping of pathogens have been
encountered when these materials were used.””>"

Herein, we aim from this work to fabricate the ionic liquid-modified Fe;O04@SiO, magnetic
nanoparticles for trapping the pathogenic bacteria and for rapid identification the pathogens using
direct MALDI-MS analysis. On the surface of silica coated magnetite nanoparticles, 3-
chloropropyltrimethoxysilane was anchored and N-methylimidazole to form cationic ionic liquid
magnetic nanoparticles@silicate (CILMS) was grafted as the probe for pathogens. Since, silica
possesses excellent physical properties such as large specific surface area and high stability; it was
selected as ideally coating material. Compared to the magnetic beads, the application of IL-MNPs
eradicates the pretreatment process of samples and mechanical mixing steps. Data revealed that
pathogenic bacteria can be separated effectively from blood samples. The cell membrane affinities
toward CILMS were further investigated using transmission electron microscopy (TEM) that indicate

localization of the CILMS on the cell membrane

2. Experimental
2.1 Materials and instrumentation

Ferric chloride hexahydrate (FeCl;-6H,O) was obtained from Showa Chemical Co. LTD (Japan),
ammonium hydroxide (NH4OH, 28%), tetraecthylorthosilicate (TEOS) were purchased from Fluka
(Steinheim Germany), triethylamine (TEA), choloropropyl (CP), sinapinic acid (SA), N-

methylimidazole, 3-chloropropyltrimethoxysilane were purchased from Sigma-Aldrich (USA),
3
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concentrated hydrochloric acid (HCl, 37.5%), toluene were obtained from Riedel-de Haén
(Germany), ferrous chloride tetrahydrate (FeCl,-4H,0) obtained from Alfa Aesar, Johnson Matthey
Company (USA). All reagents used in the preparation process were of analytical reagent grade and
without further purification.

The bacteria Staphylococcus aureus (BCRC 10451), Escherichia coli (BCRC 12570), and
Pseudomonas aeruginosa (BCRC 10303) were cultivated at 37 °C and maintained on DifcoTM
Nutrient Agar plates. The standard microdilution procedure was used for bacterial colony counting.

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) analysis was
performed by employing positive and linear mode on a time-of-flight mass spectrometer (Microflex,
Daltonics Bruker, Bremen, Germany) with a 1.25 m flight tube. Desorption/ionization was obtained
by using a nitrogen laser (337 nm) with a 3 ns pulse width. The accelerating potential in the source
was maintained at +20 kV. All MALDI-MS spectra were obtained at the average of 200 laser shots.
The laser power was adjusted to slightly above the ionization threshold of the cell lysate to obtain
significant resolution signal-to-noise ratios and minimize the ionization suppression. The dried
droplet method was used for all experiments using sinapinic acid as the matrix. To check the
repeatability, all experimental results were repeated at least three times and reproducibility was
confirmed using different cells and different fields. The Fourier transform infrared (FT-IR) spectra of
magnetic nanoparticles were recorded on a FT-IR spectrometer (Spectrum 100, Perkin Elmer, USA).
The morphology of the synthesized nanoparticles was determined by a transmission electron

microscopy (TEM, Phillip CM200, Switzerland) at accelerating voltage 200 kV.

2.2 Preparation of magnetic nanoparticles
Magnetic nanoparticle (Fe;O4) was prepared using co-precipitation of ferrous and ferric salts.
Typically,FeCl,-4H,0 (0.63 g) and FeCls-6H,0 (1.73 g) were dissolved in 25 mL of double distilled

water, then 40 mL of ammonia solution (28%) was added dropwisely prior to precipitation.39 The
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solution was purged with nitrogen and stirred in a water bath at 90 °C for 3 h. The magnetic
nanoparticles were separated using an external magnet and washed three times before use.
2.3 Synthesis of silica coated magnetic microspheres (Fe;04@SiO;)

The magnetic nanoparticle modified silica dioxide (SiO;) was synthesized using the sol-gel
approach. Initially, Fe;O4 nanoparticles (0.1 g) were treated with HC1 (50 mL, 1 M) and were ultra-
sonicated for 10 min. This treatment is important for better coating of Fe;O4 surface by silica layer.
Then, the nanoparticles were separated and washed with deionized water. Magnetic nanoparticles
were dispersed in the mixture of 160 mL ethanol and 40 mL deionized water, followed by the
addition of concentrated ammonia aqueous solution (28 wt%, 6.0 mL). TEOS (300 mL) was diluted
by 20 mL ethanol and then was added dropwisely into the reaction system and agitated for 5 h at
room temperature. The solution of Fe;04@Si10, was neutralized rapidly by adding HCI to avoid the
formation of large clusters during separation by a magnet. The product was washed repeatedly with

ethanol and water by the assistance of magnets, and then dried under vacuum at 70 °C for 12 h.

2.4 Synthesis of the cationic ionic liquid-modified Fe;O4@SiO, magnetic nanoparticle (CILMS)

The amount of 0.4 g Fe;04@Si0, was suspended in 150 mL of dry toluene and then an excess of
3-chloropropyltrimethoxysilane (4 mL) was added, followed by the addition of 1 mL triethylamine
as catalyst. The suspension was stirred and reflux for 48 h under inert conditions using N, gas. After
refluxing, the reaction was discontinued and the modified Fe;04@SiO, was cooled to room
temperature; the product was collected with a magnet and washed with toluene, ethanol-water (1:1,
v/v) mixture, and deionized water successively and finally with methanol. The prepared material was
dried under vacuum at 60 °C for 8 h prior to the reaction with N-methylimidazole.** The amount of
0.25 g dry Fe;04@Si0,@CP was placed in a reaction flask containing anhydrous toluene (150 mL)
and 5 mL N-methylimidazole (5 mL). The mixture was refluxed with stirring for 48 h. After reflux,

the reaction was stopped and the prepared CILMS was cooled to room temperature, and washed with
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methanol (2x250 mL) and double distilled water (2x150 mL). The CILMS was dried under vacuum
at 50° C for 8 h prior to the characterization or separation.*’
2.5 Optimization of the parameters that affect the efficiency CILMS separation
2.5.1 The optimization of the nanoparticle concentration

It is required to optimize the nanomaterial concentration in order to achieve high separation
performance/capability for CILMS and minimize the cost of the approach. Different volume, (2, 5,
10, 15, 20, 25 pL) of CILMS stock solution (2 mg/mL) were added to the bacteria suspensions. All
suspensions were vortexed for 10 min at room temperature. After that the magnetic nanoparticles
were separated by an external magnet. CILMS enriched bacteria were washed twice with sterilized
and double distilled water in order to remove non-specific interactions. After the removal of liquid
portion from the Eppendorf tubes, the nanomaterial was mixed with sinapinic acid matrix (50 mM)
before MALDI MS analysis. In order to have a clear justification of the nanoparticle concentration,

the control spectra of the pathogenic bacteria were also investigated.

2.5.2 The optimization of incubation time

The incubation period of CILMS with bacteria was examined for 2, 5, 10, 15 and 20 min. The
bacterial colonies were suspended in deionized water (DI) after sterilized (1 mL) and the suspension
was shaking properly to suspend bacteria uniformly. 10 puL of the well-dispersed stock bacterial
suspension was pipetted into five Eppendorf tubes individually. 10 pL of magnetic nanoparticle was
added in each Eppendorf tube and replenished the volume up to 1000 puL with the DI water. The
Eppendorf tube was maintained for vortex mixing and was taken out individually at the time of 2, 5,
10, 15, and 20 min. An external magnet was applied for the separation of nanoparticles. The
materials were washed for two times with DI water thoroughly after collection. Washing is very
important to remove the non-specific bounded or free bacteria lysates in the surface of the

nanoparticles. After the removal of liquid portion from the Eppendorf tubes, the nanomaterial was

6
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mixed with sinapinic acid (SA) matrix and then spotted onto the MALDI standard plates. The spots

were leaved for air-dry before MALDI MS analysis.

2.6 Detection of bacteria in mouse blood
After the bacteria were cultured on the Nutrient Agar plates overnight, a loopful of bacteria
was dispersed in an Eppendorf tube with 1 mL phosphate buffer saline (PBS) and labeled as the
stock suspension of bacteria. Different volumes (0.5, 1.0, 3.0, 10, 20, 30 uL) of bacterial stock
solution were suspended in six different Eppendorf tubes of mice blood solution (1 mL of blood
sample (150 pL was diluted to 25 mL)) Then CILMS (10 pL, 2 mg/mL) was added in each
Eppendorf tube for bacteria enrichment by applying the nanomaterial. All suspension were vortexed
for 5 min, separated by external magnets and then were washed with DI water. The separated
particles were mixed with the matrix and spot it in standard plate, dried then were analysis using
MALDI-MS.
2.7 The measurement of detection limits
The stock suspension of each bacterium of E. coli, P. aeruginosa and S. aureus was prepared
individually. Each strain of bacteria was cultured on the Nutrient Agar plates and used freshly for
experiments. Different suspensions (I mL) of each bacterium with different cells number were
prepared. CILMS (10 pL) was added in each Eppendorf tube carefully and vortex for 5 min. After
the incubation, the cells were separated using external magnets then were washed with double
distilled and sterilized water. The separated CILMS was mixed with SA matrix and spotted on

MALDI plate for further analysis.

2.8 The evaluation of bacterial selectivity of CILMS
All three strains of bacteria were cultured on the Nutrient Agar plates separately then were

dispersed in deionized and sterilized water. Equal volumes (total volume is 1 mL of different cell
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numbers) of the bacterium suspension were mixed in the same Eppendorf tube. CILMS (10 pL, 2
mg/mL) was added and were vortexed for 5 min. After the incubation, an external magnet was
applied for separation and washed thoroughly. The three sample mixtures were collected finally from
three strains of bacteria. Bacteria mixture was mixed with SA matrix and spotted on the MALDI

plate and further MALDI-MS analysis was then performed.

2.9 CILMS assisted MALDI-MS analysis of bacteria in sheep blood

125 uL of sheep blood was diluted with 25 mL double distilled and sterilized water and used as
the stock solution for further analysis. Different cell number of three different bacteria suspensions
were prepared in sheep blood colloids. CILMS (10 uL, 2 mg/mL) was added to the previous
suspension then incubated for 5 mins before separated with external magnets, washed and then
mixed with the matrix before MALDI analysis as describe above.
2.10 Transmission electron microscopy (TEM)
To evaluate the affinities of CILMS toward the tested bacteria, TEM analysis was investigated. In a
typical procedure, the bacteria cells (1 mL, 10*-10° cfu mL™") treated with CILMS and were
suspended for 30 mins, then were fixed with 2.5% glutaraldehyde for 30 mins. The cells were
washed with deionized water, then post-fixed with 1% aqueous OsO, (Fluka) for 30 mins and then
washed again twice with water. About 10 pL of the mixture was placed on the copper grids and then
dried for the TEM measurements.
3. Results and Discussion
3.1 Preparation and characterization of CILMS

The procedure for the synthesis of cationic ionic liquid-modified magnetic nanoparticles (CILMS)
and the separation protocol of pathogenic bacteria was illustrated in Scheme 1. Initially, the magnetic

nanoparticles (MNPs) were synthesized by the co-precipitation approach. TEM image of the MNPs
8
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reveals that the size is about 20 nm, as shown in Figure 1A. The prepared MNPs were coated by
silica layer via the sol-gel method using TEOS as silica source (Scheme 1). The Fe;04@Si0, was
modified by chloropropyl via reflux using trimethylamine as a catalyst. Immobilized ionic liquid on
silica layer was synthesized by treating with 3-chloropropyltrimethoxysilane and followed by
reacting with N-methylimidazole. The positive charges on the imidazole rings provide robust
electrostatic interaction with negative sites on the surface of pathogens.42 Due to the paramagnetic
Fe;04, the ionic liquid-modified Fe;O4@SiO, nanoparticles exhibit high reactivity/affinity toward
the applied external magnet and can be easily separated from the reaction medium. TEM image
(Fig.1B) of Fe;04@SiO, shows that the magnetic nanoparticles (Fe;O,) are embedded inside the
pores of SiO,. SEM (Fig.1C) and energy dispersive analysis (EDX, Fig.1D) confirms the
composition of Fe;04@SiO,. The FTIR of the prepared materials are shown in Fig. 1E for (a) Fe;Oy,
(b) Fe;04@SiO; and (c) CILMS. The peaks at 1090 and 795 cm™ were originated from the Si—O—Si
vibrations (spectrum b and ¢). The band at 2950 cm™ was attributed to the C-H stretch (spectrum c);
while the peak at 1660 cm” refers to -C=N- of imidazole moiety that indicate the ionic portion has

been successfully modified onto the Fe;04@SiO,.

The microbial contamination is a major security issue due to the increasing risk of
bioterrorism attacks.'® Recently, MNPs were investigated intensively’® in order to separate and
identify the pathogens using many analytical techniques such as UV-Vis absorption, FTIR,
fluorescence microscopy, fluorescence spectroscopy, plate counting and MALDI-MS.”? These
technologies are simple, easy, inexpensive, and fast. However, they are time consuming, laborious,
low sensitivity, require sample pre-treatment and inaccurate. Thus, new approaches are highly
required. Beside the facile separation of MNPs using external magnets, they are also easy for surface
modification such as ionic liquid (IL). IL may add new functions for MNPs. It could increase the

binding forces among the nanoparticles and cells membranes via electrostatic forces that facilitate the
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2% In general, there are

separation and increase the bacteria biomarker during MALDI MS analysis.
two different methods to characterize microorganisms: (1) mass spectra comparison with fingerprints
database and (2) matching of biomarker masses to a proteome database. However, the identification
faced misidentified mainly due to an incomplete database reference library, database discordances,
limit of MALDI-MS resolution, errors in the reference spectra, different aging time, presence of
similar spectra in the database, lack of insufficient reference spectra, insufficient protein signals,
difficult to lyse cell wall structures, ion suppression due to presence of salts, or other species that has
high ionization, and presence of small amount of material samples. In order to reach high separation

sensitivity, the influential parameters such as nanoparticle concentration and incubation time were

investigated.

3.2 Effect of CILMS concentration on the separation efficiency

The optimization of nanoparticles concentration was investigated using MALDI-MS and the
results are shown in Figures 2A, 2B, and S1, for E.coli, P.aeruginosa, and S.aureus, respectively.
The results indicated that a minimum of 5 uL CILMS (10 ng mL™) is required to obtain significant
signals for the identification of the bacteria by matching with the control one in (a) of Figures 2A,
2B, S1. In Figure 2A, the main characteristic peaks for E. coli (a) such as m/z 6918, 7401, 8942,
9324, and 9640 Da were found consistently in all samples and were even distinguishable in very low
amount of of CILMS (2 pL). In the case of P. aeruginosa, as shown in Figure 2B (a), particularly
significant peaks such as m/z 6400.2, 7208.2, 7653.1, 10383.1, and 11890.8 Da can be consistently
observed from (b) until (f). In Figure S1 (a), it demonstrates the specific mass peaks such as m/z
5071, 5569.7, 6677.2, 7169.8, and 8242.9 Da for surface peptide peaks of S. aureus can be observed
with all quantity of CILMS. Even with 5.0 pL of CILMS is sufficient to get these particular signals.
Therefore, 10 pL of CILMS is presumed to be the optimized minimum volume for all the bacteria

detection.

10
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3.3 The evaluation of incubation time

The results of variant incubation time (2-20 min) are shown in Figures 3A, 3B, and S2 for E. coli
(8.1x10" cfu mL™"), P. aeruginosa (1.7x10" cfu mL") and S. aureus (2.9x10" cfu mL™),
respectively. In Figure 3A, it is noteworthy to observe the maximum peaks even with 2 mins of
incubation time for E. coli. In the case of P. aeruginosa, as shown in Figure 3B; most of the peaks
from m/z 2000-14000 can be observed in the period of 2-20 mins. However, the mass signals are
prominently observed with 5 mins and longer incubation for S. aureus (Figure S2). According to the
observations, most of the characteristic peaks were observed even with only 2 mins of incubation and
an increasing number of protein peaks were significant with increased incubation time 5 mins and

more. Therefore, 5 min of incubation time is sufficient for effective bacteria capture.

3.4 MALDI-MS analysis of bacteria in real samples from mice blood

Analysis of pathogenic bacteria in real samples such as blood is a great challenge due to the intensive
interferences of blood such as cells, metals, proteins and extremely low number of pathogenic
bacteria.'”** *** Therefore, pre-concentration and sample pretreatment are necessary. Bacteria are
difficult to be detected in blood by MALDI-MS and require enrichment, and sample pretreatment
prior to analysis. Nanoparticles typically can improve the bacteria detection due to their large surface
area and small volume ratios. MALDI-MS spectra of E. coli (4.8x10'" c¢fu mL™), P. aeruginosa
(9.87x10" cfu mL™") and S. aureus (7.89x10" cfu mL™") in mice blood samples are shown in Figures
4A, 4B and supporting Figure S4, respectively. The marked asterisks represent peaks originated from
mice blood, and (a), (b) in each figure is for blood and bacterial control, respectively. The
characteristic protein peaks from mice blood are labelled by asterisks (¥). MALDI-MS spectra show
clearly the characteristic peaks of each bacterium. The direct observation of the bacterium indicates

the superior of the proposed assay over than the other analytical techniques that give indirect
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assessment. According to these observations, it reveals that even in complex matrix like blood
samples, CILMS are capable to detect the mass signals of bacteria and further enrich the mass signals
effectively.

After the optimization of CILMS volume, incubation time, the lowest detectable bacterial colony
by the application of the nanomaterial was investigated. The LOD investigation for E. coli, P.
aeruginosa and S. aureus are shown in Fig. 5A, 5B, and S5 respectively. For E. coli, the
concentrations were prepared as (a) 2.7x10% (b) 3.4x10°, (c) 4.2x10°, (d) 6.5x10°, (e) 7.1x10°, (f)
8.4x107, and (g) 9.1x10° cfu mL™" in Figure 5A. The lowest colony detected is 3.4x10° cfu mL™" in
Fig. 5A (b) since the characteristic peaks. Moreover, the peaks were even as significant as high count
of bacteria. In the case of P. aeruginosa, the concentrations were prepared as (a) 2.5% 10%, (b) 3.2x10°,
(c) 5.2x10° (d) 6.9x10°, () 7.5x10", (f) 8.2x10%, and (g) 9.6x10° cfu mL™" in Fig. 5B. The lowest
colony count detected is 3.2x10° cfu mL™ as the bacterial peaks exhibited sharply in high intensity,
as shown in Fig. 5B(b). However, significant signals are hardly observed for the counts lower than
10% cfu mL™". As for S. aureus, the lowest colony detected is 4.2x10° cfu mL™" and the signals of S.
aureus are prominent as shown in Figure S5(b). Thus, this count can be perceived as the limit of
detection of S. aureus. The low concentration is due to the large surface area/volume ratios of
CILMS which can effectively enhance the bacteria detection. This type of approach in reality/nature

belongs to the surface assisted laser desorption/ionization mass spectrometry (SALDI-MS).

3.5 The evaluation of bacterial selectivity of CILMS

Selective analysis of pathogenic bacteria is far more difficult in MALDI-MS, because the system
is complicated and they contain various types of biomolecules. However, the selectivity of CILMS
toward particular bacterium among these three species was conducted, which is shown in Fig. S3.
The control concentrations of the bacteria were (a) S. aureus (1.7x10" cfu mL™), (b) P. aeruginosa

(3.6x10" cfu mL™) and (c) E. coli (4.1x10" cfu mL™") in Figure S3. MALDI-MS spectra of the
12
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bacterial mixtures for (P. aeruginosa & S. aureus), (E. coli & S. aureus, and (E. coli & P.
aeruginosa) are shown in Fig. S3 (d), (e), and (f), respectively. Among these bacteria, a substantial
number of signals were observed in (d) and (f) for P. aeruginosa. Compared with P. aeruginosa,
fewer number of signals were observed in (d), () for S. aureus and (e), (f) for E. coli. From all the
spectra observed, it can be concluded that the enrichment capacity of CILMS toward these bacteria is
in the order of P. aeruginosa > S. aureus > E. coli. It is important to note that ion suppression play as
significant role to govern the selectivity of the detection. It is also function on the ionizability that
varies between the different analytes. Thus, direct comparisons between the different analytes are
taught.
3.6 MALDI-MS analysis of bacteria in real samples from sheep blood

The application of CILMS toward bacteria was further applied for another real sample: the sheep
blood for E. coli (8.5%x10" cfu mL™"), P. aeruginosa (1.7x10" cfu mL™") and S. aureus (7.5x10" cfu
mL™), as shown in Figure S6(A), (B), (C) respectively. The asterisks in spectra indicate the signals
were originated from blood. The number and intensity of peaks increased without considerable
interferences in the bacterial analysis from the sheep blood samples, which is in accordance with the
increasing concentrations of bacteria.

3.7 Mechanistic study of the bacteria separation of CILMS using TEM analysis

As alluded above, the bacterial capture is influenced by the charges of bacteria surface and surface
of CILMS. CILMS captures the bacteria cells mainly by the attractive electrostatic interaction among
the negatively charged bacteria and the positively charged of CILMS surface. Bacterial cell surfaces
possess net negative electrostatic charges due to ionized phosphoryl and carboxylate substituent on
outer cell envelope macromolecules or due to techoic acid of Gram positive and lipopolysaccharide
in Gram negative.'? The predominantly negative surface charges of the bacterial cellular membranes
provides a clear target for separation via electrostatic interactions with CILMS.** However, the

pendant propyl moiety offers also hydrophobic interaction toward the pathogenic bacteria. The
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hydrophobic interactions play a supplementary role in the separation process. In order to investigate
these affinities, TEM analysis (Figure 6) of the bacteria cells (A) P. aeruginosa, (B) S. aureus and (C)
E. coli before (a) and after (b) interaction with CILMS was reported. TEM images show the high
affinity of the different bacteria to CILMS that immobilized on the cell membrane thus facilitates the

separation (Fig.1A).

A comparison of the present method with other methods for capturing bacteria by the functional
magnetic nanoparticles is tabulated in Table 1. It reveals that the present method offer a lot of merits
such as simple surface modification, fast, and high capture efficiency. The detection method such as
plate counting, microscopy requires long time for incubation or observation (Table 1). In contrast,
MALDI MS is a fast technique as analysis of separated bacteria cells required only few micro liters.

The sample analysis of bacteria sample in the clinical field by MALDI MS is approximately 10 - 20

times cheaper than the analysis by conventional methods. *’ It also can identify the bacteria cells
based on their biomarker peaks or protein profiles.*” ** MALDI MS can provide three types of
characterization at the strain level: (1) strain categorization, (2) strain differentiation, and (3) strain
identification.””> * The biomolecules of the intact cells are lysed physically (e.g., sonication,*
vortexed, or other physical methods) or chemically (e.g., via exposure to organic matrices, or TFA or
formic acid/organic solvents that were used during the matrix preparation). These process release the
contents of the cells into the supernatant, thus it can be detected during MALDI MS analysis. The
large surface area/volume ratios of magnetic nanoparticle encourage these process, thus it improve
the detection. Comparing with other extraction methods such as liquid- liquid microextraction,
CILMS provide a simple, effective, selective, sensitive and environmental friendly (Table 2). As no
toxic solvent are used and no further equipment are required. Although fluorescence measurements
are very sensitive, they are not convenient for real-time on-site applications due to the requirement

for bulky instrumentation and labelling with suitable fluorophore. The latter requirement is also
14

Page 14 of 30



Page 15 of 30

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25

Journal of Materials Chemistry B

important for UV-Vis absorption spectrometer that requires a chromophore such as gold
nanoparticles or TiO, nanocrystals®. Due to this requirement, UV detection is expensive and lack of
sensitivity and selectivity. Recently, Lee reported magnetic nanoparticles (MNPs) modified with a
synthetic ligand, zinc-coordinated bis(dipicolylamine) (bis-Zn-DPA), that can be utilized for highly
selective and rapid separation of bacteria and potentially their endotoxins from whole blood using a
magnetic microfluidic device™. The magnetic nanoparticles (MNPs) were also applied to adsorb
genome DNA after the bacteria were lysed. Then the DNA@MNPs was directly subjected to
polymerase chain reaction (PCR) to amplify gyrB specific sequence of P. aeruginosa. However, it is
highly selective, but the signal must amplify because the weak signal of DNA”.
4. Conclusions

A simple, rapid, direct and cost-effective assay was developed by combining ionic liquid magnetic
nanoparticles and MALDI mass spectrometry for the detection of pathogens in blood samples. The
functional magnetic nanoparticles were synthesized from co-precipitation of ferrous and ferric salts,
the core-shell Fe;04@Si0;, nanoparticles were prepared by the sol-gel process and followed by the
grafting of 3-chloropropyltrimethoxysilane on the nanoparticles and reacted further with N-
methylimidazole. Our detection method possesses many advantages over those conventional methods;
the measurement is rapid because it does not require cell culturing; cheap as expensive nanoparticles
are avoided; highly sensitive (3.4><103 ,3.2x10°, and 4.2x10° ¢fu mL"! for E. coli, P. aeruginosa, and
S. aureus, respectively); and direct as the proteomic analysis were investigated using MALDI-MS
that give a fingerprint of each strain. The present assay can be applied effectively for blood sample

which contain intensive interferences such as blood cells (RBC), salts and proteins.
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Figure captions
Scheme 1: Schematic illustrations for the preparation of CILMS and the capture of bacteria by the
magnetic nanoparticles. Optical images represent the nanoparticle before (left) and after (right)

separation

Fig. 1. Characterization of CILMS using TEM images of (A) Fe;04 and (B) Fe;04@SiO,; (C) SEM,
(D) EDX analysis and (D) FT-IR spectra.

Fig. 2. (A) Volume effects of CILMS on capture of E. coli with (a) bacteria control, (b) 2.0, (¢) 5.0,
(d) 10, (e) 15, (f) 20, and (g) 25 uL. CILMS. (B) the same conditions with P. aeruginosa.

Fig. 3. (A) Incubation time effect on capture of E. coli (8.1><1010 cfu mL'l) with 10 pL. CILMS (a)
bacteria control, after (b) 2, (c) 5, (d) 10, (e) 15, and (f) 20 min incubation. (B) The same conditions

with P. aeruginosa (1.7><1010 cfu mL'l).
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Fig. 4. (A) The evaluation of E. coli capture in mice blood sample with CILMS and (a) blood

control, acteria control, (c¢) 0.5, .0, (e) 3.0, , an . coli (4.8% ctu
1, (b) bacteri 1, (c) 0.5, (d) 1.0, (e) 3.0, (f) 10 (g) 20, and (h) 30 pL E. coli (4.8x10" cfi

mL™). (B) The same conditions with P. aeruginosa (9.8x10' cfu mL™).

Fig. 5. (A) LOD determination of E. coli from (a) 2.7x107%, (b) 3.4x10%, (c) 4.2x10°, (d) 6.5x10°, (e)

7.1x10°, (f) 8.4x107, and (g) 9.1x10® cfu mL™ E. coli with CILMS, and (B) for P. aeruginosa from

(a) 2.5x107% (b) 3.2x10%, (c) 5.2x10°, (d) 6.9x10°, (e) 7.5x10”, (f) 8.2x10%, and (g) 9.6x10° cfu mL"

P. aeruginosa.

Fig.6. TEM analysis of the bacteria cells (A) P. aeruginosa, (B) S. aureus and (C) E. coli before (a)

and after (b) interaction with CILMS.

Tablel: Comparison among the different MNPs that were used for pathogenic bacteria detections

No

MNPs

Bacteria

Incubation

time

min

Detection Methods

LOD

Ref.

CILMS

E. coli, S, aureus, P.

aeruginosa

5

MALDI-MS

and

4.2x10°
cfu mL™
for E.
coli, P.
aerugin

osa, and

Here
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S.
aureus,
respecti
vely
3 FePt- E. Coli 10 Microscopy 15 35
Vancomycin
5 antibody- S. aureus 10 Flow cytometry ND 21
nanoparticle
6 antibody- Salmonella 20 mins uv 100 cfu 49 (a)
conjugated
magnetic mL™"
nanoparticles
(MNPs) and
Ti02
nanocrystals
(TNs)
7 antibody/gold | S. aureus 40 min Colorimetric 1.5x10° 49 (b)
nanoparticle/
magnetic detection and
nanoparticle
nanocomposit 1.5x10°
es (anti-
body/AuNP/ CFU in
MNPs)
PBS and
the milk
sampler
espectiv
ely
8 Fe;04@Si0, | P. aeruginosa 60 mins in situ PCR 10 5
cfu.mL”’
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1 Table 2: Comparison between different techniques that used to extract and identify bacteria

Technique Bacteria Materials LOD Ref.
Affinity probes S. marcescens and E. coli Immunoglobulin 10° 11
immobilized on platinum
nanoparticles
Direct detection | S. aureus and P. aeruginosa Ionic liquid matrices 10%-10° | 43
UESA-DLLME | S. aureus and P. aeruginosa CeO,@CTAB 10* 47
MALDI-MS S. aureus, P. aeruginosa and | Fe;04@Si0, 10° This
E. coli work

2 UESA-DLLME: Ultrasonic enhanced surfactant assisted dispersive liquid-liquid microextraction
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