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Abstract. 

The fast and efficient elimination of pathogenic bacteria from water, food or biological 

samples such as blood remains a challenging task. Magnetic isolation of bacteria from 

complex media holds particular promise for water disinfection and other biotechnological 

applications employing bacteria. When it comes to infectious diseases such as urinary tract 

infections, the selective removal of the pathogenic species in complex media such as human 

serum is also of importance. This issue can only be accomplished by adding pathogen specific 

targeting sites onto the magnetic nanostructures. In this work, we investigate the potential of 

2-nitrodopamine modified magnetic particles anchored on reduced graphene oxide (rGO) 

nanocomposites for rapid capture and efficient elimination of E. coli associated with urinary 

tract infections (UTIs) from water and serum samples. An optimized magnetic nanocarrier 

achieves a 99.9% capture efficiency even at E. coli concentrations of 1 × 101 cfu mL−1 in 30 

min. In addition, functionalization of the nanostructures with poly(ethylene glycol) modified 

pyrene units and anti-fimbrial E. coli antibodies allowed specific elimination of E. coli UTI89 

from serum samples. Irradiation of the E. coli loaded nanocomposite with a near-infrared laser 

results in the total ablation of the captured pathogens. This method can be flexibly modified 
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for any other pathogenic bacteria, depending on the antibodies used, and might be an 

interesting alternative material for a magnetic-based body fluid purification approach. 

1. Introduction 

Elimination of bacteria from water, food or in clinical settings is still a challenging task. The 

strategies for bacteria isolation and/or ablation from solutions are currently based on the 

removal of bacteria via membranes and filters using size discrimination approaches1,2 as well 

as nanostructure based systems, which allow the removal of bacteria from solutions through 

interaction with the particle surface as well as the ablation of pathogens due to the intrinsic 

antibacterial properties of these nanostructures.3–8 This last system requires strong, efficient 

and selective binding of the pathogen to the nanostructures. In this regard, magnetic 

separation techniques based on magnetic nanostructures allow for easy removal of bacteria 

from different media via a contactless and harmless external magnet.4–6,8–16 In addition to the 

magnetic properties, the high surface/volume ratio of magnetic particles offers more contact 

surface area for binding pathogen ligands and subsequent capture of pathogens. The size of 

these particles is typically 2 orders of magnitude smaller than a bacterium, which permits the 

attachment of multiple particles onto a bacterial cell making magnetic-mediated separation 

much easier. The removal efficiency of bacteria using magnetic nanoparticles remains 

however rather low. These systems are also not highly effective in removing ultralow bacteria 

concentrations (<1 × 102 cfu mL−1) due to unspecific interactions with other molecules and 

substances present next to bacteria, limiting their practical applications. More advanced 

particle systems, easily separated from water, that exhibit limited nonspecific interactions and 

are target specific with high loading capacity at high and low bacteria concentrations would 

be a great advantage.  

In this work, we demonstrate that some of the mentioned limitations of magnetic 

nanoparticles can be overcome through hybridization of nitrodopamine coated magnetic 

particles (MPND) onto anti-fouling reduced graphene oxide (rGO) nanosheets (Fig. 1). This 

novel magnetic nanocomposite material combines several features: (a) a rGO/MPND based 

matrix offering large surface area for effective binding of bacteria, (b) good magnetic 

properties for the removal of bacteria, (c) decreased non-specific interaction with serum 

proteins due to the presence of poly(ethylene glycol) functionalized pyrene units (pyrene-

PEG), (d) target-specificity towards type-1 fimbriae carrying E. coli such as uropathogenic 

ones due to the integration of anti-fimbrial E. coli antibodies, and (d) photothermal properties 

which allow the eliminated pathogens to be ablated on the matrix. 

https://doi-org.buproxy.univ-lille1.fr/10.1039/C7TB01890H
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Fig. 1 Schematic illustration of the fabrication of magnetic nanoheaters for pathogen isolation 

together with their different advantages. 

2. Experimental 

1.1. Materials 

Hydrazine monohydrate, chitosan, dopamine hydrochloride, sodium nitrite (NaNO2), sulfuric 

acid (H2SO4), hydrochloric acid (HCl), dichloromethane (CH2Cl2), iron(II) chloride 

tetrahydrate (FeCl2·4H2O), iron(III) chloride hexahydrate (FeCl3·6H2O), ammonium 

hydroxide (NH4OH), O-(2-aminoethyl)-O′-(2-methylethyl)heptaethylene glycol (≥90%, NH2-

PEG8-N3), dichloromethane (≥99.8%, CH2Cl2), N,N′-disuccinimidyl carbonate (≥95.0%, 

DSC), 1-pyrenecarboxylic acid (97%, Pyr-COOH) and triethylamine (≥99.5%, TEA) were 

obtained from Sigma-Aldrich. Milli-Q water (18 MΩ) was used for all experiments. All 

reagents and solvents were used without further purification.  

Graphene oxide (GO) powder was purchased from Graphenea, Spain. 

Serum samples were kindly provided by the CHU, Lille. 

Anti-fimbrial antibodies were obtained by immunizing serum from rats with purified 

fimbriae, which were delipidated and purified on an HiFliQ ProteinA affinity chromatography 

column (CliniSciences) and eluted at 1 mg mL−1 concentration in sodium citrate buffer at pH 

5.6. 

https://doi-org.buproxy.univ-lille1.fr/10.1039/C7TB01890H
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Three kinds of bacteria were used: the Gram-negative wild type E. coli UTI89 (UTI89 WT) 

and an E. coli UTI89 strain lacking type-1 fimbriae (UTI89 Δfim), and the Gram-positive 

Staphylococcus aureus. 

Synthesis of 2-nitrodopamine. 2-Nitrodopamine was synthesized according to ref. 17. 

Dopamine hydrochloride (1.90 g, 10 mmol) and sodium nitrite (1.52 g, 22 mmol) were 

dissolved in water (25 mL) and cooled to 0 °C. Sulfuric acid (17.4 mmol in 10 mL of water) 

was added slowly to the mixture, and a yellow precipitate was formed. After stirring at room 

temperature overnight, the precipitate was filtered and recrystallized from water to give the 

product as a hemisulfate salt. Yield 1.9 g (77%). 1H NMR (DMSO-d6, 300 MHz, ppm): 3.10 

(br s, 4H, CH2CH2), 6.85 (s, 1H), 7.47 (s, 1H).  

Synthesis of N-(26-azido-3,6,9,12,15,18,21,24-octaoxahexacosyl)pyrene-1-carboxamide 

(pyrene-PEG). Pyrene-PEG was synthesized as reported earlier by our group.18 Briefly, 1-

pyrenecarboxylic acid (100 mg, 0.41 mmol) and DSC (125 mg, 0.49 mmol) were dissolved in 

anhydrous CH2Cl2 (15 mL). To this solution, TEA (68 μL, 0.49 mmol) and NH2-PEG8-N3 (214 

mg, 0.49 mmol) dissolved in CH2Cl2 (2 mL) were slowly added under stirring. The resulting 

mixture was kept under stirring overnight at room temperature. Then the solvent was 

evaporated under vacuum. The crude product was dissolved in CH2Cl2 (6 mL), washed with 

5% HCl aqueous solution (5 mL, twice) and H2O (5 mL, twice), and dried over MgSO4. The 

residue was purified by silica gel column chromatography using CH2Cl2 and the product was 

isolated as a viscous pale yellow oil; yield = 135 mg, 50%; 1H NMR (300 MHz, CDCl3) δ 

8.63 (d, 1H, J = 9 Hz, py), 8.3–8.0 (m, 8H, py), 7.06 (bt, 1H, J = 4.3 Hz, –NH–), 3.9–3.3 (m, 

36H, PEG); 13C NMR (75 MHz, CDCl3) δ 128.6, 127.2, 126.3, 125.8, 125.7, 124.9, 124.7, 

124.5, 124.4, 70.8–69.6, 50.7, 40.1; FT-IR: 717, 763, 820, 852, 948, 1039, 1104, 1181, 1248, 

1289, 1328, 1348, 1455, 1532, 1602, 1648, 2104, 2867 cm−1.  

2.2. Preparation of 2-nitrodopamine modified magnetic particles (MPND) 

Magnetic particles (MP) were prepared as reported previously.19 FeCl2·4H2O (0.34 g, 1.7 

mmol) and FeCl3·6H2O (0.95 g, 3.5 mmol) were dissolved in deaerated water (20 mL) and 

subsequently added to a nitrogen-protected three-necked flask under sonication. The resulting 

mixture was heated at 50 °C for 30 min. Then concentrated ammonium hydroxide (2 mL) was 

added dropwise and kept at 50 °C for 30 min. The system was finally cooled to room 

temperature and the solid product was isolated via a non-uniform magnetic field generated by 

a Nd–Fe–B permanent magnet. The resulting Fe3O4 particles (MPs) were washed six times 

with Milli-Q water to remove unreacted chemicals and then stored in water.  

A water dispersion of bare MPs (10 mg mL−1, 1 mL) was mixed with 2-nitrodopamine (20 

mg) and sonicated for 1 h at room temperature. The formed magnetic particles (MPND) were 

isolated by means of a magnet and purified through six consecutive wash/precipitation cycles 

with water to ensure complete removal of unreacted dopamine. The precipitate was dried in 

an oven at 50 °C. 
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2.3. Integration of MPND onto reduced graphene oxide (rGO) 

Reduced graphene oxide (rGO) was prepared from GO precursor using hydrazine reduction. 

Briefly, to 5 mL of GO aqueous suspension (0.5 mg mL−1) was added hydrazine hydrate (0.50 

mL, 32.1 mM) and heated in an oil bath at 100 °C for 24 h over which the reduced GO 

gradually precipitated out of the solution. The product was isolated by filtration over a PVDF 

membrane with a 0.45 μm pore size, washed copiously with water (5 × 20 mL) and methanol 

(5 × 20 mL) and dried in an oven at 100 °C overnight.  

To a solution of rGO (0.5 mg mL−1) was added an aqueous solution of MPND (0.5 mg mL−1) 

corresponding to a ratio of 1/1 and sonicated for 90 min. The formed rGO/MPND 

nanostructures were isolated by means of a magnet and purified through six consecutive 

wash/precipitation cycles with water. The precipitate was dried in an oven at 50 °C. 

2.4. Functionalization of rGO/MPND with pyrene-PEG 

The rGO/MPND nanostructures (500 μg mL−1) were mixed with pyrene-PEG solution (5 mM) 

and the suspensions were stirred for 1 h at room temperature. All samples were isolated by 

means of a magnet and purified through six consecutive wash/precipitation cycles with water.  

2.5. Covalent linking of anti-fimbrial antibody onto pyrene-PEG-rGO/MPND 

Anti-fimbrial antibody immobilization onto rGO–MPND nanostructures was achieved by 

carbodiimide crosslinking chemistry. Briefly, the rGO/MPND nanocomposite (500 μg mL−1) 

was mixed with a 100 times diluted antibody solution of 1 mg mL−1 in PBS at pH = 7.4 

containing EDC·HCl (25 mM) and NHS (25 mM). The reaction was left to proceed at 4 °C 

for 2 h under agitation, followed by magnetic extraction and PBS washing to remove weakly 

adsorbed antibodies. The particles were stored in PBS buffer at 4 °C before use.  

2.6. Quantification of amino groups by a modified Kaiser test 

Primary amine groups were quantified using a modified photometric assay.20 Briefly, the 

MPND particles (500 μg mL−1) were dissolved in 1 mL of Milli-Q water. To this suspension 

was added 1 mL of the buffer solution (36 g of sodium acetate were dissolved in 6.9 mL of 

acetic acid and filled with Milli-Q water up to a volume of 100 mL) and then sonicated for 15 

min. After that, 1 mL of KCN solution (2 mL of 0.03 M KCN solution was diluted to a 

volume of 100 mL with pyridine) and 1 mL of phenol solution (80 g of phenol were dissolved 

in 20 mL of ethanol) were added and the suspension was heated at 120 °C for 10 min; 1 mL 

of ninhydrin solution (5 g of ninhydrin was dissolved in 100 mL of ethanol) was added and 

heated for another 10 min. After the solution was cooled to room temperature, 5 mL of 

ethanol was added (60%) and the absorbance was recorded at 570 nm.  

2.6. Instrumentation 

NMR spectra were recorded with a Bruker Advance 300 MHz spectrometer using deuterated 

chloroform as the lock and TMS as an internal standard.  

https://doi-org.buproxy.univ-lille1.fr/10.1039/C7TB01890H
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Thin layer chromatography (TLC) was carried out using pre-coated aluminium backed silica 

TLC plates (Alugram® SIL G/UV254, Macherey-Nagel) which were visualized using 

ultraviolet light. Column chromatography was performed on Sigma-Aldrich® silica gel 60 

(pore size 60 Å, 230–400 mesh particle size) without applied pressure. 

Reversed phase – high performance liquid chromatography (RP-HPLC) analyses were 

realized on a Shimadzu LC2010-HT (Shimadzu, Tokyo, Japan). A 5 μm C4 QS Uptisphere® 

300 Å, 250 × 4.6 mm column (Interchim, Montluçon, France) was used as the analytical 

column. The column was heated to 40 °C. The mobile phase was a mixture of eluent A 

(trifluoroacetic acid 0.05% in H2O) and eluent B (trifluoroacetic acid 0.05% in CH3CN) at a 

flow rate of 1 mL min−1. The linear gradient was 0 to 80% of eluent B in 30 min and the 

detection was performed at 215 and 254 nm after the injection of 40 μL into the column. 

High resolution transmission electron microscopy (HR-TEM) analysis of the prepared 

samples was carried out by using an FEI, TECNAI G2 F20 instrument operated at an 

accelerated voltage of 300 kV (Cs = 0.6 mm, resolution 1.7 Å). For the TEM analysis, the 

sample was prepared by drop casting 10 μL of the dispersed solution of 1 mg of material in 5 

mL of isopropyl alcohol over a carbon coated 200 mesh Cu grid. The catalyst drop cast Cu 

grid was dried and the prepared sample was used for imaging purposes. 

Absorption spectra were recorded using a Perkin Elmer Lambda UV-Vis 950 

spectrophotometer in a 1 cm quartz cuvette. The wavelength range was 200–1200 nm. 

Fourier transform infrared (FTIR) spectra were recorded using a ThermoScientific FTIR 

instrument (Nicolet 8700) at a resolution of 4 cm−1. Dried samples (1 mg) were mixed with 

KBr powder (100 mg) in an agate mortar. The mixture was pressed into a pellet under 10 tons 

load for 2–4 min, and the spectrum was recorded immediately. Sixteen accumulative scans 

were collected. The signal from a pure KBr pellet was subtracted as the background. 

Zeta-potential measurements were performed using a zeta-sizer nano-ZS (Malvern 

Instruments Inc. Worcestershire, UK). The samples were diluted to 10 μg mL−1 and measured 

in Milli-Q water at different pH values. 

N2 adsorption–desorption data were obtained using a Quantachrom SI Micromeritics 

apparatus, and the isotherms were evaluated with the Barrett–Joyner–Halenda method to 

determine the surface area, pore size and distribution. 

Magnetic properties were determined using an MPMS-XL SQUID magnetometer. The 

magnetization loops M(H) were measured at 300 K by sweeping the applied magnetic field 

between 20 kOe and −20 kOe. Thermal variation of magnetization was measured using the 

zero-field-cooled (ZFC) procedure, for which the sample is first cooled down to 5 K in the 

absence of an applied magnetic field, and then magnetization is measured during the warming 

of the sample up to 400 K, with an applied magnetic field of 80 Oe. 

2.7. Measurement of the photothermal effect 

All irradiations were performed in standard 24 well plates. A 980 nm continuous wave laser 

(Gbox model, Fournier Medical Solution, France) was used for the photothermal experiments. 

https://doi-org.buproxy.univ-lille1.fr/10.1039/C7TB01890H
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This laser was injected into a 400 μm core fiber and placed around 3 cm away from the 

bottom of the wells. The reported laser power densities take this distance into account. The 

temperature changes were captured using an infrared camera (Thermovision A40) and treated 

using ThermaCam Researcher Pro 2.9 software.  

2.8. Bacterial growth conditions 

E. coli UTI89 wild-type strain, UTI 89 Δfim (without fim operon) and S. aureus cultures were 

grown on an LB agar plate upon inoculation overnight in Luria–Bertani (LB) broth at 37 °C 

with moderate shaking (200 rpm). Upon 50-fold dilution, incubation was prolonged until the 

OD600 had reached 0.5 equivalent to 1 × 109 cells mL−1 (cfu). The bacteria were re-suspended 

in PBS (10 mM) and adjusted to the required concentration.  

2.9. Bacteria isolation 

The bacterial suspensions were diluted to the desired concentration (1 × 101 to 1 × 108 cfu 

mL−1). Magnetic nanostructures of different concentrations (4–10 mg mL−1) were dispersed 

via ultrasonication (5 min, ultrasonic bath Branson 5800) in PBS (5 mL, 10 mM, pH 7.4). 

Bacterial suspensions (5 mL) were mixed with the magnetic nanostructures (5 mL) under 

shaking (200 rpm, 37 °C). After a given time interval, an aliquot was taken periodically to 

measure the remaining bacterial cell concentration by UV/Vis in solution after magnetic 

nanostructures had been separated by applying an external magnetic field.  

The collection efficiency (E) was calculated according to: 

 

where A0 is the initial OD600 and At the OD600 after cell capture. The capacity (Q, cells per mg) 

was calculated according to: 

 

where c is the concentration of the particles (mg mL−1) and [E. coli] is the concentration of the 

pathogen in solution. 

2.10. Photothermal treatment of magnetically separated pathogens 

The magnetic nanostructures used for the separation of the pathogens were irradiated with a 

980 nm continuous wave laser (Gbox model, Fournier Medical Solution, France) for 10 min 

at 1 W cm−2 and cell viability assessed by counting the viable bacterial colonies.  

2.11. Bacterial cell viability 

Following magnetic separation as well as photothermal treatment of the nanostructures, the 

presence and survival of bacteria were assessed by determining the titer of viable bacteria able 

https://doi-org.buproxy.univ-lille1.fr/10.1039/C7TB01890H
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to grow. A 10-fold dilution series of the bacterial solutions in phosphate buffered saline were 

spotted in 10 μL aliquots on an LB-agar medium. Visual counting of the number of colonies 

upon overnight incubation at 37 °C allowed the initial and final concentrations of the E. coli 

strain in cfu mL−1 to be determined.  

2.12. Fluorescence-based cell dead/live assay 

The separated bacteria were immediately stained for cell viability assays. The total amount of 

live and dead bacteria cells was determined using the live/dead BacLight bacterial viability 

staining kit (Invitrogen). A 1 : 1 mixture of SYTO 9 nucleic acid stain and propidium 

iodide (PI) was prepared and 3 μL were added to the separation matrix, mixed thoroughly and 

incubated at room temperature in the dark for 15 min. 5 μL of the stained bacteria suspension 

was deposited between a glass slide and a cover slip. The slides were observed using a Leica 

AF6000 LX fluorescent microscope equipped with an Andor iXon 885 Camera and by using 

an oil immersion objective (100×; 1.4 NA objective). The fluorescence signal was acquired 

using dual band excitation and emission filter sets for green fluorescent protein (GFP) and red 

fluorescent protein (mCherry). 

3. Results and discussion 

3.1. Fabrication of magnetic reduced graphene oxide nanosheets 

Our approach is based on the pre-synthesis of magnetic nanoparticles, and their integration 

into reduced graphene oxide (rGO) nanosheets, followed by functionalization with pyrene-

PEG as well as E. coli UTI 89 specific anti-fimbrial antibodies (Fig. 1) to obtain magnetic 

nanostructures with high and selective bacterial elimination efficiency, which can be used in 

aqueous solution as well as in more complex media such as serum.  

We have shown previously that 2-nitrodopamine is an excellent ligand to stabilize iron oxide 

particles formed using the co-precipitation reaction of Fe2+ and Fe3+ in alkaline media.19 This 

amine-terminated ligand is indeed known to be a far superior ligand to stabilize magnetic 

particles than dopamine.21–23 The higher oxidation potential of the 2-nitrodopamine ligand 

implies that nanoparticle surface degradation is diminished, ensuring irreversible binding of 

the ligands and good stability of the resulting nanostructures. These properties are crucial 

when using such particles for follow-up reactions and in biomedical applications.24 

Furthermore, π–π stacking interaction of the catechol groups with the aromatic network of a 

rGO might be in addition favorable for the formation of stable nanostructures. 

The 2-nitrodopamine coated iron oxide particles were characterized by FTIR (Fig. 2A) and X-

ray photoelectron spectroscopy (XPS) (Fig. 2B). The FTIR spectrum of the MPND particles 

exhibits a band at ≈1290 cm−1 corresponding to C–O or NO2 vibration. The band at 1500 cm−1 

is due to the C C vibration of the catechol system, which overlaps with the asymmetric 

vibrations of NO2 at about 1548 cm−1. The bands at 2882 and 2920 cm−1 are due to CH 

stretching vibrations of the dopamine ligand. The broad band at 3367 cm−1 and the band at 

1650 cm−1 are ascribed to the stretching and bending mode of primary amines, respectively. 

The content of nitrogen in the MPND particles determined by XPS was 3.3 at%, indicating 

https://doi-org.buproxy.univ-lille1.fr/10.1039/C7TB01890H
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further that 2-nitrodopamine is bonded to the surface of the magnetic particles. The amino 

group density was in addition determined using the UV spectroscopic method proposed by 

Kaiser et al.20 and proposed by Krueger for the analysis of nanoparticles.25 The amount of 

primary amino groups on the MPND particles was found to be 45 ± 11 nM g−1, in accordance 

with other amino-functionalized magnetic particles.26 

 

Fig. 2 Characterization of MPND: (A) FTIR spectrum; (B) Fe2p high resolution XPS spectrum; 

(C) transmission electron microscopy (TEM) and HRTEM analysis (inset: EDAX analysis 

displaying the different elements present in the sample). 

A representative Fe2p core level XPS spectrum is seen in Fig. 2B. The Fe2p3/2 region can be 

deconvoluted into bands at 709.01 and 711.02 eV, indicating the presence of both Fe2+ and 

Fe3+ species. The satellite peak at ≈717 eV is a direct evidence for the presence of Fe3+ in the 

form of γ-Fe2O3, suggesting that the 2-nitrodopamine coated magnetic particles are partially 

oxidized. 

To get more insight into the structure and morphology of the MPND, transmission electron 

microscopy (TEM) analysis was performed by imaging a sample coated Cu grid (Fig. 2C). 

The size of the nanoparticles is in the range of 8–10 nm. EDAX analysis displays different 

elements (Fe, O, C, N) present in the sample in accordance with the chemical structure of the 

particles. Furthermore, high resolution transmission electron microscopy (HRTEM) analysis 

was performed to get more information about the sample. The HRTEM image of MPND 

displays fringes with a calculated fringe width of 0.283 nm corresponding to the iron oxide 

nanoparticles. Dynamic light scattering measurements were performed in addition to 
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determine the hydrodynamic diameter of the particles, which was determined to be 140 ± 50 

nm. 

The MPND particles were incorporated into reduced graphene oxide (rGO) by mixing a 1 : 1 

ratio and sonicating for 2 h. The FTIR spectra of rGO before and after loading with MPND 

particles are displayed in Fig. 3A. The spectrum of rGO is dominated by a band at ∼1570 

cm−1 due to a C=C stretching mode of the aromatic rings. The presence of an O–H stretching 

vibration band (∼3430 cm−1) and stretching modes due to other oxygen containing groups 

implies the incomplete removal of oxygen groups as expected for rGO. The bands at 1734 and 

1094 cm−1 correspond to C=O stretching vibration of residual –COOH and C–O functions, 

respectively. Loading of rGO with MPND particles results in a comparable FTIR spectrum as 

for rGO with additional bands at 2882 cm−1 (C–H stretching) and 1233 cm−1 due to symmetric 

vibrations of NO2 groups. 

 

Fig. 3 Characterization of rGO/MPND particles: (A) FTIR spectra of rGO (grey) and 

rGO/MPND (black); (B) UV/Vis absorption spectra of MPND (grey), rGO (black) and 

rGO/MPND (blue); (C) TEM image of rGO/MPND; (D) N2 adsorption–desorption isotherms for 

MPND (black) and rGO/MPND (blue); (E) photographs of aqueous dispersions of rGO, MPND 

and rGO/MPND (500 μg mL−1); (F) hysteresis curves of MPND and rGO/MPND. 
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The UV-vis spectrum of hydrazine reduced GO (Fig. 3B) displays an optical absorption peak 

at 273 nm with an absorption tail in the NIR characteristic of rGO. The UV-vis spectrum of 

the free 2-nitrodopamine ligand exhibits a prominent peak at 352 nm. The UV-vis spectrum of 

rGO/MPNP nanostructures is comparable to that of rGO and exhibits a broad absorption 

maximum at 273 nm and an absorption tail until the NIR. 

TEM imaging of the rGO/MPND hybrid reveals the integration of MPND nanostructures onto 

the rGO nanosheets (Fig. 3C) with the overall size of the hybrid estimated to be 200 ± 60 nm. 

The surface area of the rGO/MPND hybrid was determined from N2 adsorption–desorption 

isotherms as shown in Fig. 3D. The N2 adsorption-curve of MPND can be classified as typical 

type II without a hysteresis loop.27 In the case of rGO/MPND, the curve is close to type IV with 

a weak hysteresis loop in the 0.4–1.0 relative pressure range with the specific surface area 

increased to 81.71 m2 g−1. This increased active surface area will be favorable for the efficient 

removal of pathogens, as confirmed in the following experiments. 

Fig. 3E indicates the difference in colloidal stability of a rGO/MPND hybrid in water compared 

to rGO. While MPND particles have good colloidal stability, from the photographs in Fig. 3E it 

is evident that the stability of aqueous suspensions of rGO is poor. The rGO particles have 

completely settled on the bottom of the cuvette after 24 h. In the case of the rGO/MPND hybrid 

the slightly opaque color indicates that some larger particles seem to be present in the 

remaining solution, which have not settled after the 24 h period, indicating a good long term 

colloidal stability. 

The saturation magnetization (MS) curves of MPND and rGO hybrids were determined (Fig. 

3E). The saturation magnetization value for MPND is ≈49 emu g−1 at 250 K. Compared to the 

room temperature MS value of bulk Fe3O4 (≈92 emu g−1), the values of the MPND particles are 

lower as expected, due to the mass of 2-nitrodopamine coating.28 The embedding of these 

nanostructures onto rGO results in a further decrease to ≈34 emu g−1 (Fig. 3E). Ferromagnetic 

behavior with a coercivity of about 280 Oe is observed for both nanostructures in accordance 

with XPS data showing the partial oxidation of the MPND particles. 

3.2. Capture of bacterial cells 

To assess the enrichment effect of rGO/MPND particles under magnetic field separation, the 

rGO/MPND (500 μg mL−1) was incubated for up to 30 min with E. coli and S. aureus and then 

set on a magnet for magnetically driven sedimentation of the nanostructures with bound 

bacteria. As shown in Fig. 4A, MPND particles show a removal capacity of ∼62% for E. coli 

and ≈32% for S. aureus. The difference is believed to be due to the different charge states of 

Gram-positive and Gram-negative pathogens and that of the particles.8 At physiological pH, 

MPND particles exhibit a positive charge of ∼20 ± 2 mV, favorable for E. coli separation with 

a negative charge at pH 7 (Fig. 4B). Indeed, these findings were validated by using chitosan 

coated magnetic particles, MPCS (see the ESI,† Fig. S1A and B). These particles are 

negatively charged at physiological pH with a pKa of the MPCS nanostructures of ∼6.5 and a 

positive zeta potential only recorded under acidic conditions. The capture efficiency for E. 

coli was strongly decreased on these nanostructures (Fig. S1C, ESI†) and almost absent for S. 

aureus. This underlines that a positive surface potential is helpful for increasing the removal 

efficiency of pathogens, showing a negative surface potential under physiological conditions. 
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However, once attached to rGO, the importance of the surface charge of the nanocomposite is 

masked by the strong interaction of E. coli and S. aureus with the underlying rGO nanosheets 

resulting in 100% capture efficiencies for Gram-positive and Gram-negative bacteria (Fig. 

4A). 

 

Fig. 4 (A) Removal efficiency of MPND and rGO/MPND (500 μg mL−1) of E. coli and S. aureus 

(1 × 109 cfu mL−1); (B) zeta potential of rGO, MPND, and rGO/MPND as a function of solution 

pH; (C) zeta potential of E. coli and S. aureus suspensions (1 × 109 cfu mL−1). 

The time and concentration dependent capture efficiency of rGO/MPND are seen in Fig. 5B, 

showing a nonlinear concentration dependence with complete bacterial removal only reached 

at higher concentrations. Using 500 μg mL−1 of rGO/MPND resulted in complete bacterial 

removal in less than 30 min (Fig. 5A). From the SEM image in Fig. 5C, it can be seen that the 

bacteria are bound to the rGO/MPND and are partly embedded in the 3-D nanostructure. 
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Fig. 5 (A) Change in OD600 over time as a function of the concentration of rGO/MPND upon 

incubation in E. coli UTI89 (1 × 109 cfu mL−1); (B) capture efficiency as a function of the 

concentration of rGO/MPND; (C) SEM images of rGO/MPND mediated bacterial isolation; (D) 

confocal fluorescence images of live and dead bacterial cells after incubation of 500 μg mL−1 

rGO/MPND for 30 min with E. coli UTI89 (1 × 109 cfu mL−1) and subsequent staining with 

SYTOP 9 (green, alive) and PI (red, dead); (E) photothermal heating curve of rGO/MPND (500 

μg mL−1) under NIR illumination at 1 W cm−2 in distilled water (1 mL). 

Graphene based matrices are reported for their strong antibacterial properties.29 A 

fluorescence-based cell live/dead assay was used to investigate the removal mechanism at 

hand. Fig. 5C shows an overlap of the fluorescence images after staining with SYTO9 and 

propodium iodide (PI). SYTO9 is a dye which enters through the bacterial membrane and 

colors in green both living and dead bacteria, while PI staining indicates dead bacteria due to 

damaged cell wall membranes and gives a red fluorescent color. A significant amount of 

green-stained cells is observed, and bacteria eliminated by rGO/MPND are partially viable. To 

ablate totally the captured pathogens, the photothermal properties of rGO/MPND in the near-

infrared (NIR) were examined. NIR photo-thermal treatment (PTT) is known for its deep 

penetration into tissue and in combination with rGO nanosheets is suitable for photo thermal 

ablation of pathogens.1,5,29–32 The effective light-to-heat conversion capability of rGO causes 

irreversible damage to bacterial cells and thus represents an efficient antibacterial treatment 

approach. Irradiation of rGO/MPND with a continuous laser at 980 nm for several minutes at a 

laser power of 1 W cm−2 results in a temperature increase for distilled water from 20 ± 2 °C to 

75 ± 2 °C due to the photothermal heating effect (Fig. 5D). Irradiation of the bacteria loaded 

rGO/MPND matrix for 10 min resulted thus in total ablation of all the bacterial cells. 

3.3. Isolation efficiency for pathogen concentrations <1 × 104 cfu mL−1 

Next to the quantitative evaluation of the nanocarrier's isolation efficiency of highly 

concentrated pathogens solutions, analysis of the capture capabilities of bacterial suspensions 

ranging from 1 × 101 to 1 × 104 cfu mL−1 is of utmost importance as the infectious doses of 

highly virulent pathogens are often <1 × 101 cfu mL−1. The classical plate counting method 

was employed here to validate the removal capacity. The photos of plate counting for E. coli 

and S. aureus are depicted in Fig. 6. The counted colony number of the original bacterial 

solution (control) is significantly different from the counted colony numbers of the solution 

after incubation for 30 min with rGO–MPND (500 μg mL−1) and magnetic separation. The 

capture efficiency of rGO–MPND remains excellent even at ultralow bacterial concentrations 

for E. coli and S. aureus alike. 
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Fig. 6 Capture and separation efficiency of rGO/MPND for E. coli. Photos of plate cultures 

before and after treatment with rGO/MPND (500 μg mL−1) for 30 min. 

3.4. Specific removal of pathogenic E. coli UTI89 

When it comes to infectious diseases, the selective removal of pathogenic species in complex 

media such as human serum is important. This issue can only be accomplished by adding 

pathogen specific targeting sites onto rGO/MPND. For some time our group has been interested 

in the development of inhibitors33,34 and treatments35 for virulent strains of E. coli associated 

with urinary tract infections (UTIs). Among the targets that have been identified for the 

development of anti-adhesive strategies are type 1 fimbriae, which constitute major virulence 

factors produced by E. coli.36 Type 1 fimbriae are filamentous proteinaceous organelles that 

are distributed over the entire surface of the bacterium. To achieve selective bacteria 

elimination, antibodies against the major pilin protein FimA of the E. coli UTI89 type-1 

fimbriae were covalently anchored to rGO/MPND (Fig. 1) using the free –NH2 groups of the 2-

nitrodopamine coating of the magnetic particles. To avoid non-specific interaction with 

bacteria, the modified nanostructures were immersed into a solution of pyrene-PEG (Fig. 1), 

rendering the matrix anti-fouling. We used an azide modified pyrene-PEG as it allowed us to 

validate its integration using XPS (Fig. 7A). The high-resolution N1s XPS spectrum of the 

rGO/MPND nanostructure modified with pyrene-PEG-N3 and anti-fimbrial antibodies reveals 

the azido function incorporation by the presence of signals at 405.2 (Ar–N=N+=N−) as 

reported for other N3-modified interfaces,37 with the band at 401.9 eV assigned to Ar–

N=N+=N− and the –NH–C=O linkage of the pyrene-PEG and of the anti-fimbrial linkage. The 

band at 399 eV is due to the presence of unreacted primary NH2 groups on the MPND particles 

and of the anti-fimbrial antibodies. 
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Fig. 7 (A) N1s high resolution XPS core level spectrum of azide terminated pyrene-PEG and 

anti-fimbrial modified rGO/MPND; (B) photos of plate cultures of the original solution of E. 

coli UTI89 and E. coli Δfim at 1 × 104 cfu mL−1 after treatment with rGO/MPND (500 μg 

mL−1) for 30 min, (C) specific isolation of E. coli UTI89 over E. coli Δfim from human 

serum samples spiked with 1 × 108 cfu mL−1 and 1 × 102 cfu mL−1 pathogens. 

 

The capability of these nanostructures for the selective capturing of E. coli UTI89 was 

investigated further. As seen from the photos of plate counting assays (Fig. 7B) for wild type 

E. coli UTI89 and an E. coli UTI89 strain lacking type-1 fimbriae (UTI89 Δfim), the complete 

removal of E. coli UTI89 is achieved, while none of the non-fimbriated E. coli were 

eliminated magnetically by the matrix. 

The excellent results prompted us to investigate rGO/MPND nanocarriers for the removal of 

bacteria from contaminated serum samples. For this, serum samples spiked with 1 × 104 cfu 

mL−1 or 1 × 102 cfu mL−1E. coli UTI89 or E. coli Δfim were exposed to rGO–MPND (500 μg 

mL−1) for 30 min before being magnetically separated. As seen in Fig. 7C, excellent capture 

efficiency could be achieved even in serum indicating an excellent enrichment capability of 

pyrene-PEG and anti-fimbrial modified rGO/MPND even in serum. 
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4. Conclusions 

In summary, this study demonstrates the theranostic potential of anti-fimbrial modified 

magnetic rGO nanocomposites for a magnetic-separation based body fluid purification 

approach of E. coli UTI89. Owing to the large surface area of rGO and the magnetic 

properties of the integrated 2-nitrodopamine modified magnetic particles, the nanocomposite 

can rapidly capture bacteria, which can then be separated by an external magnetic field. 

Integration of E. coli UTI89 specific anti-fimbrial antibodies as well as anti-fouling pyrene-

PEG enabled the selective capturing of uropathogenic E. coli at low and high concentration 

levels. Furthermore, photothermal treatment of the E. coli captured nanocomposite results in a 

complete ablation of the eliminated pathogens. While the azido groups of the pyrene-PEG in 

this work have only been used as an XPS marker, in the future different “clickable” functional 

ligands can be easily integrated onto these magnetic nanocomposites which will open up 

further means of bacterial strain differentiation and will allow the addition of further 

antibacterial properties onto the matrix. We thus believe that this novel multi-functional 

pathogen capturing matrix provides an attractive avenue for pathogen decontamination and 

other biomedical purposes due to high efficiency even in complex media such as serum. 

While the therapeutic efficiency of E. coli UTI89 removal remains to be demonstrated in the 

clinic, the proposed approach is expected to help rapid cleaning of bodily fluids in a fast and 

selective manner. 
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