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Cationized Magnetoferritin Enables Rapid Labeling and Concentration
of Gram-Positive and Gram-Negative Bacteria in Magnetic Cell
Separation Columns
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Bristol Centre for Functional Nanomaterials, University of Bristol, Bristol, United Kingdoma; School of Cellular and Molecular Medicine, University of Bristol, Bristol, United
Kingdomb; H. H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdomc

ABSTRACT

In order to identify pathogens rapidly and reliably, bacterial capture and concentration from large sample volumes into smaller
ones are often required. Magnetic labeling and capture of bacteria using a magnetic field hold great promise for achieving this
goal, but the current protocols have poor capture efficiency. Here, we present a rapid and highly efficient approach to magnetic
labeling and capture of both Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria using cation-
ized magnetoferritin (cat-MF). Magnetic labeling was achieved within a 1-min incubation period with cat-MF, and 99.97% of the
labeled bacteria were immobilized in commercially available magnetic cell separation (MACS) columns. Longer incubation
times led to more efficient capture, with S. aureus being immobilized to a greater extent than E. coli. Finally, low numbers of
magnetically labeled E. coli bacteria (<100 CFU per ml) were immobilized with 100% efficiency and concentrated 7-fold within
15 min. Therefore, our study provides a novel protocol for rapid and highly efficient magnetic labeling, capture, and concentra-
tion of both Gram-positive and Gram-negative bacteria.

IMPORTANCE

Antimicrobial resistance (AMR) is a significant global challenge. Rapid identification of pathogens will retard the spread of AMR
by enabling targeted treatment with suitable agents and by reducing inappropriate antimicrobial use. Rapid detection methods
based on microfluidic devices require that bacteria are concentrated from large volumes into much smaller ones. Concentration
of bacteria is also important to detect low numbers of pathogens with confidence. Here, we demonstrate that magnetic separa-
tion columns capture small amounts of bacteria with 100% efficiency. Rapid magnetization was achieved by exposing bacteria to
cationic magnetic nanoparticles, and magnetized bacteria were concentrated 7-fold inside the column. Thus, bacterial capture
and concentration were achieved within 15 min. This approach could be extended to encompass the capture and concentration
of specific pathogens, for example, by functionalizing magnetic nanoparticles with antibodies or small molecule probes.

Infectious diseases are among the world’s most pressing health
challenges, and developing strategies for rapid identification of

pathogens is particularly important for effective treatment and for
combating antibiotic resistance. However, many current method-
ologies rely on culture-based microbiological methods that take
several days. Rapid identification of pathogens can be achieved by
detecting specific genes (1) or by antibody-directed binding of
pathogens to a sensor surface (2). Microfluidic devices constitute
excellent platforms for cheap and high-throughput implementa-
tion of these methods (2, 3). Similarly, hand-held biosensors can
rapidly detect and identify bacteria at concentrations as low as 100
CFU per ml (4). However, all of these devices typically handle
volumes of 50 to 250 �l, while clinical blood or urine samples
usually range between 5 and 20 ml in volume. Therefore, concen-
tration of pathogens from large into small volumes represents an
important processing step in microfluidics-based diagnostics. In
addition, preconcentration of small amounts of bacteria can aid in
their detection and identification (5–7).

Magnetic labeling of bacteria in suspension enables their ex-
traction from aqueous samples using a magnetic field, such that
low numbers of bacteria can be concentrated (8). Previous studies
reported the use of magnetic nanoparticles with different surface
functionalizations, such as amine and carboxyl groups (9, 10), or
small molecules, such as vancomycin (8, 11). In all of these studies,
a permanent magnet is placed against a vial containing the mag-

netized bacteria, which results in sedimentation of the cells. How-
ever, capture efficiency varies between 35 and 97%, depending on
the surface functionalization (Table 1). Here, we propose a novel
approach to capture and concentrate bacteria, which involves the
use of cationic magnetic nanoparticles and commercially available
magnetic cell separation (MACS) columns; the former enable ul-
trafast labeling (12), while the latter enhance the efficiency of cap-
ture and concentration. Use of MACS columns has traditionally
been restricted to the capture of magnetically labeled mammalian
cells, and their high capture efficiency has been attributed to the
generation of strong magnetic field gradients in the column (13).
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In this setup, a small plastic column is filled with steel beads and
placed against a magnet (Fig. 1B). Cells that have been labeled with
superparamagnetic nanoparticles (SPIONs) are immobilized
when they are passed through the column in aqueous suspension.
Captured cells can be released within a small volume of buffer
when the magnet is removed from the column, because the
SPIONs demagnetize in the absence of an external magnetic field
(Fig. 1C). In this report, we demonstrate that magnetization and
concentration of bacteria can be accomplished within 15 min us-
ing cationic SPIONs that rapidly attach to anionic domains on the
cell surface (12) and MACS columns to subsequently capture and
concentrate the magnetized bacteria with up to 100% efficiency.

MATERIALS AND METHODS
Bacterial culture. Escherichia coli T7 Express (BL21 derivative; New Eng-
land BioLabs, USA) transformed with pET45b(�) plasmids (Novagen,
Germany) was kindly provided by James Armstrong (School of Cellular
and Molecular Medicine, University of Bristol). Staphylococcus aureus
SH1000 was a kind gift from Ramesh Wigneshweraraj and Andrew Ed-
wards, Imperial College London (14). E. coli and S. aureus were grown
overnight at 37°C in a shaking incubator (200 rotations per min) in 10 ml
of lysogeny broth (LB) (BD, Oxford, United Kingdom) (15) or nutrient
broth (Lab M, Heywood, United Kingdom), respectively. LB was supple-
mented with 1 �l per ml broth of a 50 �g ml�1 carbenicillin solution
(Apollo Scientific, United Kingdom), and nutrient broth was supple-
mented with 3.4 �g ml�1 chloramphenicol.

Rapidity and extent of E. coli magnetization with cat-MF. The prep-
aration and detailed characterization of cationized magnetoferritin (cat-
MF) have been previously described (12). Briefly, a cobalt-doped iron
oxide core was mineralized inside horse spleen apoferritin (Sigma-Al-

drich, United Kingdom). The protein surface was cationized by conjugat-
ing N,N=-dimethyl-1,3-propanediamine to acidic amino acid residues via
a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-mediated cross-link-
ing reaction.

For magnetization experiments, liquid bacterial culture samples were
diluted with sterile distilled water (dH2O) to achieve an absorbance of
approximately 0.3 at 600 nm; 0.3 ml of this suspension was mixed with an
equal volume of sterile dH2O or 1 �M cat-MF (sterile filtered) to yield a
final cat-MF concentration of 0.5 �M. The mixture was agitated briefly
and then incubated at room temperature for 1, 5, 15, and 30 min. After
each incubation period, 0.5 ml of the bacterial suspension was loaded onto
MS MACS columns (Miltenyi Biotec, United Kingdom), and the flow-
through was collected. To determine CFU per milliliter in the bacterial
suspension before MACS, samples of the initial bacterial suspension were
diluted 1/105, 1/106, and 1/107, and 0.1-ml samples of these dilutions were
plated out in triplicate and incubated at 37°C overnight. To determine the
number of CFU in the water after MACS, samples of the flowthrough were
diluted 1/10 and 1/100, plated out in triplicate, and incubated at 37°C
overnight. After incubation, the numbers of colonies on the agar plates
were counted, and CFU per milliliter were determined by taking into
account the respective dilution factors. The percentage of immobilization
was calculated as follows:

immobilization � % � � 100 � � cafter

cbefore
· 100� (1)

where cafter is the bacterial concentration in the flowthrough after MACS
and cbefore is the bacterial concentration in the initial bacterial suspension
before MACS.

E. coli magnetization as a function of cat-MF concentration. Liquid
bacterial culture samples were diluted with sterile dH2O to achieve an
absorbance of approximately 0.3 at 600 nm. A 0.3-ml sample of this sus-

TABLE 1 Comparison of the E. coli capture efficiency presented in this work with previously reported results

SPION surface Dose Time Capture efficiency (%) E. coli detection Reference/source

Amine 10 �g ml�1a 1 min 99.97 Plate counting This work
Amine 1 mg ml�1 1 min 97 A600 nm

b Huang et al. (9)
Carboxyl 2 mg ml�1 12 h 35 A600 nm Singh et al. (10)
Mannose 2 mg ml�1 45 min 88 Microscopy El-Boubbou et al. (16)
Vancomycin 0.2 �g ml�1 60 min 83 Plate counting Kell et al. (8)
a Iron content calculated for 0.5 �M cat-MF.
b A600 nm, absorbance measured at 600 nm.

FIG 1 Schematic diagram of the procedure for magnetic labeling and capture of bacteria using cationized magnetoferritin and assessment of optical absorbance
as a tool for bacterial quantification. (A) Cationized magnetoferritin (1) is added to a bacterial suspension (2) and incubated for 15 min to achieve magnetization
of the cells. (B) The suspension is loaded onto a magnetic separation column, which is attached to a magnet. Magnetized bacteria are immobilized and
concentrated in the column. (C) Captured bacteria are eluted by removing the magnet and pushing 0.4 ml of water through the column using a plunger. Bars,
3 cm. (D) Absorbance measured at 600 nm as a function of E. coli present in the water sample as determined by the plate count method. At �107 CFU ml�1,
absorbance readings are not sensitive enough to accurately determine numbers of cells.
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pension was mixed with an equal volume of sterile water (untreated con-
trol) or various concentrations of cat-MF (sterile filtered) to yield a final
cat-MF concentration of 0.01 to 1 �M cat-MF. The mixture was agitated
briefly and then incubated at room temperature for 15 min. After the
incubation period, 0.5 ml of the bacterial suspension was loaded onto the
MACS column, the flowthrough was collected, and CFU per milliliter and
percent removal were determined as described above.

E. coli magnetization as a function of bacterial number. Liquid bac-
terial culture samples were diluted with sterile dH2O to achieve an absor-
bance of approximately 0.3 at 600 nm. This suspension was further diluted
in a series of 1 in 10, down to a dilution of 1/106, resulting in a total of 7
samples containing different bacterial numbers. A 0.3-ml sample of each
dilution was incubated with an equal volume of 1 �M cat-MF (sterile
filtered) to yield a final cat-MF concentration of 0.5 �M. The mixture was
agitated briefly and then incubated at room temperature for 15 min. A
0.5-ml sample of the bacterial suspension was loaded onto the MACS
column, the flowthrough was collected, and CFU per milliliter in the
samples loaded onto the column and in the flowthrough were determined
as described above. The number of E. coli immobilized in the column was
determined by subtracting the number of E. coli detected in the flow-
through from the number of E. coli loaded onto the MACS column.

Concentration of small amounts of E. coli. Liquid bacterial culture
samples were diluted with sterile dH2O to achieve an absorbance of ap-
proximately 0.3 at 600 nm. This suspension was further diluted in a series
of 1 in 10, down to a dilution of 1/107. A 1-ml sample of this dilution was
incubated with an equal volume of 1 �M cat-MF (sterile filtered) to yield
a final cat-MF concentration of 0.5 �M. The mixture was agitated briefly
and then incubated at room temperature for 15 min. A 2-ml sample of the
bacterial suspension was loaded onto the MACS column, and the flow-
through was collected. The column was removed from the magnet, and
any bacteria immobilized in the column were eluted with 0.4 ml of sterile
dH2O using a plunger. The initial solution, the flowthrough, and the
eluted bacterial suspension were plated out without further dilution. CFU
per milliliter and percent removal were determined as described in the
previous section.

Comparing magnetic captures of E. coli and S. aureus. Liquid bac-
terial culture samples were diluted with sterile dH2O to achieve an absor-
bance of approximately 0.3 at 600 nm, and 0.3 ml of each suspension was
mixed with an equal volume of sterile dH2O or 1 �M cat-MF (sterile
filtered) to yield a final cat-MF concentration of 0.5 �M. The mixtures
were agitated briefly and then incubated at room temperature for 15 min.
A 0.5-ml sample of each bacterial suspension was loaded onto the MACS
column, the flowthrough was collected, and CFU per milliliter and per-
cent removal were determined as described above.

RESULTS
Developing a protocol for rapid magnetic labeling of E. coli and
highly efficient capture in magnetic separation columns. Rapid
isolation of bacteria from aqueous samples represents a first step
in the detection of pathogens. Here, we show the potential of
cationized magnetoferritin (cat-MF) to rapidly magnetize E. coli.
First, magnetic capture efficiency was investigated by incubating
0.6-ml water samples inoculated with approximately 108 CFU ml�1

E. coli for 1 to 30 min with 0.5 �M cat-MF and passing the water
samples through a MACS column. We found that 99.968% �
0.006% of E. coli were removed from the water sample by mag-
netic capture after a 1-min incubation with cat-MF, which in-
creased to 99.995% � 0.001% after a 30-min incubation period
(Fig. 2A). Next, the concentration-dependent magnetization effi-
ciency of cat-MF was investigated by incubation of water samples
containing approximately 108 CFU ml�1 E. coli with cat-MF
concentrations ranging from 0 to 1 �M for 15 min. Untreated
E. coli cells were not retained in the MACS column, indicating that
cat-MF exposure was necessary to achieve magnetic capture of

bacteria. Remarkably, exposure to the lowest cat-MF concentra-
tion resulted in the immobilization of 98.8% of E. coli in the
MACS column (Fig. 2B). While higher cat-MF concentrations led
to the capture of more bacteria, the maximum immobilization
efficiency was achieved using 0.1 �M cat-MF, and higher cat-MF
concentrations did not improve capture efficiency.

Transmission electron microscopic (TEM) imaging of E. coli
eluted from the magnetic column after a 1-min incubation with
cat-MF revealed the presence of electron-dense nanoparticles of
approximately 5 to 6 nm diameter on the surface of the bacterium
(Fig. 2C). It was concluded that these particles were cat-MF, be-
cause no nanoparticles were visible in untreated E. coli samples
(Fig. 2D) and the size of the particles observed on E. coli corre-
sponded to the size of cat-MF (Fig. 2C, inset).

Finally, immobilization efficiency was investigated as a func-
tion of bacterial number. Water samples were inoculated with
approximately 102 to 108 CFU ml�1 E. coli, incubated with 0.5 �M
cat-MF for 15 min, and passed through a MACS column. It was
found that the number of immobilized E. coli was linearly propor-
tional to the amount of bacteria present in the inoculated sample
(Fig. 3A). Immobilization efficiencies were �99.9% in all cases
except for the sample containing 102 CFU ml�1, for which 100%
capture efficiency was recorded.

Gram-positive bacteria can also be captured rapidly and ef-
ficiently. In a direct comparison of two bacterial species, water
samples inoculated with approximately 108 CFU ml�1 of E. coli or
S. aureus were incubated with 0.5 �M cat-MF for 15 min and
passed through MACS columns. It was found that capture effi-
ciency was higher for S. aureus than for E. coli, with 99.99% of E.
coli captured in MACS columns compared to 99.9999% of S. au-
reus (Fig. 3B).

E. coli is captured and concentrated 7-fold within 15 min. We
investigated whether low numbers of bacteria, i.e., �102 CFU
ml�1, could be completely removed from a water sample and con-
centrated using immobilization in the MACS column, followed by
elution into a small volume. A 2-ml water sample containing ap-
proximately 50 CFU ml�1 E. coli was incubated with 0.5 �M
cat-MF for 15 min and passed through a MACS column. No bac-
teria could be detected in the flowthrough after MACS (Fig. 4).
When the column was removed from the magnet and the immo-
bilized bacteria were eluted using 400 �l sterile water, approxi-
mately 320 CFU ml�1 E. coli were detected, which represents an
almost 7-fold increase in the concentration of bacteria.

DISCUSSION

Given the tremendous potential of magnetic labeling and capture
for isolating bacteria, there have been surprisingly few studies that
investigated this technique. Compared to previously reported
work in this field, our method represents a dramatic improvement
in bacterial capture efficiency over conventional methodologies
that consist of a permanent magnet placed against a vial (8–11, 16,
17). In such devices, the magnetically labeled bacteria agglom-
erate in the applied magnetic field, such that the supernatant
can be removed and analyzed for residual bacteria. In Table 1,
the results from studies using this approach are compared to
the results presented here using MACS. Depending on the sur-
face functionalization, the reported capture efficiencies range
from 35% for carboxy-functionalized SPIONs (10) to 97% for
amine-functionalized SPIONs (9). Here, we were able to immo-
bilize �99.9% of bacteria using cat-MF, which is effectively an
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amine-functionalized SPION. We believe that the improvement
in capture efficiency observed in our experiments is due to the
generation of strong local magnetic fields by the steel beads in the
MACS column. In contrast, the use of a permanent magnet placed
against a vial has the disadvantage that the magnetic field decays

rapidly with the distance from the magnet. Therefore, the mag-
netic field may not be strong enough to agglomerate magnetized
bacteria from the entire volume.

The highest capture efficiency reported to date was 97%, which
was achieved using amine-functionalized magnetic nanoparticles

FIG 2 Magnetization of E. coli with cationized magnetoferritin (cat-MF). (A) Percent immobilization of E. coli in magnetic separation columns from water
samples inoculated with 108 CFU ml�1 after different incubation periods with 0.5 �M cat-MF. (B) Different incubation concentrations of cat-MF for 15 min.
Averages and standard deviations from three plate counts are shown. (C) TEM image of E. coli exposed to 0.5 �M cat-MF for 1 min, immobilized, and then eluted
from the MACS column. Electron-dense nanoparticles with a diameter matching cat-MF uniformly cover the surface of the bacterium. The inset shows cat-MF
particles on their own. (D) Untreated E. coli. No nanoparticles are visible on the surface. Bars, 200 nm.

FIG 3 Immobilization efficiency as a function of E. coli concentration and magnetic concentration of low numbers of E. coli. (A) Water samples were inoculated
with 1 � 102 to 2 � 108 CFU ml�1 E. coli and incubated with 0.5 �M cat-MF for 15 min. The number of E. coli immobilized in the MACS column was linearly
proportional to the number of bacteria loaded onto the column. Averages and standard deviations from three plate counts are shown (error bars are too small
to be visible). (B) Comparison of magnetic capture efficiencies for E. coli and S. aureus labeled with 0.5 �M cat-MF for 15 min. Averages and standard deviations
from three plate counts are shown.
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(9). However, it should be noted that the authors of that study
used absorbance at 600 nm to measure capture efficiency, which is
a relatively insensitive detection method. We found that absor-
bance values could only be related to E. coli concentrations at cell
densities of �107 CFU ml�1 (Fig. 1D), and therefore we chose the
plating method as a more sensitive means of calculating the per-
centage of immobilized bacteria. The plating method was also
used in a study by Kell et al., who reported capture efficiencies of
11 to 83%, depending on the surface functionalization of the
SPION used for the magnetization of bacteria (8). This shows that
our methodology is indeed superior in terms of magnetic capture
efficiency.

From the discussion above, it is apparent that surface function-
alization of SPIONs is crucial for efficient magnetic labeling and
subsequent capture in a magnetic field. Previously, SPIONs have
been functionalized with vancomycin to bind to the surface of a
variety of bacteria and enable magnetic capture and concentra-
tion. Vancomycin is a glycopeptide antibiotic that interacts
strongly with the cell surface of Gram-positive bacteria through
hydrogen bonding but has also been found to bind to Gram-neg-
ative bacteria, presumably due to nonspecific interactions (17).
However, vancomycin conjugation onto SPIONs is not trivial,
and capture efficiency depends strongly on the orientation of the
molecule on the SPION (8). Here, we present a much simpler
functionalization protocol, which rendered cat-MF a positively
charged SPION. We have previously shown that cat-MF magne-
tized mammalian cells via electrostatic binding to anionic pro-
teoglycans on the cell surface (12). Thus, we consider it likely that
electrostatic interactions also mediate the adsorption of cat-MF
onto anionic domains on the bacterial surface. This is consistent
with the findings in previous studies, in which cationized ferritin
was used as a TEM “stain” to investigate the distribution of an-
ionic domains on the surface of bacteria (18, 19). These domains
could be negatively charged polysaccharides in the lipopolysac-
charide layer of E. coli, such as hexuronic acid and other acidic
sugars (19, 20).

Although the methodology presented here has been shown to
be superior to previously reported protocols, it should be noted

that 100% capture efficiency was only achieved when small
amounts of bacteria were loaded onto the MACS column
(Fig. 3A). Therefore, it can be hypothesized that either the MACS
column was saturated with bacteria, thus preventing the capture
of all of the bacteria introduced, or there was insufficient magnetic
material present to adequately magnetize all of the bacteria. The
latter hypothesis is unlikely to be true, given that cat-MF concen-
trations as low as 0.01 �M (50 times less) still resulted in the
immobilization of 98.88% of the bacteria (Fig. 2B). Also, we con-
sider that saturation of the MACS column by bacteria is equally
unlikely, given the linear relationship between the number of
magnetized E. coli loaded onto the column and the number of E.
coli immobilized (Fig. 3A). Saturation of the column is expected to
generate a flattening of the curve as the number of applied bacteria
increases. A final point to consider then is the size and shape of E.
coli, which are very different from the size and shape of mamma-
lian cells, for which the MACS column design was originally op-
timized. Most mammalian cells are round in suspension with a
diameter of approximately 10 �m. However, E. coli cells are much
smaller and rod shaped, approximately 1 �m long and 0.5 �m
wide. The cells of the strain of E. coli used here are also more
mobile than mammalian cells because they are flagellated. There-
fore, it is possible that a proportion of the cat-MF labeled E. coli
cells were able to overcome the magnetic force and escape from
the column. A possible argument in favor of this hypothesis is the
fact that immobilization of S. aureus, a species that does not pos-
sess flagella, was more efficient (Fig. 3B).

The capacity of cat-MF to efficiently label both Gram-positive
and Gram-negative bacteria is an interesting result. Bacterial sur-
face compositions vary widely, in particular between Gram-nega-
tive and Gram-positive organisms. Gram-positive bacteria, such
as S. aureus, lack the outer lipopolysaccharide layer characteristic
of Gram-negative species such as E. coli (20). However, S. aureus
has been shown to have a negative zeta potential (21); therefore,
negative charges are available for electrostatic binding of cat-MF
to the cell surface. Furthermore, previous studies have reported
that magnetic capture of S. aureus could not be achieved using
amine-functionalized (i.e., cationized) SPIONs and instead re-
quired small molecule probes to achieve this (11). However, we
were able to efficiently magnetize and capture S. aureus using
cat-MF (i.e., an amine-functionalized SPION).

We anticipate that methods for magnetic capture of bacteria
from aqueous suspension can be applied in the detection and/or
removal of organisms from physiological or environmental fluids.
While microbial concentrations in these circumstances may vary
widely, in many cases capture of pathogens present at low concen-
trations may be required. We have shown here that MACS col-
umns reached a capture efficiency of 100% for E. coli concentra-
tions of �102 CFU ml�1. Thus, an example of the application of
our methodology is the capture of E. coli, an organism commonly
associated with fecal contamination of water supplies (22), from
dilute solutions. The isolation of pathogens present at low concen-
trations may be required. Another potential application of our
method is the concentration of bacteria from dilute suspensions
for downstream analysis, because it has been shown that detection
of bacteria at concentrations of �102 CFU ml�1 is notoriously
difficult without preenrichment of bacteria through a culture pro-
cess (23). We have shown here that cat-MF labeling and subse-
quent capture in MACS columns can indeed concentrate E. coli
from very dilute suspensions (Fig. 4). It was previously reported

FIG 4 Capture and concentration of dilute E. coli. A 2-ml water sample con-
taining 46 CFU ml�1 E. coli (labeled “before”) was incubated with 0.5 �M
cat-MF for 15 min. After MACS, no bacteria were detected in the flowthrough
(labeled “after”). E. coli cells immobilized in the MACS column were eluted
with 0.4 ml sterile water, through which a 7-fold concentration increase of
bacteria was achieved (labeled “column”). Averages and standard deviations of
three plate counts are shown. Note that although an elution volume of 0.4 ml
was applied to the column reservoir, we observed that only approximately 0.33
ml eluted from the column.
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that the lowest concentration of E. coli that could be captured in a
magnetic field after incubation with vancomycin-functionalized
SPIONs was 10 CFU ml�1. This is of the same order of magnitude
as the lowest concentration of E. coli captured in our experiments
(	50 CFU ml�1), which was achieved using a much more facile
surface functionalization.

Our results indicate that our methodology for magnetic label-
ing may permit the capture of a range of bacteria, due to the
nonspecific labeling mechanism. However, it is possible to func-
tionalize magnetoferritin or other SPIONs with antibodies, such
that specific pathogens may be labeled (17, 24–26). With the com-
bination of this technique and the MACS column setup, rapid,
highly efficient, and selective capture and concentration of indi-
vidual pathogens might be possible in the future.

In conclusion, we demonstrate that a rapid magnetic labeling
technique combined with immobilization of bacteria in MACS
columns enables highly efficient capture (up to 100%) and a
7-fold concentration of low numbers of E. coli within 15 min. The
use of MACS columns to capture magnetically labeled bacteria
yields higher capture efficiencies than conventional magnet-based
setups. Furthermore, our approach enables magnetic capture of
the Gram-positive bacterium S. aureus with 99.999% efficiency.
Thus, magnetic labeling with immobilization in MACS columns is
a viable approach for complete capture and rapid concentration of
low numbers of bacteria, representing an important step toward
fast detection and identification of bacterial pathogens.

ACKNOWLEDGMENTS

We thank James Armstrong, Adam Perriman, and Mark Jepson (Univer-
sity of Bristol) and Ramesh Wigneshweraraj and Andrew Edwards (Im-
perial College London) for the donation of bacterial strains.

This work was financed by the Engineering and Physical Sciences Re-
search Council (EPSRC grant code EP/G036780/1). The imaging equip-
ment was funded by the University of Bristol and EPSRC (grant codes
EP/K035746/1 and EP/M028216/1).

FUNDING INFORMATION
This work, including the efforts of Sara Correia Carreira, was funded by
Engineering and Physical Sciences Research Council (EPSRC) (EP/
G036780/1).

REFERENCES
1. Naravaneni R, Jamil K. 2005. Rapid detection of food-borne pathogens

by using molecular techniques. J Med Microbiol 54:51–54. http://dx.doi
.org/10.1099/jmm.0.45687-0.

2. Boehm DA, Gottlieb PA, Hua SZ. 2007. On-chip microfluidic biosensor
for bacterial detection and identification. Sens Actuators B Chem 126:
508 –514. http://dx.doi.org/10.1016/j.snb.2007.03.043.

3. Peytavi R, Raymond FR, Gagné D, Picard FJ, Jia G, Zoval J, Madou M,
Boissinot K, Boissinot M, Bissonnette L. 2005. Microfluidic device for
rapid (�15 min) automated microarray hybridization. Clin Chem 51:
1836 –1844. http://dx.doi.org/10.1373/clinchem.2005.052845.

4. Lazcka O, Del Campo FJ, Munoz FX. 2007. Pathogen detection: a
perspective of traditional methods and biosensors. Biosens Bioelectron
22:1205–1217. http://dx.doi.org/10.1016/j.bios.2006.06.036.

5. Che Y, Li Y, Slavik M. 2001. Detection of Campylobacter jejuni in poultry
samples using an enzyme-linked immunoassay coupled with an enzyme
electrode. Biosens Bioelectron 16:791–797. http://dx.doi.org/10.1016
/S0956-5663(01)00222-6.

6. Higgins JA, Nasarabadi S, Karns JS, Shelton DR, Cooper M, Gbakima
A, Koopman RP. 2003. A handheld real time thermal cycler for bacterial
pathogen detection. Biosens Bioelectron 18:1115–1123. http://dx.doi.org
/10.1016/S0956-5663(02)00252-X.

7. Muhammad-Tahir Z, Alocilja EC. 2003. A conductometric biosensor for

biosecurity. Biosens Bioelectron 18:813– 819. http://dx.doi.org/10.1016
/S0956-5663(03)00020-4.

8. Kell AJ, Stewart G, Ryan S, Peytavi R, Boissinot M, Huletsky A,
Bergeron MG, Simard B. 2008. Vancomycin-modified nanoparticles for
efficient targeting and preconcentration of Gram-positive and Gram-
negative bacteria. ACS Nano 2:1777–1788. http://dx.doi.org/10.1021
/nn700183g.

9. Huang Y-F, Wang Y-F, Yan X-P. 2010. Amine-functionalized magnetic
nanoparticles for rapid capture and removal of bacterial pathogens. Envi-
ron Sci Technol 44:7908 –7913. http://dx.doi.org/10.1021/es102285n.

10. Singh S, Barick K, Bahadur D. 2011. Surface engineered magnetic nano-
particles for removal of toxic metal ions and bacterial pathogens. J Hazard
Mater 192:1539 –1547. http://dx.doi.org/10.1016/j.jhazmat.2011.06.074.

11. Gu H, Ho P-L, Tsang KW, Wang L, Xu B. 2003. Using biofunctional
magnetic nanoparticles to capture vancomycin-resistant enterococci and
other Gram-positive bacteria at ultralow concentration. J Am Chem Soc
125:15702–15703. http://dx.doi.org/10.1021/ja0359310.

12. Correia Carreira S, Armstrong JPK, Seddon A, Periman A, Hartley-
Davies R, Schwarzacher W. 2016. Ultra-fast stem cell labelling using
cationised magnetoferritin. Nanoscale 8:7474 –7483. http://dx.doi.org/10
.1039/C5NR07144E.

13. Miltenyi S, Muller W, Weichel W, Radbruch A. 1990. High-gradient
magnetic cell-separation with MACS. Cytometry 11:231–238. http://dx
.doi.org/10.1002/cyto.990110203.

14. James EH, Edwards AM, Wigneshweraraj S. 2013. Transcriptional
downregulation of agr expression in Staphylococcus aureus during growth
in human serum can be overcome by constitutively active mutant forms of
the sensor kinase AgrC. FEMS Microbiol Lett 349:153–162. http://dx.doi
.org/10.1111/1574-6968.12309.

15. Bertani G. 2004. Lysogeny at mid-twentieth century: P1, P2, and other
experimental, systems. J Bacteriol 186:595– 600. http://dx.doi.org/10.1128
/JB.186.3.595-600.2004.

16. El-Boubbou K, Gruden C, Huang X. 2007. Magnetic glyco-
nanoparticles: a unique tool for rapid pathogen detection, decontamina-
tion, and strain differentiation. J Am Chem Soc 129:13392–13393. http:
//dx.doi.org/10.1021/ja076086e.

17. Gu HW, Xu KM, Xu CJ, Xu B. 2006. Biofunctional magnetic nanopar-
ticles for protein separation and pathogen detection. Chem Commun
(Camb) 9:941–949.

18. Anderson KL. 1998. Cationized ferritin as a stain for electron microscopic
observation of bacterial ultrastructure. Biotech Histochem 73:278 –288.
http://dx.doi.org/10.3109/10520299809141121.

19. Weiss R, Schiefer H-G, Krauss H. 1979. Ultrastructural visualization of
Klebsiella capsules by polycationic ferritin. FEMS Microbiol Lett 6:435–
437. http://dx.doi.org/10.1111/j.1574-6968.1979.tb03759.x.

20. Silhavy TJ, Kahne D, Walker S. 2010. The bacterial cell envelope.
Cold Spring Harb Perspect Biol 2:a000414. http://dx.doi.org/10.1101
/cshperspect.a000414.

21. Mitik-Dineva N, Wang J, Truong VK, Stoddart P, Malherbe F, Craw-
ford RJ, Ivanova EP. 2009. Escherichia coli, Pseudomonas aeruginosa, and
Staphylococcus aureus attachment patterns on glass surfaces with nano-
scale roughness. Curr Microbiol 58:268 –273. http://dx.doi.org/10.1007
/s00284-008-9320-8.

22. Cabral JPS. 2010. Water microbiology. Bacterial pathogens and water.
Int J Env Res Public Health 7:3657–3703. http://dx.doi.org/10.3390
/ijerph7103657.

23. Wagner S, Robinette D. 1998. Evaluation of an automated microbiologic
blood culture device for detection of bacteria in platelet components.
Transfusion 38:674 – 679. http://dx.doi.org/10.1046/j.1537-2995.1998
.38798346637.x.

24. Guven B, Basaran-Akgul N, Temur E, Tamer U, Boyaci IH. 2011.
SERS-based sandwich immunoassay using antibody coated magnetic
nanoparticles for Escherichia coli enumeration. Analyst 136:740 –748.
http://dx.doi.org/10.1039/C0AN00473A.

25. Varshney M, Yang LJ, Su XL, Li YB. 2005. Magnetic nanoparticle-
antibody conjugates for the separation of Escherichia coli O157:H7 in
ground beef. J Food Prot 68:1804 –1811.

26. Mine Y. 1997. Separation of Salmonella enteritidis from experimentally
contaminated liquid eggs using a hen IgY immobilized immunomagnetic
separation system. J Agric Food Chem 45:3723–3727. http://dx.doi.org/10
.1021/jf9701998.

Correia Carreira et al.

3604 aem.asm.org June 2016 Volume 82 Number 12Applied and Environmental Microbiology

 on July 5, 2016 by U
niversity of B

ristol Inform
ation S

ervices
http://aem

.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1099/jmm.0.45687-0
http://dx.doi.org/10.1099/jmm.0.45687-0
http://dx.doi.org/10.1016/j.snb.2007.03.043
http://dx.doi.org/10.1373/clinchem.2005.052845
http://dx.doi.org/10.1016/j.bios.2006.06.036
http://dx.doi.org/10.1016/S0956-5663(01)00222-6
http://dx.doi.org/10.1016/S0956-5663(01)00222-6
http://dx.doi.org/10.1016/S0956-5663(02)00252-X
http://dx.doi.org/10.1016/S0956-5663(02)00252-X
http://dx.doi.org/10.1016/S0956-5663(03)00020-4
http://dx.doi.org/10.1016/S0956-5663(03)00020-4
http://dx.doi.org/10.1021/nn700183g
http://dx.doi.org/10.1021/nn700183g
http://dx.doi.org/10.1021/es102285n
http://dx.doi.org/10.1016/j.jhazmat.2011.06.074
http://dx.doi.org/10.1021/ja0359310
http://dx.doi.org/10.1039/C5NR07144E
http://dx.doi.org/10.1039/C5NR07144E
http://dx.doi.org/10.1002/cyto.990110203
http://dx.doi.org/10.1002/cyto.990110203
http://dx.doi.org/10.1111/1574-6968.12309
http://dx.doi.org/10.1111/1574-6968.12309
http://dx.doi.org/10.1128/JB.186.3.595-600.2004
http://dx.doi.org/10.1128/JB.186.3.595-600.2004
http://dx.doi.org/10.1021/ja076086e
http://dx.doi.org/10.1021/ja076086e
http://dx.doi.org/10.3109/10520299809141121
http://dx.doi.org/10.1111/j.1574-6968.1979.tb03759.x
http://dx.doi.org/10.1101/cshperspect.a000414
http://dx.doi.org/10.1101/cshperspect.a000414
http://dx.doi.org/10.1007/s00284-008-9320-8
http://dx.doi.org/10.1007/s00284-008-9320-8
http://dx.doi.org/10.3390/ijerph7103657
http://dx.doi.org/10.3390/ijerph7103657
http://dx.doi.org/10.1046/j.1537-2995.1998.38798346637.x
http://dx.doi.org/10.1046/j.1537-2995.1998.38798346637.x
http://dx.doi.org/10.1039/C0AN00473A
http://dx.doi.org/10.1021/jf9701998
http://dx.doi.org/10.1021/jf9701998
http://aem.asm.org
http://aem.asm.org/

	MATERIALS AND METHODS
	Bacterial culture.
	Rapidity and extent of E. coli magnetization with cat-MF.
	E. coli magnetization as a function of cat-MF concentration.
	E. coli magnetization as a function of bacterial number.
	Concentration of small amounts of E. coli.
	Comparing magnetic captures of E. coli and S. aureus.

	RESULTS
	Developing a protocol for rapid magnetic labeling of E. coli and highly efficient capture in magnetic separation columns.
	Gram-positive bacteria can also be captured rapidly and efficiently.
	E. coli is captured and concentrated 7-fold within 15 min.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

