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Abstract The accurate detection and enumeration of
Mycobacterium immunogenum in metalworking fluids
(MWFs) is imperative from an occupational health and
industrial fluids management perspective. We report
here a comparison of immunomagnetic separation
(IMS) coupled to flow-cytometric enumeration, with
traditional centrifugation techniques for mycobacteria
in a semisynthetic MWF. This immunolabeling involves
the coating of laboratory-synthesized nanometer-scale
magnetic particles with protein A, to conjugate a pri-
mary antibody (Ab), specific to Mycobacterium spp. By
using magnetic separation and flow-cytometric quanti-
fication, this approach enabled much higher recovery
efficiency and fluorescent light intensities in comparison
to the widely applied centrifugation technique. This IMS
technique increased the cell recovery efficiency by one
order of magnitude, and improved the fluorescence
intensity of the secondary Ab conjugate by 2-fold, as
compared with traditional techniques. By employing
nanometer-scale magnetic particles, IMS was found to
be compatible with flow cytometry (FCM), thereby
increasing cell detection and enumeration speed by up to
two orders of magnitude over microscopic techniques.
Moreover, the use of primary Ab conjugated magnetic
nanoparticles showed better correlation between epiflu-
orescent microscopy counts and FCM analysis than that
achieved using traditional centrifugation techniques.
The results strongly support the applicability of the
flow-cytometric IMS for microbial detection in complex
matrices.

Keywords Immunomagnetic separation Æ Flow
cytometry Æ Mycobacteria Æ Metalworking fluid Æ
Recovery

Introduction

Metalworking fluids (MWFs) are used for cooling and
lubrication in a wide range of manufacturing applica-
tions. Generally, MWFs are categorized in four classes:
straight oil, soluble oil, semisynthetic, and synthetic
fluids, of which soluble oil and semisynthetic types are
most widely used [10]. The annual United States con-
sumption of MWFs exceeds 2 billion gallons [26].
Semisynthetic MWFs, which exhibit lower oil content
and higher heat capacity, have gained increased accep-
tance among metal fabrication industries. Their formu-
lations are oil-in-water emulsions, which represent
prolific substrates for aerobic bacterial growth [3, 21].
Without biocide addition, total cell densities of up to 108

or 109 cells/mL are common, impacting the chemical
properties, cutting efficiency, and subsequent need for
MWF replacement [3, 21, 55]. Bacterial aerosolization
and the control of microbial growth via biocide addition
result in occupational health risks due to human expo-
sure to pathogenic organisms and endotoxins released
from lysed Gram-negative bacteria [65].

Historically, bacterial species of concern found in
MWFs include Pseudomonas sp., Klebsiella pneumoniae,
Desulfovibrio sp., and Flavobacterium sp. [3, 36, 55, 62].
Recently, Mycobacteria have been isolated from soluble
oil, semisynthetic, and synthetic MWFs and demon-
strated to be strongly correlated to hypersensitivity
pneumonitis (HP) outbreaks. [4, 22, 30, 42, 43, 72].
Consequently, once mycobacteria have been detected in
manufacturing operations using MWFs, unscheduled
discharges of the whole batch of MWFs to wastewater
treatment may be required, hence impacting system
downtime. Aggressive formaldehyde condensate bio-
cide-based control of microbial growth resulted in a
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change in bacterial flora, favoring proliferation of a non-
tuberculous Mycobacterium sp. [69]. Several outbreaks
in metalworking factories using semisynthetic or
synthetic MWF have been linked to Mycobacterium spp.
[4, 22, 30, 72]. Due to these issues, Mycobacterium spp.
have become emerging and significant health hazard
agents [59, 75], and their accurate detection and
quantification is a necessity [48].

Current enumeration methods for bacteria in MWFs
include direct and indirect detection technologies (re-
viewed in [9]). However, for mycobacteria, due to their
slow growth rate, fastidious nutrient requirements, and
their tendency to form aggregates, these approaches may
either underestimate their cell density or are too time-
consuming to be effectively used for process control.
These limitations necessitate the development of a rapid,
sensitive, and accurate quantitative method to effectively
screen for mycobacteria in MWF.

In the last few years, flow cytometry (FCM) has
been increasingly used for direct optical detection of
bacteria in aquatic systems and in environmental
samples with complex matrix characteristics [19, 50,
68]. Due to the capability of rapid, simultaneous
multi-parametric data acquisition by FCM in combi-
nation with newly developed diverse fluorescent nu-
cleic acid dyes, it has become one of the best options
for rapid bacterial detection and quantification. FCM
technology is based on optical detection of particles
that pass through a sheath-fluid-focused flow cell,
where incident light is introduced by a laser source.
Particles exhibit different light-scattering characteristics
due to their size, shape, internal complexity, and
granularity. The scattered light is detected and signals
are amplified and recorded at the speed of more than
tens of thousands of events per second. Recent reviews
on FCM applicability in complex environmental
matrices can be found elsewhere [19, 67].

Immunomagnetic separation (IMS) has been devel-
oped for microbial identification and enumeration in last
decade. In the past, two major techniques have been
used to immobilize antibody (Ab) onto the surface of
magnetite: (1) zero-length linker 1-(3-dimethylamino-
propyl)-3-ethyl carbodiimide (CDI) [24, 29, 38] and (2)
(3-aminopropyl) triethoxysilane (APTES) [61, 70, 71,
78]. Whereas CDI can link the carboxyl group of the
primary Ab onto the hydroxyl group on the surface of
magnetic nanoparticles (MNP) without fixed orientation
[see Fig. 1 for multiple carboxyl groups on an immu-
noglobulin G (IgG) molecule], APTES is able to achieve
oriented conjugation of primary Ab by interlinking with
protein A. Due to the high specificity of protein A to-
ward the Fc fragment of Ab, which has no active site, it
is able to couple IgG onto a surface, leaving the antigen-
specific sites free. Currently, two major solid media,
magnetic microbeads (diameter 0.8–5 lm) and magnetic
nanoparticles (MNP, diameter <200 nm), are employed
for IMS [47, 57, 60]. Nanometer-sized particles were
found to be superior compared to microbeads, since re-
aggregation of the particle is limited, which improves
detection and enumeration accuracy [39]. Furthermore,
the primary-Ab-conjugated MNP is believed to have the
capability to amplify the signal (Fig. 1). One disadvan-
tage for small-sized particles is that they need stronger
magnetic fields to separate the cells out of the complex
matrix [40, 56, 57]. IMS has been applied to a wide range
of bacteria [2, 13, 34, 56, 58] including Mycobacterium
tuberculosis [37], M. paratuberculosis [18], and M. ulc-
erans [53] in clinical matrices.

Recently, IMS and FCM have been coupled to sep-
arate and enumerate Escherichia coli, Salmonella enter-
ica, and undefined sediment consortium samples [14, 32].
To our knowledge, no systematic comparison of tradi-
tional centrifugation techniques and IMS for enumera-
tion of mycobacteria in environmental matrices has been

Fig. 1 Schematic
representation for
immunomagnetic nanoparticle-
labeled Mycobacterium
immunogenum (not to scale).
Immunoglobulin G was
redrawn from Giacomelli [17]
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reported. The objective of this work was to demonstrate
the applicability of IMS for separation of mycobacteria
from MWFs, and to compare this method with tradi-
tional centrifugation techniques.

Materials and methods

Culture conditions and MWF preparation

M. immunogenum (ATCC#700506) was obtained from
the American Type Culture Collection (ATCC).
M. immunogenum was inoculated into Middlebrook 7H9
medium (Fisher Scientific, Pittsburgh, PA) and incu-
bated for more than 59 h before each test until station-
ary growth phase was reached. A semisynthetic MWF,
including formulation and its components (Table 1),
was kindly provided by a MWF manufacturer. The
MWF solution (pH 8.8–9.1) visually exhibited light
yellow color and was slightly translucent, indicating a
fine particle emulsion. Before each test, this MWF was
sterilized by autoclaving (20 min). Each MWF sample
was prepared by adding stationary-phase culture into
the model MWF to achieve the initial target cell density
(�107 cells/mL).

Sample preparation

All samples were fixed before any further pretreatment
by mixing the cells with 10% (v/v) ice-cold formalin
(final concentration 2% formalin) and incubating in a
�20�C freezer for 1 h. The impact of fixation on
recovery and labeling efficiency will be discussed in the
Results and discussion. Since aggregation of mycobac-
terial cells interferes with accurate optical quantification
using both epifluorescent microscopy (EFM) and FCM,
the cells were dispersed using a 45-s and power-level-2
exposure of probe sonication (Virsonic 50, Virtis,
Gardiner, NY [9]). Sonication after formalin fixation has
been suggested to reduce the damage due to strength-
ened cellular layer [63]. The microcentrifuge tubes were
put into an ice-bath while applying probe sonication to
prevent sample heating and cavitation [20].

Nucleic acid dyes

PicoGreen (P-7581, Molecular Probes, Eugene, OR) was
selected after comparing with acridine orange (Fisher
Scientific) and SYTO (B-7277, Molecular Probes) using
both EFM and FCM (data not shown). PicoGreen was
added at 2 lL/mL sample unless otherwise indicated.
Those samples were incubated for 30 min in a 37�C
water batch before slide preparation and FCM quanti-
fication. At high concentrations of MWF, the stained
samples were amended with dimethylformamide (DMF,
Fisher Scientific) at an optimum 1:1 volume ratio to
limit the complexation of dye and surfactants present in
the MWF [9]. This step is necessary when the optical
interference from MWF components is significant.

Centrifugation speed and buffer system test

An aliquot of the sample was set aside to define the
initial cell density. Other samples were prepared either
by mixing with phosphate-buffered saline (PBS) or
MWF. Different centrifugation speeds (2,000, 3,000,
4,000, 6,000, 8,000, 10,000, and 12,000 g) and duration
were tested for samples in PBS and MWF. After
choosing 3,000 and 12,000 g as optimum centrifugation
speeds, samples were quantified by EFM and FCM after
each wash. Up to six washing cycles were tested to
simulate the indirect immunological labeling procedure.

Immunological enumeration by centrifugation

Each sample was subjected to centrifugation in a mi-
crocentrifuge (Micro12, Fisher Scientific). The superna-
tant was decanted and the test buffer was added to
resuspend the pellet. After two washing cycles, the cells
were incubated with primary Ab (a polyclonal rabbit
anti-mycobacterium IgG; #6398-0006, Biogenesis,
Kingston, NH) at 4�C for 30 min. Two more washing
cycles were then performed to remove the unbound
primary Ab, and the cells were incubated with a flu-
orophore conjugated secondary Ab [Alexa Fluor 647,
F(ab’)2 fragment of goat anti-rabbit IgG (H+L),
A-21246, Molecular Probes]. Finally, two more washing
cycles were undertaken to remove secondary Ab. After
these steps, the samples were subjected to EFM and
FCM quantification.

MNP preparation

MNP were synthesized by the co-precipitation method
[11]. The specific area was measured at 18.01±0.04 m2/g
measured by using BET analysis and nitrogen adsorp-
tion [12]. By assuming spherical shape, the diameter is
computed to be 62.0 nm. The protocol for random
conjugation using CDI followed the published method
[24]. The protocol for oriented conjugation of primary

Table 1 Recipe of a semisynthetic metalworking fluid (MWF)

Component Percentage
(w/w)

Mineral oil 0.750
Tall oil fatty acid 0.185
Surfactant, sodium petroleum sulfonate 0.300
Fatty amide 0.400
Borate corrosion inhibitor 0.300
Coupler 0.075
Monoethanolamine 0.095
EDTA 0.008
Deionized water 97.887
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Ab onto MNP was modified from the literature [61, 70,
71, 78]. Briefly, 30 mg MNP was transferred into a
50 mL solution of 10% (v/v) APTES in toluene and
mixed by vortex and sonication bath (10 min). The
solution was incubated at 30�C for 10–14 h. After this
incubation, the MNP was rinsed with dry toluene (once),
a mixture of dry toluene and methanol (1:1 v/v, once),
methanol (once), and milli-Q water (twice) in a GS-6
centrifuge (Beckmann, Palo Alto, CA) at 1,350 g for
5 min. Glutaraldehyde [50 mL; 2.5% (v/v) in 0.1 M
PBS, pH 7.0] was added and the solution incubated at
4�C for 1 h in the dark. After incubation, the solution
was washed with milli-Q water (three times) at 1,350 g
for 5 min. The pellet was re-suspended in 20 mL ice-cold
0.1 M PBS (pH 7.0) by pipetting and sonicating, if
necessary. Freshly prepared protein A reagent (100 ll;
10 mg/ml in PBS) was then added to the solution [7, 35,
64], which was then incubated at 4�C for 12 h in the
dark. After this, the MNPs were washed at 1,350 g for
5 min with ice-cold PBS three times, to remove unbound
protein A. The pellet was re-suspended and 100 lL
primary Ab was added. After incubation at 4�C for at
least 1 h, the MNPs were washed three times to remove
unbound primary Ab with ice-cold PBS at 3,000 g
(5 min), 6,000 g (5 min), and 12,000 g (5 min). The pellet
was finally re-suspended in 1.0 mL ice-cold PBS and
kept under 4�C before use. After this preparation, the
primary Ab should be chemically bound to the MNP,
with active binding sites facing the solution phase.

Immunomagnetic separation

MNP reagent (10 lL) was added to each vial of sample,
mixed well, and incubated at room temperature for
30 min. After incubation, the samples were left on a rare
earth neodymium-iron-boron magnet (#5679K15,
McMaster Carr, Aurora, OH) for 10 min. The super-
natant was carefully removed by pipetting and the pellet
re-suspended with PBS to the original volume, and
incubated with PicoGreen and secondary Ab at room
temperature for 30 min. For samples in MWF, the
DMF amendment was applied (1:1 ratio), followed by
incubation at 37�C for 15 min before microbial detec-
tion and enumeration by EFM and FCM.

Analytical procedures

Epifluorescent microscopy

Samples were vacuum-filtered through a black polycar-
bonate filter paper (25-mm diameter; 0.22 lm; Osmon-
ics, Pittsburgh, PA). The filter paper was then
transferred to a microscope slide and covered with a
cover glass for EFM enumeration following a published
protocol [28]. A Zeiss Axioplan microscope (Zeiss, Jena,
Germany) mounted with a 50-W Osram UV mercury
lamp was employed to count the bacteria. Pictures were
taken using a Zeiss AxioCam MRc digital camera and

processed using AxioVision software Version 4.0 (Carl
Zeiss Vision, Hallbergmoos, Germany).

Flow cytometry

A dual laser FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA), equipped with a 15-mW air-
cooled 488-nm argon-ion laser and a second red-iodide
635-nm laser, was used. Before each test, the instrument
was calibrated by using Calibrite bead (Cat.# 340486)
solutions. Voltages for each of the photomultiplier tubes
were adjusted to achieve good separation between the
population of interest and the background. The side-
scattered threshold was set at 52, and the acquisition
algorithms were set to either ‘‘at least 10,000 events or
10 s’’ or ‘‘at least 100,000 events or 10 s’’ depending on
sample conditions. For quantitative enumeration, Tru-
count (Cat.# 340567) tubes containing a pre-counted
number of dye-coated beads were used according to the
manufacturer’s suggestions. The coated beads have high
side-scattered light intensity, and are focused and easily
separated from other populations. For PicoGreen-
stained and Alex Fluor 647-labeled cells, data recorded
from fluorescent light detector 1 (FL1) and detector 4
(FL4) were selected for further data analysis [41]. Cell-
Quest Software (BD Biosciences) was utilized to exam-
ine each data file and to ensure that the population of
interest was separated from the background. The pop-
ulation of interest was then selected and delineated.
Enumeration of the selected events was processed in a
batch manner.

Results and discussion

Disaggregation of M. immunogenum cells in
PBS and MWF

To achieve reliable cell enumeration, a single cell sus-
pension is essential [44]. Probe sonication (45 s) resulted
in effective disaggregation of M. parafortuitum and M.
immunogenum based on EFM and FCM quantification,
resulting in a good linear correlation between both enu-
meration methods [9]. By comparing the EFM images of
both species, M. immunogenum produced more extracel-
lular substances, and exhibited stronger adhesion be-
tween cells. Moreover, cells in PBS are slightly more
aggregated than those in MWF, especially after centri-
fugation. Other researchers have attempted to extract
surface exposed lipids by incubatingM. tuberculosis with
Tween 80 solution (1% w/v) for 16 h, and the results
showed distinct differences between treated and untreated
cells. The treated cells exhibited a clean cell surface, and
the untreated cells showed clumps with thick mucoid
extracellular substances [45]. Since the MWF tested in
this study included a comparable concentration of so-
dium petroleum sulfonate (SPS, 0.3% w/w), and probe
sonication provided higher local temperature and shear-
ing force [44], it is plausible that SPSmay have washed off
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the extracellular substances and also prevented the
mycobacterial cells from re-aggregating [6, 45].

Impact of fixation on fluorescent light intensity
and recovery

In order to obtain reliable enumeration results, the
samples are usually fixed by ice-cold formalin [28].
This standard fixative has been reported to cause cross-
linkage, may influence the antigen structure, and may
also affect the binding of a polyclonal Ab [52]. To assess
the impact of fixation on FCM-based detection, tests
following standard indirect immunological labeling as
well as nucleic acid dye staining protocols were per-
formed. The results showed that cells with fixation
showed slightly weaker light intensity on FL4 by using
the same primary and secondary antibodies (Fig. 2a).
The mean light intensity of the gated population de-
creased about 8% in comparison to unfixed cells. This

result suggested that the recognition of primary Ab was
slightly affected. However, fixed cells showed a much
higher FL1 light intensity (Fig. 2b) than cells without
fixation, resulting in an amplification of the light inten-
sity by 2.5-fold for PicoGreen-stained mycobacteria, and
implying that fixed cells are probably easier for cyanine
dyes to penetrate.

Impact of centrifugal speed and duration on recovery

Further tests on different centrifugation speeds and
durations were performed for both fixed and unfixed
cells in PBS and MWF. Generally, higher recovery
yields were achieved for both fixed and unfixed cells at
lower speeds (Fig. 3). According to Stokes’ law, the
major parameters influencing particle sedimentation

Fig. 2 The impact of fixation light intensity of a Alexa Fluor 647-
labeled and b PicoGreen-stained M. immunogenum following an
indirect immunological protocol

Fig. 3 Impact of fixation on recovery of M. immunogenum at
different centrifugation speeds in a phosphate-buffered saline (PBS)
and b metalworking fluid (MWF)
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velocity are the particle and the liquid density, viscosity
of the fluid, particle diameter, and the gravitational force
experienced by the particles. The liquid density of MWF
(0.9964 g cm�3), is slightly lower than that of PBS
(1.0147 g cm�3), and the viscosity of MWF is higher
than that of PBS. Assuming cell size is the same in PBS
and MWF, the sedimentation velocity will not differ
significantly. However, at high centrifugation speeds, the
recovery of cells in MWF is significantly lower than that
in PBS, which is likely due to matrix properties based on
the following rationale. Since the surfactant concentra-
tion in MWF, long-side-chain petroleum sulfonate, ex-
ceeds the critical micelle concentration [25, 66], micelle-
solubilized droplets of hydrophobic components (min-
eral oils, fatty acids, and fatty amides), and micelles of
surfactants, couplers, and mixed components, are likely
to be present due to the emulsification characteristics of
the MWF. Further, sonication pretreatment in this
system may have increased the formation of vesicles [16].
Assuming a vesicle membrane thickness of 5 nm as the
bilayer thickness of the cell membrane [1], the calculated
specific gravity of selected averaged single-component
vesicles is shown in Table 2. However, the situation has
been simplified since there are numerous compounds in
tall oil fatty acids and SPS [49, 51, 66]. Small oil-in-water
emulsion droplets have been shown to undergo coales-
cence at centrifugal speeds exceeding 1,529 g for dura-
tions as short as 10 min [54]. Further, re-suspension of
MWF samples in the higher ionic strength PBS (relative
to MWF) may also increase the droplet size in MWF
[79]. Taking all these factors into account, it is plausible
for the MWF to have formed a density gradient during
centrifugation, resulting in lower recovery at higher
centrifugation speeds. A similar trend has been reported
on extracting bacteria from freshwater sediment samples
using centrifugation techniques [14].

To optimize the centrifugation technique for myco-
bacterial cells, a centrifugation duration test was per-
formed for fixed cells in PBS and MWF at 3,000 and
12,000 g. The 12,000 g speed was chosen to benchmark
that of 3,000 g because the former is commonly widely
applied in indirect immunological labeling protocols
[46, 77]. The results indicated that, in both PBS and
MWF, 3,000 g always yielded higher recovery than
12,000 g for all tested centrifugation times. A higher

recovery of cells is obtained at 5 and 10 min at 3,000 g in
MFW and PBS, respectively (Fig. 4). Therefore, to
recover mycobacterial cells from MWF, a 5-min centri-
fugation at 3,000 g was selected for the first two washes
when MWF is still at high concentration, and 10 min at
3,000 g for the following rinsing steps.

Low recovery and large variations in cell recovery
have been reported in the literature by using centrifu-
gation techniques. Boulanger and Edelstein [5] used
15-min centrifugation at 8,150 and 3,800 g for
Legionella pneumophila recovery from seeded tap water;
the mean recovery rate is 32 and 4.2% with a range of
19.7–52.9 and 1.1–44.5%, respectively. Lindqvist [33]
used density gradient centrifugation to recover E. coli
O157:H7 and obtained recovery rates ranging from 20%
to 45%. The higher and more steady recovery from our
study based on one washing cycle may result from (1)
constant-temperature operation (PBS was always kept

Table 2 Pure compound density and computed densities of vesicles
and droplets

Species Pure compound
density (g cm�3)

Computed vesicle
density (g cm�3)

Water 0.998 –
Oil 0.920 0.930
Sodium petroleum
sulfonate

1.020 1.017

Fatty amide 0.960 0.965
Boron amide 1.010 1.009
Fatty acids 0.905 0.917
Coupler 0.954 0.960 Fig. 4 Recovery for different centrifugation duration in a PBS and

b MWF
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at 4�C and vials were always centrifuged at 4�C), (2)
smaller volume and use of a conical shaped vial, which
significantly reduced the distance for the cell to settle to
the bottom of the vial, (3) the characteristics the outer
membrane of Mycobacterium spp., which tends to
aggregate the dispersed cells and accelerate the sedi-
mentation process with an increased particle size, and (4)
more optimized centrifugation parameters focused on a
specific microbial species.

Comparison of IMS and centrifugation techniques

To compare the recovery rates of IMS with that of
centrifugation, the same primary Ab used in the centri-
fugation technique was used to fabricate Ab-immobi-
lized MNPs. In addition, the recovery rates of CDI and
APTES conjugation schemes were compared.

The qualitative differences between IMS and centri-
fugation methods are apparent from the FCM dot plots
(Fig. 5), of the side-scatter-light intensity versus fluo-
rescent light intensity from cells stained either by Pico-
Green (FL1) or Alexa Fluor 647 (FL4). By comparing
panel a with panel c in Fig. 5, the background (particles
with lower fluorescent light intensity) in the centrifuged

sample was much lower than in the IMS sample, and the
population of interest in the IMS sample was more
separated. A higher background in IMS samples was
expected, since these samples do not undergo subsequent
washing steps. When the events with high FL1 light
intensity, representing the mycobacterial cells seeded
into MWF, are selected and plotted (Fig. 5b,d), it is
apparent that the cells recovered by IMS formed a
tighter cluster and emitted higher intensity fluorescent
light. This suggests that the cells can be more effectively
and evenly stained by conjugated MNP in the 30-min
incubation of secondary Ab. Since, in both tests, the
same primary Ab and the same concentration of sec-
ondary Ab are employed, these results lend support to
the hypothesis that IMS amplifies the signal.

The quantitative recovery in PBS and MWF by IMS
was much higher than that achieved by centrifugation
(Table 3). The recovery rate using CDI conjugated
MNPs showed one order of magnitude improvement
over the centrifugation-based method. However, it is
still much lower than that based on APTES-conjugated
MNPs. Turková [65] tested free, randomly bound and
oriented covalently bound trypsin on 45–165 lm
Sepharose 4B beads, and found that oriented bound
trypsin retained 96.3 and 98.6% of relative specific
proteolytic and amidolytic activity, whereas the ran-
domly bound trypsin showed 15 and 70%, respectively.
Giacomelli [17] reviewed the immunoactivity of anti-
bodies immobilized through oriented immobilization
and concluded that the activity achieved is always higher
than that obtained from random covalent coupling. The
dependence of recovery rate on CDI (random) and
APTES (oriented) conjugation is consistent with these
previous studies.

By comparing the recovery rates of different meth-
ods in PBS, it is apparent that the correlation between
EFM and FCM enumeration for centrifuged samples
is better than those separated using IMS, despite initial
disaggregation of the cells using sonication. It is
hypothesized that after six washing cycles in PBS, all
cells are more dispersed than when using the IMS
technique, because PBS itself is regarded as a disper-
sant [28]. Moreover, the inherent limitations in reso-
lution of PicoGreen-stained particles using FCM may
have resulted in under-counting of the true number,
relative to microscopic techniques. The reason why this
was not observed for samples in MWF by IMS is that
the SPS may have helped to disperse the cells and may
also have prevented them from re-aggregating [6, 45].
Therefore, the correlation between the recovery rates
by EFM and FCM in MWF is improved over those in
PBS. Previously, a good linear correlation (R2=0.99)
between EFM and FCM counts in MWF samples was
reported for mycobacterial cells stained by nucleic acid
dye after treatment with resolving agents over four
orders of magnitude of cell densities [9]. Further test-
ing should include evaluating this enhancement, pro-
vided that the polar solvent resolving agents do not
interfere with the coated MNP.

Fig. 5 Flow cytometry (FCM) dot plots of M. immunogenum
processed by centrifugation (a, b) and immunomagnetic separation
(IMS) after a 30-min (c, d) or 10-h (e, f) incubation. Note that the
FL4 light intensity of samples using the IMS method was much
higher
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It is intriguing that the cell recovery by IMS is always
higher from MWF than from PBS. The recovery is
40.1±3.4% (average ±SD, n=18) in MWFs and
29.7±3.0% (n=8) in PBS. It is probable that, in MWF,
due to the presence of surfactants and EDTA, without
any input of other divalent cations, the cell membrane
allowed the targeted antigen to be more exposed to the
primary Ab. Evidence that high concentrations of so-
dium dodecyl sulfate (SDS, which is an anionic surfac-
tant like SPS) solubilize membrane proteins, and the fact
that EDTA acts as a cell membrane destabilizing agent,
may lend support to this hypothesis [1]. Consequently, in
MWF, larger amounts of primary Ab-conjugated MNPs
can be bound onto the cell surface, and higher recoveries
are achievable.

The resultant FL4 light intensities from cells recov-
ered by the two different methods from PBS and MWF
are presented in Fig. 6. Evidently, cells recovered by
IMS showed a 2- to 3-fold higher FL4 light intensity
than those recovered by centrifugation. This effect may
be explained based on the theoretical binding opportu-
nity between the MNP and target proteins. Since the
surface density of membrane proteins is high (on the
order of �100,000/lm2; [8]), the ratio of available
binding chains (both heavy and light) on MNP to the

number of cell membrane proteins covered by a single
bound MNP is low (less than unity). Hence, a 62-nm
diameter MNP exhibits a theoretical ratio of 1:3.13
(MNP binding sites/proteins), assuming an APTES film
thickness of <0.7 nm [23, 31, 74, 76], 3 nm for globular
protein A, and a 10.4 nm height for IgG [15]. Changing
the MNP to a smaller diameter (e.g., 20 nm) may not
improve signal amplification, as the theoretical ratio
would be 1:5.90. The binding efficiency expected in the
centrifugation method may be even lower considering
the multiple rinsing steps and the observed lower FL4
light intensity.

Using commercial 2.8-lm-diameter magnetic Dynal
beads conjugated with secondary Ab and incubated
overnight with primary Ab-labeled Pseudomonas stutzeri
(ATCC14405), Bard and Ward [2] reported an average
recovery rate of 75±5.8% in PBS-diluted human serum
(1:20 to 1:1,000). By using column-type IMS and com-
mercially available �50-nm diameter MACS Microbe-
ads, Jacobsen et al. [27] achieved 23±13–91±9%
recovery distribution in the third of three eluted frac-
tions, after six washing cycles for Listeria spp. in Tris-
HCl buffer suspension. However, these authors did not
enumerate the cell density beforehand and, therefore,
did not report the exact overall recovery. Thus, the 40%
recovery efficiency in the current IMS protocol, which
requires no washing steps, is quite efficient in the rapid
detection and enumeration of mycobacteria in MWF.

Conclusion

M. immunogenum has been linked to several severe HP
outbreaks; a rapid identification and enumeration
method will help establish cause-effect relationships and
management of this health-hazardous bacterial species
in MWF operations. In this study, we reported an IMS
method based on in-lab synthesized and conjugated
nanometer-sized magnetic particles and compared the
recovery rate of this method to an optimized conven-
tional indirect immunological technique by using both
EFM and FCM. Centrifugation methods were found
not to be suitable for rapid quantification of M. immu-
nogenum in MWF due to high variation in recovery, low
total cell recovery, and low signal of secondary Ab (FL4
light intensity). IMS appears to be a promising tool to
rapidly detect and enumerateM. immunogenum in MWF
with an overall cell recovery of �40%.

Fig. 6 Comparison of FL4 light intensity of samples processed by
centrifugation and IMS methods

Table 3 Total cell recovery in buffer and MWF solution using centrifugation and immunomagnetic separation (IMS) techniques. PBS
Phosphate-buffered saline, EFM epifluorescent microscopy, FCM flow cytometry, CDI 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide,
APTES (3-aminopropyl) triethoxysilane

In PBS In MWF

EFM FCM EFM FCM

Centrifugation 13.5±2.6% 10.7±4.0% 1.6±1.5% 0.54±0.18%
IMS (CDI) – – 14.9±4.8% –
IMS (APTES) 29.7±3.0% 12.7±2.4% 40.1%±3.4% 40.2±14.3%
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(1996) Cytometric detection of mycobacterial surface antigens:
exposure of mannosyl epitopes and of the arabinan segment of
arabinomannans. J Bacteriol 178:7254–7259

47. Pankhurst QA, Connolly J, Jones SK, Dobson J (2003)
Applications of magnetic nanoparticles in biomedicine. J Phys
D Appl Phys 36:R167–R181

48. Passman FJ, Rossmoore HW (2002) Reassessing the health risk
associated with employee exposure to metalworking fluid mi-
crobes. Lubr Eng 58:30–38

49. Pine Chemical Association (2001) Test plan for tall oil and
related substances. http://www.epa.gov/chemrtk/tofars/
c13056tc.htm

50. Porter J, Deere D, Hardman M, Edwards C, Pickup R (1997)
Go with the flow—use of flow cytometry in environmental
microbiology. FEMS Microbiol Ecol 24:93–101

51. Porter MR (1994) Handbook of surfactants. Chapman & Hall,
New York, pp 155–159

52. Rait VK, Xu L, O’Leary TJ, Mason JT (2004) Modeling for-
malin fixation and antigen retrieval with bovine pancreatic
RNase A. II. Interrelationship of cross-linking, immunoreac-
tivity, and heat treatment. Lab Invest 84:300–306

53. Roberts B, Hirst R (1997) Immunomagnetic separation and
PCR for detection of Mycobacterium ulcerns. J Clin Microbiol
35:2709–2711

54. Roland I, Piel G, Delattre L, Evrard B (2003) Systematic
characterization of oil-in-water emulsions for formulation de-
sign. Int J Pharm 263:85–94

55. Rossmoore HW, Holtzman GH, Kondek L (1976) Microbial
ecology with a cutting edge. In: Miles J, Kaplan AM (eds)
Proceedings of the third international biodegradation sympo-
sium. Applied Science Publishers, London, UK
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