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a b s t r a c t

This paper addresses a sensitive method for the detection of mycobacteria in hemodialysis water samples
based on a magneto-actuated immunoassay with optical readout. In this approach, micro (2.8 μm) sized
magnetic particles were modified with an antibody against the lipoarabinomannan (LAM) located in the
mycobacterial cell wall. The system relies on the immunocapturing of the mycobacteria with the tailored
antiLAM magnetic particles to pre-concentrate the bacteria from the hemodialysis samples throughout
an immunological reaction. The performance of the immunomagnetic separation on the magnetic carrier
was evaluated using confocal microscopy to study the binding pattern, as well as a magneto-actuated
immunoassay with optical readout for the rapid detection of the bacteria in spiked hemodialysis sam-
ples. In this approach, the antiLAM polyclonal antibody was labeled with fluorescein isothiocyanate. The
optical readout was achieved by the incubation with a secondary anti-fluorescein antibody labeled with
peroxidase as optical reporter. The magneto-actuated immunoassay was able to detect mycobacteria
contamination in hemodialysis water at a limit of detection of 13 CFU mL�1 in a total assay time of 3 h
without any previous culturing pre-enrichment step.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The number of patients with end-stage renal disease (ESRD)
receiving renal replacement therapy (RRT) was globally estimated
at more than 1.4 million with 8% increase in annual incidence [1].
Much of the patients with ESRD undergo maintenance hemodia-
lysis most especially in the absence of a compatible kidney donor.
Hemodialysis is presently routinely used for the treatment of acute
renal failure and end stage renal disease. The dialysis machine
works by substituting the kidney function by using a semi-
permeable membrane to remove waste and water from the blood
into the dialysate fluid [2]. Due to the exposure of dialysis patients
with water, infection arising from contamination of dialysis water
remains to be a significant cause of death among patients. Infec-
tion has been identified as the second leading cause of death
among dialysis patients [3].

Among bacterial contaminants of hemodialysis water, recent
ori).
.

interest has been focused on the isolation and identification of
non-tuberculous mycobacteria (NTM) due to their potential health
implications. Isolated NTM from hemodialysis water includes pa-
thogenic environmental mycobacteria (PEM) such as Mycobacter-
ium fortuitum and Mycobacterium chelonae [4]. M. fortuitum and M.
chelonae are rapid growing environmental mycobacteria rarely
associated with infections of hemodialysis patients but can cause
serious dialysis related peritonitis. M. chelonae exhibits more re-
sistance to antimicrobial agents than M. fortuitum but with vari-
able antibiotic susceptibility [5]. On the other hand, M. fortuitum
biofilm formation and resistance to disinfection has been reported
in several studies [6,7].

The primary strategy in preventing infection among dialysis
patients requires ensuring safe and quality water. To achieve this,
good disinfection strategies are necessary which takes into ac-
count frequency of disinfection ensuring water quality. Traditional
monitoring of bacterial contamination in hemodialysis water is
performed by microbial cultivation; this requires growing of the
microorganisms in artificial medium and identification of the
isolates either with biochemical testing or PCR-based techniques.
The overall sensitivity of this technique may depend on the culture
medium used, the incubation temperature, and the length of
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incubation time to allow for slow-growing microbes such as my-
cobacteria to grow. While dialysis fluid undergoes microbiological
testing as part of the routine quality assurance in production,
many of the microbial contaminants may be found in the surfaces
which still do not rule out the potential contamination of the fluid.
In such cases, readily available information on the presence of
microbial contaminants could have practical impact or the fre-
quency of disinfection as part of the infection control measures [8].
As detection of PEM by traditional culture techniques is time
consuming, laborious and inefficient, there is a need for novel
rapid method to detect mycobacteria to ensure the quality in he-
modialysis water sources.

Superparamagnetic iron oxide particles, with sizes ranging
from a few nanometers up to micrometer dimensions have been
applied in a broad variety of fields ranging from molecular ima-
ging, drug delivery to clinical diagnostics or food safety [9]. Their
functionalization with different reactive groups, especially anti-
bodies, makes them useful to bind and pre-concentrate a variety of
targets under magnetic actuation, through immunomagnetic se-
paration. Moreover, the pre-concentration of the target from the
complex sample is easily achieved, offering an attractive technol-
ogy to be implemented in magneto-actuated platforms including
biosensors [10], microfluidic platforms [11], among others [12].

Hence, this work proposed to develop a rapid detection method
for PEM in hemodialysis water using M. fortuitum as model. Micro
(2.8 μm)-sized magnetic particles (MPs) were firstly modified with
anti-lipoarabinomannan (LAM) antibodies to capture and pre-
concentrate the mycobacteria from hemodialysis samples based
on an immunological reaction. The antiLAM antibody was also
conjugated with fluorescein for further reaction with the optical
reporter antiFLU-HRP. Finally, mycobacteria detection in hemo-
dialysis water samples is also presented as a magneto-actuated
immunoassay with optical readout.
2. Experimental section

2.1. Instrumentation

Magnetic actuation was achieved with a 96-well plate magnet
(Product no. 21358 Thermo Fisher Scientific, Waltham, USA).
Polystyrene MaxiSorp microplates from Nunc (Catalogue no.
442404, Roskilde, DK) were used for classical ELISA. The magneto-
actuated immunoassays were performed in polypropylene 96-well
microtiter plates (Ref. no. 153364, Corning) while the optical
readout in polystyrene 96-well microtiter plates (Ref. no. 269787,
Roskilde, DK). The purification of the antiLAM-FLU antibodies was
performed using ZebaTM Micro Desalt spin columns 70,000 MW
cut-off (Catalogue no. 89878, Pierce Rockford, IL). The optical
readout was performed on a TECAN Sunrise microplate reader
with Magellan v4.0 software, and measurement were in all cases
performed at 450 nm. Confocal microscopy was done on a Leica
confocal microscope, TCS SP5.

2.2. Chemicals and biochemicals

Primary antibody includes a polyclonal antiLAM antibody from
guinea pig (Catalogue no. MBS315001, MyBiosource). The poly-
clonal antiLAM antibody from guinea pig was immobilized in the
surface of the magnetic particles (tosyl-MPs) (Dynabeads M-280
Tosylactivated, Product no. 142.04, Dynal Biotech ASA, Oslo, Nor-
way) and was also labeled with fluorescein isothiocyanate (FITC)
from Sigma (Product no. F7250 Sigma, USA). To come up with an
indirect sandwich immunoassay format, an antiFluorescein-POD
secondary antibody (antiFLU-HRP) (Product no. 11426346910,
Roche Diagnostics, Manheim Germany) was used, while an anti-
guinea pig-HRP antibody (Product no. Ab 6771, Abcam, Cambridge,
UK) were used in direct adsorption ELISA experiments.

Different sets of buffers were used for specific procedures in
the experiments, and their composition is described in the sup-
porting information. All buffers were prepared from analytical
grade reagent purchased fromMerck and Sigma. Reagents used for
the optical measurement of the enzymatic reactions include hy-
drogen peroxide and TMB (3,3′,5,5′- tetrametylbenzidine) solu-
tions (TMB Substrate Kit, Ref. no. 483402, Pierce Rockford, USA).
Also, a 2.0 M solution of sulfuric acid was prepared and used to
stop the TMB reaction in the magneto-actuated immunoassay
experiments.

2.3. M. fortuitum culture

Cultivation of the M. fortuitum was done in trypticase soy broth
(TSB) supplemented with 0.025% Tween 20 to avoid formation of
clumps. Incubation was made with continuous agitation at 37 °C
and cultures were grown until the absorbance reaches approxi-
mately 0.300 A.U. with an equivalent plate colony count of
8.5�106 colony-forming units (CFU) mL�1. Cultures were ad-
justed to approximately 1.0�106 with dilution with sterile TSB
and were plated for colony counts for verification. The prepared M.
fortuitum cultures were supplemented with 20% sterile filtered
glycerol and were stored at �20 °C until further used in the
experiment.

2.4. Immunoreactivity study of the antiLAM antibody

In order to check the ability of antibody to detect mycobacteria,
the immunoreactivity of the polyclonal antiLAM antibody from
guinea pig was initially screened against pure cultures of M. for-
tuitum grown in TSB with 0,025% Tween 20. Direct adsorption
ELISA was performed using a previously reported protocol with
minor modifications [13]. Briefly, 106 CFU mL�1 of mycobacteria
were harvested by centrifugation at 3500g for 10 min [14] and
were washed once with PBS and resuspended in 1 mL of PBS. 50 mL
of the mycobacterial suspension were placed and adsorbed in each
well for 24 h at RT. The background adsorption was evaluated with
blank wells prepared with 50 mL of PBS. Following adsorption, the
wells were washed once with 200 mL of PBS. Thereafter, the plates
were blocked with PBS with 1% casein at RT for 1 h. After blocking,
plates were washed three times with PBST 0.1% casein. 100 mL of
the antiLAM antibody (1.0 mg mL�1) was added and incubated for
1 h at RT and was followed by three washes with 200 mL of PBST
0.1% casein. 100 mL of the anti-guinea pig secondary antibody la-
beled with HRP diluted 1/2000 in PBST 0.1% casein was then ad-
ded, and was incubated for 30 min. Three final washes were per-
formed and 100 mL of the TMB-H2O2 substrate solution was added
and allowed to react under dark conditions for 30 min. This was
then followed by the addition of 100 μL of 2.0 M sulfuric acid and
absorbance was measured at 450 nm.

2.5. Preparation of the antiLAM-FLU antibody and purification

The antiLAM-FLU conjugates were prepared using the manu-
facturer's recommended protocol. Fluorescein isothiocyanate
(FITC) is widely used to attach a fluorescent label to proteins via
the amine group. The isothiocyanate group directly reacts with
primary amines in aminoacidic residues of antibodies, mostly ly-
sine moieties, without the need of any previous activation step.
50 mM excess of FITC dissolved in dimethyl formamide (DMF) was
added to 100 mg of the polyclonal antiLAM antibody from guinea
pig prepared in 450 mL of the bicarbonate buffer, and was in-
cubated at RT for 2 h. This results in a final volume of 500 mL and
an antibody concentration of 200 mg mL�1. The excess FITC was
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removed by desalting the labeled antiLAM (antiLAM-FLU) in
ZebaTM Micro Desalt spin columns equilibrated with TRIS buffer
solution. The number of desalting required to reduce non-specific
adsorption was also optimized, as shown in the supporting in-
formation section.

2.6. Immunoreactivity study of the antiLAM-FLU antibody

The immunoreactivity of the antiLAM-FLU antibody was per-
formed by direct ELISA. The wells were prepared by adsorbing
50 ml of 106 CFU mL�1 of mycobacteria in PBS at RT for 24 h and
blocked with PBS 1% casein. Blank wells containing PBS and later
blocked with PBS 1% casein were also prepared. 100 ml of the an-
tiLAM-FLU antibodies (1.0 mL mL�1) were reacted with the ad-
sorbed mycobacteria to check the retention of the im-
munoreactivity following the labeling reaction. In order to check
the presence of the antiLAM-FLU antibodies, two different sec-
ondary antibodies were used: anti-guinea pig-HRP antibody as
well as antiFLU-HRP, in this instance to confirm the conjugation of
the antibody. To achieve this, 100 mL anti-guinea pig-HRP (1/2000)
or antiFLU-HRP (4 mg mL�1) were added to probe for the retention
of immunorecognition following the modification of the antibody
with FITC. The optical readout was performed as previously
explained.

2.7. Covalent immobilization of antiLAM antibody on magnetic
particles and confocal microscopy study

Covalent immobilization of the antiLAM antibodies was per-
formed in tosyl-MPs. 100 mg of the antiLAM antibodies was in-
cubated overnight with 5 mg of the particles in the coating buffer
and was incubated at 37 °C with continuous agitation at 700 rpm
in a thermomixer. The supernatant was removed and was used to
measure the percentage of antibody coupled in the particles using
direct adsorption ELISA. Blocking of the unreacted tosyl groups
was made with 50 mM ethanolamine for 2 h with agitation. The
prepared antiLAM modified MPs (antiLAM-MPs) were stored in
PBS plus Tween 20 (PBST) with 0.05% sodium azide at 4 °C. The
antiLAM-MPs were washed twice with PBST before used in each
experiment.

In order to evaluate the ability of the antiLAM-MPs in capturing
mycobacteria, confocal fluorescence microscopy was performed to
visualize the interaction between the antiLAM-MPs and the M.
fortuitum. Mycobacterial DNA was stained by incubating 4.5 μL of
the Hoechst dye with 500 μL of the mycobacteria
(1.0�105 CFU mL�1) in TSB with 0,025% Tween 20 for 30 min at
RT. This was followed by immunomagnetic capture of the stained
mycobacteria with 200 μL of the antiLAM-MP (0.075 mg mL�1)
incubated for 1 h at RT with agitation at 750 rpm. Samples were
then washed three times with PBST plus 0.1% casein. Confocal
images were thereafter collected. The laser lines used were
Hoechst (405 nm excitation, 415–570 nm emission) and FITC
(492 nm excitation, 518 nm emission). Images were processed
using the Imaris software.

2.8. Optimization of the magneto-actuated immunoassay

The magneto-actuated immunoassay for the optical detection
of M. fortuitumwas initially optimized using two-dimensional (2D)
serial dilution experiments. In order to evaluate the optimal con-
centration of the immunoreagents, magneto-immunoassay was
performed covering broad range of immunoreagent concentra-
tions using a two-step sandwich immunoassay approach. Optimal
concentrations were chosen to produce 2.0 A.U. Initially, the op-
timum concentration of the antiLAM-MP was evaluated using
concentrations ranging from 0.100 mg mL�1 to 0.025 mg mL�1,
while the concentration of the M. fortuitum was kept at
1.0�105 CFU mL�1. Thereafter, the optimal concentration of the
antiLAM-FLU was established by analyzing 1.0�105 CFU mL�1

concentration of the mycobacteria with the optimized concentra-
tion of the antiLAM-MP while the antiFLU-HRP secondary anti-
body concentration was kept at 2.0 mg mL�1. Similarly, the optimal
concentration of the antiFLU-HRP was analyzed using a con-
centration range of 4.0–1.0 μg mL�1. Incubation for the im-
munocapture phase using the antiLAM-MP and with the antiLAM-
FLU was made at RT for 1 h with mixing at 750 rpm while the
antiFLU-HRP was incubated for 30 min. Single washing with PBST
supplemented with 0.1% casein was also performed at 750 rpm
prior to the addition of antibodies after the immunocapturing
phase, and final washing of the reaction was done thrice prior to
the addition of the substrate. TMB substrate reaction was per-
formed under dark conditions for 30 min followed by the addition
of 2.0 M sulfuric acid prior to reading at 450 nm.

2.9. Magneto-actuated immunoassay for the detection of myco-
bacterium in hemodialysis water

Fig. 1 schematically represents the magneto-actuated im-
munoassay procedure in a 2-step sandwich immunoassay ap-
proach, using the optimized concentration of reagents as de-
scribed above. Firstly, (A) the immunomagnetic separation was
performed using the tailored antiLAM-MPs by incubation of
100 μL of the antiLAM-MP (0.075 mg mL�1) with 100 μL of the M.
fortuitum samples, ranging from 10 to 105 CFU mL�1 in hemodia-
lysis water, at RT for 1 h while agitating at 750 rpm. After magnetic
actuation of the microplates, the antiLAM-MPs with captured
mycobacteria were washed once with PBST supplemented with
0.1% casein with agitation at 750 rpm for 5 min. (B) Thereafter,
100 μL of the antiLAM-FLU (1.0 mg mL�1) was reacted at RT for 1 h
with mixing at 750 rpm. (C) On the other hand, 100 μL of the
antiFLU-HRP (4.0 mg mL�1) was incubated for 30 min following a
single wash performed as described above. Final washing of the
reaction was done three times. (D) The optical readout at 450 nm
was finally achieved by TMB substrate reaction performed under
dark conditions for 30 min followed by the addition of 2.0 M sul-
furic acid. After each incubation or washing step, a 96-well magnet
plate separator was positioned under the microtiter plate until
pellet formation on the bottom corner, followed by supernatant
separation.

The analytical performance of the magneto-actuated im-
munoassay was studied using hemodialysis water as matrix. He-
modialysis water was used since NTM are associated with infec-
tion arising from contamination of water in hemodialysis patients.
The hemodialysis water was kindly provided by the Servei de
Nefrologia, Hospital Parc Taulí Sabadell and was spiked with M.
fortuitum ranging from 10 to 105 CFU mL�1 and a negative control
was also prepared. In order to prepare a matrix closely similar to
the original, with minimal TSB-0,025% Tween 20 content, spiking
was performed by subjecting 1 mL of the cultures in different
concentrations (10–105 CFU mL�1) prepared in TSB with 0,025%
Tween 20 to centrifugation at 3500g for 10 min [14] to harvest the
mycobacteria. The volume of TSB-0,025% Tween 20 was then re-
duced to 50 μL, and 950 μL of sterile hemodialysis water was then
added to prepare spiked samples which contain 95% hemodialysis
water. The samples were then analyzed using the optimized
magneto-actuated immunoassay conditions to determine the LOD,
as previously described.

The evaluation of the specificity of the magneto immunoassay
was made using Escherichia coli and Pseudomonas aeruginosa. The
system was challenged by analyzing cultures of E. coli and P. aer-
uginosa at 1.0�105 CFU mL�1 (OD 0.200).



Fig. 1. Schematic representation of the magneto-actuated immunoassay procedure in a 2-step sandwich immunoassay approach.
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2.10. Biosafety considerations

All experiments were performed in a Biosafety Class 2 en-
vironment required for the handling of M. fortuitum. All biological
waste generated from the experiments were disposed in ac-
cordance to the local regulations for handling biohazards.
3. Results and discussion

3.1. Immunoreactivity study of the antiLAM and antiLAM-FLU
antibodies

Fig. 2, panel A, shows the results of the antiLAM antibody im-
munoreactivity study, which clearly illustrate the ability of the
antiLAM antibody to detect the LAM of M. fortuitum. This finding
supports the suitability of the antiLAM antibody from guinea pig
as a capture and labeling antibody to be used in a sandwich assay
in the preparation of both the tailored antiLAM-MPs and the
Fig. 2. Immunoreactivity screening of antiLAM and antiLAM-FLU antibody used for the
cobacteria. (A) Illustrates the reaction of the unconjugated antiLAM antibody (1.0 mg mL
immunoreactivity of the antiLAM-FLU conjugates (1.0 mg mL�1) prepared using antiFLU-
signal for 106 CFU mL�1, while the white bars show the background for 0 CFU mL�1. Er
antiLAM-FLU labeling antibody.
The antiLAM-FLU conjugates were prepared using the manu-

facturer's recommended protocol, as previously described. The
purification antiLAM-FLU conjugates was performed by gel filtra-
tion chromatography. Desalting involves the chromatographic se-
paration of macromolecules (in this instance the antiLAM-FLU
antibody) from smaller molecules such as buffer components, salts
and unreacted FITC labeling reagent. The number of desalting
steps required to reduce non-specific adsorption was optimized, as
shown in the supporting information section, Fig. S1, in order to
achieve the higher signal-to-background radio. As observed in Fig.
S1, 3X desalting steps following the FITC labeling reaction provides
the best condition for removing the non-specific adsorption. This
optimized desalting procedure was used in all cases during the
preparation of the antiLAM-FLU conjugates.

On the other hand, the immunoreactivity of the antiLAM-FLU
antibodies prepared against M. fortuitum was also evaluated in
order to ensure both (i) that the antigen binding of the antibody is
retained after the conjugation with fluorescein, and (ii) that the
development of the magneto-actuated immunoassay using 106 CFU mL�1 of my-
�1), followed by the incubation with anti-guinea pig-HRP (1/2000). (B) shows the
HRP (4.0 mg mL�1) and anti-guinea pig-HRP (1/2000). The gray bars illustrated the
ror bars illustrates the SD for n¼3.
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antibody was accordingly modified with FITC and recognized with
the antiFLU-HRP antibody. To achieve this task, two different
secondary antibodies were used, respectively: anti-guinea pig-HRP
and antiFLU-HRP antibody. As illustrated in Fig. 2, panel B, the
binding sites of the antiLAM-FLU antibodies were not affected by
the conjugation procedure, since they are able to react with the
LAM of the mycobacteria adsorbed on the wells. The use of anti-
guinea pig-HRP secondary antibody in this experiment further
validates that the observed signals in the ELISA were due to the
binding of the antiLAM-FLU antibodies, while the use of antiFLU-
HRP antibody confirms that the antiLAM antibody was successfully
modified with fluorescein and that this tag is appropriately re-
cognized by the antiFLU-HRP antibody. Moreover, the signals ob-
served were not due to the nonspecific adsorption of Fluorescein
as the desalting procedure after conjugation of FITC was optimized
to avoid background signals.

3.2. Covalent immobilization of antiLAM antibody on magnetic
particles and confocal microscopy study

Using confocal fluorescence microscopy, the ability of the anti-
LAM modified MPs to capture the M. fortuitum was visualized
following the staining of the mycobacterial DNA. As can be ob-
served in Fig. 3, the antiLAM-MPs (in green) are capable of cap-
turing the mycobacteria (stained in blue). For interpretation of the
references to color, the reader is referred to the web version of this
article. In addition, panel A of Fig. 3 shows the overall view of the
immunocapturing reaction, illustrating the ability of the tailored
antiLAM-MPs in capturing both small and larger aggregates of
mycobacteria. Panel B of Fig. 3 further highlights the ability of the
antiLAM-MPs to cover huge aggregates of the mycobacteria for
immunomagnetic separation. This result confirms that the antiL-
AM antibody was immobilized on the tosyl-MPs and are capable of
binding the exposed LAM binding sites on the surface of the my-
cobacterial cell wall.

3.3. Optimization of the magneto-actuated immunoassay

Fig. 4 shows the optimization of the reagents involved in the
magneto-actuated immunoassay including the antiLAM-MPs, the
antiLAM-FLU, and the antiFLU-HRP in order to achieve the higher
signal-to-background radio as shown in the supporting
Fig. 3. Confocal images of the immunomagnetic separation of 1.0�105 CFU mL�1 of M
(0.075 mg mL�1) (green). (A) Overall view of the reaction illustrating the immunocaptu
antiLAM-MPs. (For interpretation of the references to colour in this figure legend, the r
information section, Fig. S2.
Results of the optimization illustrates that 100 μL of

0.075 mg ml�1 antiLAM-MP provides the minimum concentration
needed with low non-specific adsorption as illustrated in Fig. 4
panel A. On the other hand, low non-specific adsorption was ob-
served when 100 mL of the antiLAM-FLU at concentration of
1.0 μg mL�1 for the sandwich immunocapturing reaction is used
as illustrated in Fig. 4 panel B. In terms of the antiFLU-HRP sec-
ondary antibody used to produce the enzymatic signals in the
immunocapturing reaction, maximal absorption signal with low
background is observed when 100 μL of the antiFLU-HRP at
4.0 mg mL�1 is used in the reactions. This observation is further
illustrated in Fig. 4 panel C. These optimized immunoreagent
concentrations were used in order to develop the magneto-ac-
tuated immunoassay for M. fortuitum detection in hemodialysis
water samples.

3.4. Magneto-actuated immunoassay for the detection of myco-
bacteria in hemodialysis water

The optical response of the magneto-actuated immunoassay
towards mycobacteria (from 0 to 105 CFU mL�1) in hemodialysis
water is shown in Fig. 5, panel A. Hemodialysis water were spiked
with different amounts of M. fortuitum (quantified by classical
culturing). The magneto-actuated immunoassay was fitted using a
nonlinear regression (Four Parameter Logistic Equation– GraphPad
Prism Software) with the value of (R2¼0.9867), as shown in Fig. 5,
panel B. The LOD was estimated by processing the negative control
samples (n¼10) in hemodialysis water, obtaining a mean value of
0.175 A.U with a SD of 0.031. The cut-off value was then de-
termined with a one-tailed t test at a 95% confidence level, giving a
value of 0.232 A.U. (shown in Fig. 5, panel A, as the dotted lines).
Based on this, the LOD was thus found to be as low as
13 CFU mL�1, being the logistic range from 89 to
7�104 CFU mL�1. The signal corresponding to the LOD is shown
as a dotted red line in Fig. 5, panel B.

The ability of the detection system to specifically detect my-
cobacteria was further evaluated by analyzing samples of E. coli
and P. aeruginosa at a concentration level of 1.0�105 CFU mL�1. It
is expected that since the magneto immunoassay uses the LAM as
target for antibody-mediated capture, non-LAM producing bac-
teria will not be detected. The experimental results are shown in
. fortuitum with DNA stained with Hoechst (blue fluorescence) with antiLAM-MPs
ring ability of tailored MPs (B) Huge aggregate of mycobacterium captured by the
eader is referred to the web version of this article).



Fig. 4. Optimization of the (A) antiLAM-MPs, (B) antiLAM-FLU and (C) antiFLU-HRP concentration. The gray bars illustrated the signal for 105 CFU mL�1, while the white bars
shows the background for 0 CFU mL�1. Error bars illustrates SD for n¼3.

Fig. 5. Magneto-actuated immunoassay for mycobacterium detection in hemodialysis water, covering the concentration range from 0 to 105 CFU mL�1 (n¼3). The optical
signal of samples containing only Escherichia coli and Pseudomonas aeruginosa are shown in panel A (n¼3). The negative control is also shown (n¼10). Other conditions as in
Fig. 4. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 5, panel A. The samples containing E. coli and P. aeruginosa
showed mean optical values of 0.203 and 0.184 A.U., respectively,
lower than the cut-off value of 0.232 A.U. (shown in Fig. 5, panel A,
as the dotted lines). These results illustrate specific detection of M.
fortuitum since optical signals containing 0 CFU mL�1 of the my-
cobacteria (negative control) was found to be comparable when E.
coli and P. aeruginosa containing samples were analyzed, sug-
gesting a good specificity of the assay for detecting
mycobacterium.
4. Conclusions

In this study, we present a rapid magneto-actuated im-
munoassay for the detection of mycobacteria in hemodialysis
water. The immunoassay relies on the use of tailored antiLAM-MPs
capable of binding LAM found in the surface of the mycobacteria,
and the use of an antiFLU-HRP secondary antibody employed in an
indirect sandwich immunoassay approach. The use of antiLAM-
MPs enables pre-concentration of the mycobacteria throughout
immunomagnetic separation, including immunological reaction
and magnetic actuation. The magneto-actuated immunoassay
showed a LOD of 13 CFU mL�1 of mycobacteria in hemodialysis
water, providing a sensitive method but by using instrumentation
available in low-resource settings laboratories and requiring low-
maintenance, as is the case of a microplate reader operated by
filters. With the increasing cases of patients with ESRD undergoing
hemodialysis [1] and isolation of rapid growing environmental
mycobacteria from dialysis related peritonitis [4,5] , a rapid and
sensitive method for detecting the presence of mycobacteria in
hemodialysis fluid could provide basis for infection control mea-
sures. The magneto-actuated immunoassay presented in this study
illustrates a robust method capable of detecting levels of myco-
bacteria that is within the allowable viable colony counts in
dialysate fluid (4200 CFU mL�1) [15]. Although the indirect ELISA
included a further incubation step, it provides as a main advantage
a higher sensitivity than the direct counterpart, since the signal is
amplified. The fluorescein groups attached on the primary antiL-
AM antibodies will further react with the secondary antibody
conjugated with the optical reporter (polyclonal antiFLU-HRP),
carrying many HRP per molecule of antibody. Moreover, the high
turnover of the enzyme provides further amplification of the sig-
nal, since many molecules of the optical active product are pro-
duce per minute. One of the main disadvantages of the conven-
tional method of detecting mycobacteria in hemodialysis fluid,
which is mainly addressed by the magneto-actuated im-
munoassay, is the time required to identify the presence of my-
cobacteria in dialysis fluid samples. Combined with the out-
standing performance of the antiLAM-MP to capture mycobacteria,
the present system only requires a total of 3 h incubation time for
the immunocapturing, secondary antibody and substrate reaction
to specifically detect mycobacteria as compared to the conven-
tional method. Conventionally, mycobacteria from dialysis fluid
are isolated using membrane filtration and spread plate technique
requiring minimum of 3–7 days incubation to initially isolate rapid
growing mycobacteria.
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