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Plant pathogens cause major economic losses in the agricultural industry because late detection delays the implementation of
measures that can prevent their dissemination. Sensitive and robust procedures for the rapid detection of plant pathogens are
therefore required to reduce yield losses and the use of expensive, environmentally damaging chemicals. Here we describe a sim-
ple and portable system for the rapid detection of viral pathogens in infected plants based on immunofiltration, subsequent
magnetic detection, and the quantification of magnetically labeled virus particles. Grapevine fanleaf virus (GFLV) was chosen as
a model pathogen. Monoclonal antibodies recognizing the GFLV capsid protein were immobilized onto immunofiltration col-
umns, and the same antibodies were linked to magnetic nanoparticles. GFLV was quantified by immunofiltration with magnetic
labeling in a double-antibody sandwich configuration. A magnetic frequency mixing technique, in which a two-frequency mag-
netic excitation field was used to induce a sum frequency signal in the resonant detection coil, corresponding to the virus con-
centration within the immunofiltration column, was used for high-sensitivity quantification. We were able to measure GFLV
concentrations in the range of 6 ng/ml to 20 �g/ml in less than 30 min. The magnetic immunoassay could also be adapted to de-
tect other plant viruses, including Potato virus X and Tobacco mosaic virus, with detection limits of 2 to 60 ng/ml.

Many plant viruses transmitted by vectors or direct contact
cause billions of dollars of economic losses every year in the

agricultural industry (1). Certain economically important plant
viruses are widely used as models for the development of detection
assays and countermeasures, e.g., Grapevine fanleaf virus (GFLV),
Potato virus X (PVX), and Tobacco mosaic virus (TMV).

GFLV is the oldest known virus that infects grapevine plants,
and it has a severe impact on grapevine cultivation worldwide,
with losses of up to 80% (2–4). It belongs to subgroup A of the
genus Nepovirus in the subfamily Comovirinae (5). GFLV is pre-
dominantly transmitted by nematodes in infected vineyard soils,
where the virus can remain dormant for many years without any
need for host plants (6). Furthermore, GFLV can be transmitted
by grafting or the propagation of infected grapevine plants. The
early identification and quantification of GFLV are therefore nec-
essary to prevent the spread of disease and to plan and monitor
measures, such as sanitary selection and soil disinfection with ne-
maticides.

PVX is the type member of the genus Potexvirus in the family
Flexiviridae (7). This virus infects members of the Solanaceae (e.g.,
potato, tomato, and tobacco), and in most cases it is transmitted
mechanically from plant to plant (8). A new resistance-breaking
isolate of PVX (PVX MS, also known as PVX fcaOl) that multiplies
in genotypes carrying the Rx gene was detected in Argentina (9).
TMV is the type member of the genus Tobamovirus in the family
Virgaviridae. It was the first virus to be discovered, and it is one of
the best characterized. TMV has a wide host range, but it predom-
inantly infects members of the Solanaceae, causing stunted
growth, leaf necrosis, and yield losses. Although many infected
plants show no symptoms or mild symptoms, yield losses of up to
30% have been reported in tobacco (10).

Plant pathogens, such as GFLV, PVX, and TMV, can be de-
tected using serological methods, such as the enzyme-linked im-
munosorbent assay (ELISA) (11–14), or molecular methods, such

as PCR, which can be up to 1,000 times more sensitive than ELISA
(12, 15). However, the PCR-based detection of RNA viruses is
laborious because it is necessary to extract and reverse transcribe
the RNA into cDNA before amplification; thus, ELISA-based de-
tection remains more popular (15). A disadvantage shared by both
methods is that samples must be collected in the field and sent to
qualified laboratories for analysis, which is labor-intensive, time-
consuming, and expensive, given that crops must be monitored
regularly throughout the cultivation period. Farmers need to col-
lect a small number of random samples to achieve a statistical
analysis of the pathogen distribution, but in most cases farmers do
not collect samples unless there is symptomatic evidence of dis-
ease, and by that time a viral infection may have already taken
hold. Typical laboratory analysis may take days or weeks, so by the
time that the farmer becomes aware of a field infection, it is likely
to have spread further.

Field-based quantitative diagnostic tests with sensitivities
comparable to those of laboratory assays are not currently avail-
able. Rapid, lateral-flow immunological assay formats, such as
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those that use dipsticks, which can achieve sensitivities compara-
ble to the sensitivity of ELISA (16, 17), are available for several
plant viruses (16–19), but this type of assay is not quantitative.
Accordingly, there is great interest in the development of rapid
and inexpensive quantitative tests that can be used in the field to
test randomly selected samples, producing real-time data about
viral infections.

We set out to develop a convenient and portable diagnostic
assay for plant viruses using GFLV as a model system. GFLV-
specific antibodies were combined with magnetic nanoparticles to
detect the virus and measure the infection grade. A similar method
based on magnetic nanoparticles linked to specific antibodies has
been developed for the detection and quantification of human
pathogens (20–22). An immunoassay approach was developed for
the detection of bacterial and viral plant pathogens and achieves
multiplex detection using different sets of fluorescence-coded mi-
crospheres (23). Our strategy of labeling biological samples with
magnetic nanoparticles is advantageous because the bead-sample
complex can easily be separated from raw samples using a mag-
netic field. A number of functionalized magnetic beads are com-
mercially available, and these are routinely used for nucleic acid
isolation and purification. Magnetic particles have also been com-
bined with proteins in several applications, such as the isolation of
antigens from serum (24) and the specific labeling of analytes
before separation (25–27). These commercially available parti-
cles are usually 100 nm to 1 �m in diameter and comprise a
superparamagnetic core surrounded by a polymer shell (e.g.,
starch or polyvinyl alcohol) suitable for additional functional-
ization. The superparamagnetic core allows the direct detec-
tion and quantification of the particles using a variety of meth-
ods (28–33).

Here we developed a method based on the detection and quan-
tification of magnetic particles by frequency mixing (34, 35) using
a customized handheld magnetic reader with a measuring head
specially equipped for quantification. The nanoparticles enter a
magnetic field comprising two different excitation frequencies,
and the response signal (in mV) is detected at a third mixing
frequency, allowing quantification over a large dynamic range of
more than 4 orders of magnitude (34).

The functionalization of the outer shell allows the magnetic
nanoparticles to be linked to specific antibodies, enabling the
magnetic labeling of the corresponding antigens, as demonstrated
with human pathogens (21, 22). Here we used this technique for
the first time to detect plant pathogens and achieved the rapid and
quantitative detection of GFLV for phytosanitary applications.
However, the assay can easily be modified to detect and quantify
other plant viruses, such as PVX and TMV, using the appropriate
antibodies. This magnetic immunoassay therefore allows the
rapid and inexpensive detection of viral pathogens in field settings
with the same sensitivity (5 to 500 ng/ml) as laboratory-based
ELISAs (36, 37).

MATERIALS AND METHODS
Propagation and purification of virus particles. GFLV-containing sap
from infected Chenopodium quinoa plants was purchased in a homoge-
nized and lyophilized form from Bioreba AG (Reinbach, Switzerland).
This preparation is routinely used as a positive control in commercial
ELISAs for GFLV. The contents of one vial of lyophilized plant material
were resuspended in 2.5 ml phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4·12 H2O, 1.5 mM KH2PO4, pH 7.4),

and the concentration of the GFLV capsid protein was determined by
capillary gel electrophoresis. A Bioanalyzer system was used with a high-
sensitivity protein 250 kit according to the recommended Agilent proto-
col (Agilent Inc., Santa Clara, CA, USA) to determine the size and quantity
of the proteins in the positive control. A distinguishable peak of 56 kDa
was attributed to the GFLV capsid protein.

PVX and TMV particles were purified from infected Nicotiana bentha-
miana and Nicotiana tabacum plants, respectively. This infected plant
material was harvested at 14 to 21 days postinfection, depending on the
infection symptoms, and 50 g of plant material was used for virus purifi-
cation following a modified protocol from the International Potato Cen-
ter (CIP, Lima, Peru), as previously described (38). Polyethylene glycol
precipitation was carried out as described in the original protocol, but the
sucrose cushion centrifugation step was omitted due to the loss of viral
particles. The pooled fractions of the sucrose gradient were centrifuged at
248,000 � g for at least 3 h. The virus concentration was determined by
measuring the optical density at 260 nm (OD260) using the TMV extinc-
tion coefficient of 3.0, because the TMV concentration in the mixtures
tended to be greater than the PVX concentration.

Antibody generation and purification. GFLV capsid protein-specific
murine monoclonal antibody mAbFL6 (39) was produced using a mono-
clonal hybridoma cell line and affinity purified by hydrophobic charge-
inducing chromatography with mercaptoethylpyridine (MEP) ligand Hy-
perCel matrix (Pall Corporation, Port Washington, NY, USA), followed
by overnight dialysis against PBS at 4°C. Murine anti-PVX monoclonal
antibody mAb80 (38) was used to capture and detect PVX particles, and
murine anti-TMV monoclonal antibody mAb24 (40) was used to capture
and detect TMV. Both antibodies were produced in hybridoma cell cul-
tures and purified by affinity chromatography using the Affi-Gel Protein
A MAPS II kit (Bio-Rad, Hercules, CA, USA), followed by dialysis against
PBS. The purity and integrity of all monoclonal antibodies were verified
by SDS-PAGE (41, 42) under native and denaturing conditions, followed
by staining with Coomassie brilliant blue and Western blot analysis (43)
with goat antimouse heavy and light chain-specific antibodies labeled
with alkaline phosphatase (AP).

SPR spectroscopy. Binding interactions were analyzed in real time by
surface plasmon resonance (SPR) spectroscopy using a Biacore T100 in-
strument (Biacore AB, Uppsala, Sweden) with a CM5 sensor chip, where
carboxymethylated dextran is covalently attached to a gold surface (Bia-
core AB, Uppsala, Sweden). The CM5 chip was coated with a rabbit anti-
mouse IgG Fc antibody (RaM-Fc) and washed with HCl to remove impu-
rities. Samples were diluted in HBS-EP buffer (150 mM NaCl, 10 mM
HEPES [pH 7.4], 0.5 mM EDTA, 0.05% [vol/vol] Tween 20), and all
measurements were taken at a flow rate of 30 �l/min.

Immunofiltration. Immunofiltration was carried out using ABICAP
immunofiltration columns (44–47), purchased from Senova GmbH
(Weimar, Germany), with sintered polyethylene filters with a pore diam-
eter of 50 �m. The columns were equilibrated in 96% (vol/vol) ethanol at
8 � 103 Pa in a desiccator for 20 min, and subsequent steps were carried
out in flowthrough mode. The degassed columns were first washed with
750 �l ethanol-water (50/50), followed by 750 �l water and 750 �l immo-
bilization buffer [15 mM Na2(CO3), 35 mM NaHCO3, pH 9.6]. The col-
umns were then coated with 500 �l of the capturing antibody (10 �g/ml)
and incubated for 1 h to allow self-organized hydrophobic adsorption.
Finally, the columns were blocked using two 750-�l aliquots of 10 mg/ml
bovine serum albumin (BSA) in PBS (pH 7.4) and stored at 4°C for up to
14 days before use. All immunofiltration steps were performed under
gravity flow without centrifugation.

Antibody binding to magnetic beads. Magnetic beads with a hydro-
dynamic diameter of 200 nm were obtained from Chemicell GmbH (Ber-
lin, Germany). The fluidMAG-streptavidin beads had a superparamag-
netic magnetite core covered with a hydrophilic polymer functionalized
with covalently coupled streptavidin, allowing the binding of biotinylated
molecules. Hence, biotinylated mAbFL6 antibodies were coupled to the
streptavidin-coated magnetic beads before injection into the immunofil-
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tration columns. Biotinylation of mAbFL6 was achieved using an EZ-Link
biotinylation kit (Thermo Fisher Scientific, Waltham, MA, USA), with the
conditions being adjusted according to the manufacturer’s recommenda-
tions so that the number of biotin molecules could be statistically limited
to 2 to 4 molecules per antibody. Biotinylation was verified by ELISA and
SPR spectroscopy. Subsequently, 10 �g of biotinylated antibody and 180
�g of the streptavidin-coated beads were mixed in 1 ml PBS, and the
mixture was incubated for 30 min at room temperature in an overhead
shaker before the antibody-functionalized beads were magnetically sepa-
rated and resuspended in 1 ml PBS.

Design and operating mode of the magnetic reader. The magnetic
particles were detected by frequency mixing as described previously (34,
35). The magnetic reader is a small handheld device with an intuitive
touch screen allowing parameter adjustment and measurement control
(Fig. 1). The portable magnetic reader measures 10 by 23 by 7 cm and can
be connected to a conventional power outlet or battery, allowing the de-
vice to be used in remote locations without a power source if necessary.
The detection head contains a set of four coaxial coils, one for excitation,
one for driving, and two for detection. ABICAP columns containing im-
mobilized superparamagnetic particles were inserted into a custom-made
bore inside the detection head. The columns were positioned in such a
way that the upper detection coil was adjacent to the magnetic particle-
enriched matrix.

During measurement, the superparamagnetic particles were driven to
magnetic saturation by applying a strong low-frequency magnetic field to
the driving coil, with the amplitude being in the millitesla range and the
driving frequency (f2) being 61 Hz. Magnetic saturation of the superpara-
magnetic particles was achieved at each positive and negative extreme of
the applied driving field, which alternated with a frequency of 2f2 of 122
Hz (34, 35).

The excitation coil was used to apply an additional magnetic field with
a higher frequency (f1 � 49 kHz) to the magnetic beads inside the column,
serving as a probe for the magnetization state. Although this additional
field did not induce further magnetization, it caused strong particle mag-
netization according to the applied excitation field (f1) when the driving
field fell to 0. The amplitude of the induced magnetization oscillation was
thus modulated by twice the driving frequency (f1 � 2f2). This mixing
component was measured by the upper detection coil containing the sam-
ple. Direct induction from the excitation coil was minimized by differen-
tial winding of the detection coils, which consisted of two adjacent com-
partments with clockwise and counterclockwise rotation. On the basis of
the arrangement of two detection coils with the sample residing in the
upper coil alone, the magnetic sample induced a signal only in this coil
and not in the lower coil. Therefore, the signal was not cancelled out.

The voltage induced in the detection coil was preamplified, and sub-
sequently, the mixing component (f1 � 2f2) was demodulated by two-

stage multiplication and low-pass filtering, enabling signal-dependent
calibration using serially diluted samples with iron oxide concentrations
of 0.12 to 1,300 mg/liter (34).

Magnetic immunodetection. For magnetic immunodetection, 500 �l
of analyte solution containing either known (calibration) or unknown
concentrations of plant virus diluted in PBS was flushed by gravity flow
through ready-to-use ABICAP columns coated with the capturing anti-
body, followed by incubation at room temperature for 30 min. Unbound
material was removed by washing with 750 �l PBS, which took approxi-
mately 2 min to pass through the column by gravity flow. Then, 90 �g of
streptavidin-coated magnetic beads suspended in 500 �l PBS and func-
tionalized with 5 �g of the biotinylated detection antibody was added to
the columns and allowed to bind the enriched virus particles (Fig. 2). After
30 min of incubation at room temperature, unbound antibody-bead
complexes were removed by washing with 1.5 ml PBS. Finally, the
ABICAP columns were inserted into the detection head of the reader and
the signal (in mV) was recorded and displayed on the device screen
(Fig. 1a).

For optimized sequential magnetic immunodetection, incubation
times were reduced and an additional binding step (binding of biotinyl-
ated antibody before the addition of streptavidin-coated magnetic beads)
was introduced. Therefore, 500 �l of the analyte was added to the ready-
to-use ABICAP columns, followed by 10 min of incubation at room tem-
perature and washing with 750 �l PBS. After the virus particles bound to
the ABICAP matrix, 500 �l of the biotinylated detection antibody (10
�g/ml in PBS) was flushed through the column and allowed to bind the
captured virus particles. The incubation time was reduced to 5 min, and
then an additional washing step (750 �l PBS) was performed. Subse-
quently, 500 �l PBS containing 90 �g of magnetic streptavidin-coated
beads was passed through the column, followed by 5 min of incubation
and a final wash with 1.5 ml PBS.

Enzyme-linked immunosorbent assay. High-binding microtiter
plates (Greiner Bio-One GmbH, Frickenhausen, Germany) were coated
for 1 h at room temperature with 100 �l of the GFLV-, PVX-, or TMV-
specific antibody (5 �g/ml) in PBS (pH 7.4). The wells were washed three
times with 200 �l PBS containing 0.05% (vol/vol) Tween 20 (PBS-T) and
then blocked with 200 �l 10 mg/ml BSA in PBS for 1 h. After blocking, the
wells were washed three times with PBS-T before adding 100 �l of sample
material (plant extract or diluted purified virus particles). PBS was used as
the negative control. The plates were incubated for 1 h at room tempera-
ture. After three further washes, 100 �l of biotinylated virus-specific an-
tibody (5 �g/ml) was added to the wells and the plates were incubated at

FIG 1 (a) Magnetic handheld reader device with intuitive touch display and
an integrated detection head. (b) Schematic illustration of the measuring head,
which comprises four coils arranged around the shaft containing the immu-
nofiltration column. The excitation coil applies a magnetic field with a fre-
quency of 49 kHz, and the outer driving coil applies a magnetic field with a
frequency of 61 Hz. The resulting mixing frequency generated by the magnetic
beads is detected by the inner detection coils.

FIG 2 Schematic illustration of the magnetic immunofiltration assay. The
capture antibody (e.g., mAbFL6) is immobilized on a polyethylene matrix in an
ABICAP immunofiltration column with a pore diameter of 50 �m. The virus-
containing solution is flushed through the column by gravity flow, and viral
particles are enriched within the matrix. Finally, magnetic beads functional-
ized with the detection antibody (e.g., mAbFL6) are added to magnetically
label the antigen in the column.
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room temperature for 1 h, followed by three washes with 200 �l PBS-T.
Bound biotinylated antibodies were detected by adding 100 �l streptavi-
din conjugated to AP (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA) diluted 1:1,000 in PBS to a final concentration of 1
�g/ml. ELISA readings (OD405) were taken after incubation for 30 min
with AP substrate in SP buffer (0.1 mM diethanolamine, 1 mM MgCl2, pH
9.8) at 37°C.

RESULTS
Antibody-antigen binding specificity. The magnetic immunode-
tection of plant viruses was demonstrated using GFLV as a model.
GFLV-specific murine mAbFL6 was produced using a monoclonal
hybridoma cell line (39), and its integrity was verified by SDS-
PAGE, followed by staining with Coomassie brilliant blue, and
by Western blot analysis. This revealed typical 150-kDa bands
under native conditions and separate 55-kDa and 20-kDa
bands representing the heavy and light chains, respectively,
under denaturing conditions (data not shown). No contami-
nating bands were observed. Similar results were obtained fol-
lowing the purification of monoclonal antibodies against PVX
and TMV (data not shown).

The selective detection of each target virus requires a specific
antibody that can be used both to capture and to detect the virus
particles (Fig. 2). Therefore, magnetic beads were functionalized
with each specific antibody using the biotin-streptavidin system.
Purified monoclonal antibodies against GFLV, PVX, and TMV
were biotinylated using the EZ-Link biotinylation kit, and suc-
cessful conjugation was verified by ELISA using AP-labeled
streptavidin. For each antibody, a strong color change leading to
strong absorption at 405 nm was detected, whereas the use of
controls with nonbiotinylated antibodies did not lead to any
change in absorption (data not shown).

Because the biotinylation reaction is based on the binding of
random primary amine groups to the N-hydroxysuccinimide
(NHS)-functionalized biotin molecule (48), it was necessary to
ensure that epitope-binding activity was not significantly inhib-
ited. Therefore, the binding efficiency and kinetic behavior of the
biotinylated antibodies were evaluated by SPR spectroscopy (Fig.
3). Unmodified mAbFL6 and biotinylated mAbFL6 were flushed
over a gold surface functionalized with a RaM-Fc, and the change
in reflectivity was monitored over time. The nonspecific mono-
clonal antibody mAb54k was captured in parallel as a negative
control (49).

Both unmodified and biotinylated GFLV-specific mAbFL6

bound strongly to the RaM-Fc surface, as expected, without dif-
ferences in binding behavior, as did the control antibody,
mAb54k. Rinsing with buffer did not change the reflectivity, but
rinsing with antigen solution (1.2 �g/ml) caused a significant in-
crease in reflectivity for both unmodified and biotinylated GFLV-
specific mAbFL6, as expected for affinity-based binding, whereas
there was no change in the case of mAb54k. Biotinylated mAbFL6

showed an antigen binding efficiency (87%) slightly slower than
that of its nonbiotinylated counterpart, as can be seen from the
maximum difference in reflectivity change between the biotinyl-
ated and nonbiotinylated antibodies (Fig. 3). This result indicates
that less than 15% of the molecules were biotinylated in such a way
that the antigen binding site was blocked. In both cases, antibody-
antigen binding occurred rapidly and resulted in near saturation
within 3 min. Subsequent rinsing with buffer did not cause any

change in reflectivity, confirming strong and irreversible anti-
body-antigen binding.

Magnetic immunodetection of GFLV. The magnetic immu-
nodetection of GFLV was assessed using GFLV-infected plant ma-
terial with capsid protein concentrations of 12 to 60 ng/ml for
calibration. mAbFL6 was immobilized on the polyethylene matrix
of the immunofiltration column, and the biotinylated form was
also linked to streptavidin-coated magnetic beads (21, 22). The
magnetic immunodetection method was compared with a stan-
dard double-antibody sandwich ELISA over the same concentra-
tion range (Fig. 4a and b). In this assay, the microtiter plates were
coated with the capture antibody, and streptavidin-labeled AP was
used to detect biotinylated mAbFL6 binding to captured GFLV. In
both assays, PBS was used as a negative control to provide blank
readings. A further negative control consisting of resuspended
lyophilized grapevine tissue from uninfected plants did not gen-
erate signals any stronger than the signal generated by the PBS
control, indicating no cross-reaction between the antibody and
plant proteins.

In both assays, the calibration data points fitted ideally to a
nonlinear Hill-1 curve (OriginPro, v8.1; OriginLab, Northamp-
ton, MA, USA) derived from the Hill equation (50, 51), leading to
the typical saturation curve shown in equation 1.

y � blank � (end � blank)
xn

kn � xn ⇔ x � �n
kn

y � blank

end � y
(1)

where y is the output voltage of the magnetic reader, x is the con-
centration of the analyte, blank is the value for the blank, end is the
saturation value for infinitely high concentrations, n is the Hill
coefficient, and k is the concentration producing a half-maxi-
mum signal. The calculation of unknown sample concentra-
tions is possible by adding the measuring value to the corre-
sponding linear fit function shown in Fig. 4b and Table 1. The
blank values in the ELISA (0.125 � 0.0035 mV) were lower than
those in the magnetic immunodetection assay (574.1 mV � 78.4

FIG 3 SPR spectroscopy is used to measure the binding of biotinylated and
nonbiotinylated GFLV-specific mAbFL6 and nonspecific mAb54k as a nega-
tive control. The antibodies bound to the RaM-Fc-coated chip surface within
the first 175 s. After washing with buffer, virus particles were added, resulting
in an increment in reflectivity (response units) caused by antigen binding.
Desorption behavior was analyzed following a subsequent washing step.
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mV). The detection limit was calculated from the blank value plus
three times the standard deviation (SD) of the blank value, as
shown in equation 2.

blank � 3 SDblank (2)

A detection limit of 0.1355, corresponding to a minimal detect-
able antigen concentration of 105 ng/ml, was calculated for the
ELISA, and a detection limit of 809.3 mV, corresponding to a
minimal detectable antigen concentration of 370 ng/ml, was cal-
culated for the magnetic immunodetection assay. Unknown con-
centrations beyond the linear range of the calibration curve could
be calculated using the nonlinear fit function.

Assay optimization. The standard magnetic immunodetec-
tion assay was found to be three times less sensitive than the cor-
responding ELISA. The magnetic immunodetection assay was
therefore optimized to achieve a lower detection threshold. Aggre-
gates of biotinylated antibodies and streptavidin-coated beads
were presumed to cause the high background signal as well as
higher standard deviations between repeat measurements (Fig. 4).
This disadvantage was overcome by adding the biotinylated anti-
body and streptavidin-coated magnetic beads to the column se-
quentially (Fig. 5). On the basis of the rapid binding kinetics de-
tected by SPR spectroscopy (Fig. 3), the incubation time following
analyte addition was also reduced from 30 to 10 min, and the
mixture was incubated for 5 min after the application of the bio-
tinylated antibody. The rapid binding kinetics between streptavi-
din and biotin (52–54) also allowed us to reduce the incubation
time following the addition of the magnetic beads to just 5 min.

The flowthrough time for a single wash was approximately 2 min.
On the basis of these factors, the overall duration of the assay was
reduced from 67 to 28 min (Fig. 5).

The optimized assay parameters were verified by creating a new
calibration curve using the same GFLV antigen concentrations
used before (Fig. 6). A similar curve progression was achieved
even with the much shorter incubation time. The signal-to-noise
ratio also increased, and the blank values were approximately 50%
lower than those recorded using the nonsequential standard pro-
tocol. The standard deviations were also lower, particularly at low
antigen concentrations in the linear range, resulting in a more
accurate linear fit, as shown by the R2 values (Table 1). The new
detection limit was 6 ng/ml, which is 60 times more sensitive than
the standard procedure and 17 times more sensitive than the
ELISA (Table 1).

Magnetic immunodetection of PVX and TMV. The wider po-
tential of magnetic immunodetection was demonstrated by
adapting the protocol for the detection of PVX, using the anti-
PVX antibody mAb80 (38), and for the detection of TMV, using
the anti-TMV antibody mAb24 (40). Calibration curves were gen-
erated using the sequential protocol and dilutions of purified
TMV (Fig. 7a and b) and PVX (Fig. 7c and d) particles of known
concentrations, as described above for GFLV. Typical saturation
curves with low blank values and standard deviations were ob-
tained. The saturation curves were fitted according to equation 1,
and the linear range of the calibration and the linear fit function
were determined (Fig. 7b and d and Table 1). Detection limits

FIG 4 (a) Comparison of magnetic immunoassay (squares, left y axis) and a standard double-antibody sandwich ELISA (circles, right y axis) using identical serial
dilutions of positive-control material containing GFLV particles. Data points were fitted to the Hill-1 curve. Blank values are indicated by a solid line (magnetic
immunoassay) and a dotted line (ELISA). (b) Linear range with the corresponding linear fit equation and coefficient of determination (R2). Data are shown as
means � SDs (n � 3).

TABLE 1 Parameters used to measure detection limit of magnetic immunoassays for viral pathogens compared to those used for a representative
ELISAa

Assay
Mean � SD blank
value (mV) Linear fit function R2

Linear fit LOD
(ng/ml)

ELISA 0.125 � 0.0035 y � 0.262x � 0.108 0.962 105
MID of GFLV by non-seq. 574.1 � 78.4 y � 585.84x � 592.69 0.986 370
MID of GFLV by seq. 291.9 � 6.4 y � 816.79x � 306.24 0.994 6.0
MID of TMV by seq. 107.4 � 0.9 y � 777.48x � 108.40 0.993 2.2
MID of PVX by seq. 16.1 � 2.3 y � 48.85x � 20.27 0.974 56
a LOD, limit of detection; ELISA, enzyme-linked immunosorbent assay; MID, magnetic immunodetection; non-seq., standard protocol; seq., optimized sequential protocol.
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were calculated using equation 2 and the linear fit functions, re-
sulting in values of 56 ng/ml for PVX and 2.2 ng/ml for TMV.

DISCUSSION

The quantification of plant viruses is challenging, particularly
when quantitative data must be acquired in the field during an
ongoing infection. Quantitative laboratory tests for animal viruses
are generally unsuitable for plant viruses because they rely on the
preparation of cell cultures, e.g., plaque-based assays and end-
point dilution assays (55). Plant cell cultures are more difficult to
establish and maintain than animal cell cultures, and the limited
host range of many plant viruses would require a large and com-
prehensive panel of specific plant cell cultures. The severity of
some virus infections can be determined using the local lesion
method, where leaves are inoculated with the virus and the forma-
tion of lesions on the leaf surface is monitored and compared over
time (56). This provides an indirect readout of the virus titer, but
accurate quantitation is not possible because the statistical analy-
sis of lesions often leads to errors. Electron microscopy can be
used to measure virus titers directly in plant cells, but this is labo-

rious and time-consuming and is therefore unsuitable for rapid
pathogen quantitation. Rather than counting virions, it is easier to
determine the concentration of the viral capsid protein, which
increases in proportion to the severity of infection and can be
quantified using calibration-based immunological assays, such as
the ELISA (57).

Magnetic immunodetection combined with immunofiltration
has numerous advantages over classic immunological assays,
which remain the assays that are the most widely used for virus
detection in plants. The speed, sensitivity, specificity, and conve-
nience of immunofiltration-based assays have already been com-
pared favorably to those of established detection techniques for
the human pathogen Ebola virus (47). Typically, double-antibody
sandwich ELISA protocols have detection limits of 10 to 500 ng/ml
(36, 37). The sensitivity of such assays is strongly affected by fac-
tors such as host-virus combination, cultivar susceptibility, am-
plification of the detection signal, and assay incubation times (36).
Some modified ELISA formats for plant viruses have detection
thresholds below 10 ng/ml (58–61). However, more time is re-
quired to complete these assays, and the procedure is more com-
plex because additional equipment and additional expertise are
required, making these assays unsuitable for fieldwork. The ELISA
is also based on a typical microtiter plate format with a limited
binding surface. The matrix surface of the ABICAP immunofiltra-
tion columns is �40 times larger than the microcavity surface of a
microtiter plate, so the analyte can be enriched more efficiently.
Only 200 �l of analyte can be applied to each well of a microtiter
plate, whereas the analyte volume flushed through the immuno-
filtration column can be increased to the milliliter range. How-
ever, a volume of 500 �l, which is used in the standard protocol, is
sufficient for antigen detection in standard applications. The mag-
netic immunodetection protocol is simple; i.e., the analyte and
bead solutions are mixed, and then there are two washing steps.
Even the optimized protocol has only one additional step and
three further washes. Samples can therefore be analyzed in less
than 30 min, which is significantly faster than an ELISA. Most
commercial ELISA kits for the detection of plant viruses require
overnight incubation steps, and detection can therefore take up to
2 days. Even with abbreviated incubation times, ELISAs generally
take at least 3 to 4 h and require laboratory-based equipment.

The magnetic immunodetection approach is therefore ideal

FIG 5 Time required for the standard protocol and optimized sequential
protocol starting with ready-to-use precoated immunofiltration columns and
finishing with the signal readout. White boxes represent incubation times, and
gray-striped areas represent washing steps (�2 min each) or double washing
steps (�4 min each).

FIG 6 (a) Comparison of GFLV magnetic immunodetection using the standard protocol (squares) and the sequential assay procedure (triangles). Data points
were fitted to a nonlinear Hill-1 curve. Blank values are plotted as a solid line (standard protocol) and a dashed line (optimized protocol). (b) Linear range of
calibration fitted using the linear fit function, with the coefficient of determination (R2) being shown. Data are shown as means � SDs (n � 3).
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for the rapid on-site detection of viruses. Immunofiltration col-
umns prepared in advance can be used for analyte enrichment
without special laboratory equipment. Analyte preparation can be
achieved by squeezing or grinding leaf material, followed by place-
ment of the processed material in buffer. All further assay steps are
driven by gravity flow, and no special treatment of the columns is
needed. Following the application and washing steps, the columns
can be analyzed using the portable magnetic reader. If necessary,
this can be powered using a battery, allowing rapid pathogen de-
tection even in rural areas with limited power supplies.

The use of magnetic beads in an immunoassay format has nu-
merous advantages over methods that rely on fluorescent labels or
enzymatic reactions. Labeling the analyte with magnetic particles
rather than fluorescent or adsorptive labels eliminates the risk of
false-positive results caused by autofluorescence. Plant tissues of-
ten contain chromophores that interfere with the signals gener-
ated by fluorescent, chemiluminescent, and chromogenic ELISA
substrates (62). Also, phosphatases and peroxidases in plant ex-
tracts interfere with alkaline phosphatase (AP) and horseradish
peroxidase, leading to high ELISA background signals (63). The
sensitivity of the frequency mixing technique is comparable to or
even greater than that of other immunological methods (23). Fur-
thermore, magnetic beads allow the separation of analyte mole-
cules from a complex medium, followed by enrichment and active
delivery, e.g., to a special sensor surface, by applying an external

force. This can be used for novel and innovative biosensor ap-
proaches with low limits of detection (64).

Antibody-antigen binding characteristics determine the effi-
ciency of all immunological assays. The antibody of choice should
therefore bind strongly, rapidly, and irreversibly to the target an-
tigen. For magnetic immunodetection, it is also necessary to con-
firm that biotinylation of the secondary antibody does not signif-
icantly inhibit the binding activity. SPR spectroscopy is the
analytical method of choice to demonstrate that an antibody binds
efficiently to a specific antigen, and we found that both the biotin-
ylated and nonbiotinylated versions of mAbFL6 bound to the
RaM-Fc-coated surface via the Fc region (Fig. 3). The addition of
GFLV particles resulted in a visible change in reflectivity, which
became saturated within �3 min, whereas the control antibody
mAb54k had no effect. There was only a marginal kinetic differ-
ence between the biotinylated and nonbiotinylated antibodies,
suggesting that both versions of the antibody are capable of rapid
and efficient antigen binding and that biotinylation does not sig-
nificantly inhibit antibody binding activity. Subsequent rinsing
with buffer did not reduce the signal, confirming that antigen-
antibody binding was strong and irreversible.

Concentration-dependent calibration curves for magnetic im-
munodetection resulted in typical saturation behavior similar to
that of the ELISA (Fig. 3, 4, and 7). Binding between the secondary
biotinylated antibody and the captured viral particles was con-

FIG 7 Calibration curves for the magnetic immunodetection of TMV (a) and PVX (c) and the linear range of calibration with the corresponding linear fits and
coefficients of determination (R2) for TMV (b) and PVX (d). All experiments were carried out in triplicate using the sequential assay protocol. Data points in
panels a and c were fitted to a nonlinear Hill-1 curve. Blank values are plotted as dashed lines. Data are shown as means � SDs (n � 3).
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firmed in the double-antibody sandwich ELISA by adding strepta-
vidin-labeled AP, allowing direct comparison with the magnetic
immunodetection assay, where the equivalent step was repre-
sented by streptavidin-coated magnetic beads. ELISAs based on
enzyme-labeled avidin and/or streptavidin binding to biotinyl-
ated secondary antibodies are 12 to 25 times more sensitive than
corresponding double-antibody sandwich ELISAs using enzyme-
labeled monoclonal antibodies (60, 61). The detection limits of
the magnetic immunoassay and ELISA protocols were calculated
using equation 2 and the fit function, describing the linear range of
the calibration curve. The standard magnetic immunoassay pro-
tocol generated significantly higher blank values than the corre-
sponding ELISA and was three times less sensitive. As well as de-
tecting GFLV with concentrations above the detection limit,
magnetic immunodetection also allowed the quantification of vi-
ruses on the basis of the calibration curve using the linear fit func-
tion. Concentrations beyond the linear range and below the level
of saturation of the calibration curve can be determined using the
Hill-1 fit according to equation 1. Magnetic immunodetection has
a significantly greater dynamic range than the ELISA, leading to
saturation at higher analyte concentrations. Magnetic immuno-
detection thus achieves virus quantification over a wider concen-
tration range than the ELISA, which is consistent with the results
of magnetic immunoassays for the detection of human pathogens
(20–22).

The fast binding kinetics, confirmed by SPR spectroscopy (Fig.
3), allowed the magnetic immunodetection protocol to be opti-
mized by reducing the duration of the incubation steps following
the addition of the analyte and secondary biotinylated antibody to
10 and 5 min, respectively. The incubation time for the streptavi-
din-coated magnetic beads was reduced to 5 min, on the basis of
the high dissociation rate constant and binding kinetics for biotin-
streptavidin interactions (52).

The relatively high blank values observed in the standard mag-
netic immunodetection protocol can be explained by aggregation
during the preparation of the antibody-functionalized magnetic
beads. Biotinylation typically results in the conjugation of several
biotin residues per antibody, and each bead offers multiple
streptavidin molecules for biotin binding. Therefore, beads can be
cross-linked by multiple biotinylated antibodies, similar to the
aggregation of biotinylated gold nanoparticles and streptavidin
(65). Larger aggregates either would remain in the column or
would pass through slowly, resulting in a stronger background
signal. To prevent aggregation, which leads to the formation of
nonreproducible and undefined complexes, the antibody could be
covalently attached to the magnetic beads. This can be achieved in
a nonspecific manner (e.g., using NHS coupling chemistry) or in a
site-specific manner (e.g., coupling the antibody by its glycan
chains). Even in these cases, the reaction conditions must be
adapted and optimized carefully. However, we chose a different
optimization strategy by developing a sequential protocol in
which the biotinylated secondary antibody was applied to the col-
umn without magnetic beads and the streptavidin-coated mag-
netic beads were applied to the column after a washing step. Free
antibodies were therefore washed through the column, and those
already fixed to the matrix were less likely to aggregate, resulting in
a significantly lower background signal. The accuracy of calibra-
tion was also improved, as shown by the low standard deviation
between repeat measurements. All these improvements increased
the sensitivity of the assay, allowing the detection of viruses at

concentrations of 2 to 10 ng/ml, which is sensitive enough to de-
tect early-stage virus infections (23).

Having demonstrated that the magnetic immunodetection
technology can be used to detect GFLV, we modified the assay for
the detection of two additional model viruses (PVX and TMV)
that also cause significant economic damage. In both cases, the
sequential approach was used and calibration curves with low
blank values were generated. The detection limit for TMV was �2
ng/ml, which is 20-fold lower than the limit for PVX (56 ng/ml),
and indeed, all PVX signals were significantly weaker than those
on the calibration curves for GFLV and TMV. This result may
reflect the comparative binding activities of the three antibodies
because slower binding kinetics would inhibit the capture of the
virus and fewer magnetic beads would accumulate in the column.
It may also reflect the composition of the virus capsid, because
fewer epitopes or the presence of less-accessible epitopes would
also inhibit virus capture. Nevertheless, reliable virus detection
was possible in all three cases, with the magnetic immunodetec-
tion technology having a lower detection limit than the corre-
sponding ELISAs. Furthermore, it was possible to quantify the
virus on the basis of the calibration curve. Even without calibra-
tion, rough quantification was possible on the basis of signal in-
tensity, allowing the grade of infection to be predicted.

Magnetic immunodetection was shown to be suitable for the
rapid and sensitive detection of plant viruses in situ, and unlike
current tests, it is also possible to quantify the concentration of
viruses in plant tissues and therefore determine the grade of infec-
tion. The development and optimization of a sequential approach
reduced the duration of the assay to 28 min, while they increased
the sensitivity up to 17-fold compared to that of the correspond-
ing ELISA. The magnetic immunodetection assay allows the de-
tection of viruses in the ng/ml range; e.g., the detection limit is 6
ng/ml for GFLV and 2.2 ng/ml for TMV. Unlike the ELISA, the
magnetic immunodetection assay does not require special labora-
tory equipment or skilled personnel. Additionally, the assay prin-
ciple can easily be adapted to detect other plant viruses. We there-
fore intend to optimize the assay for fieldwork by simplifying the
sample handling steps and by also using the magnetic beads for the
magnetic separation of target pathogens from inhomogeneous
and contaminated samples. The assay could also be adapted for
the detection of a broad variety of other plant pathogens, in-
cluding bacteria and fungi, and may therefore be transferable
to many further applications in the fields of agricultural bios-
ecurity and food safety. Antibodies against diverse pathogens
are commercially available, and customized assays using these
antibodies could be established with little effort. Additional
fine-tuning and the inclusion of tailored monoclonal antibod-
ies with high affinities for target pathogens could increase the
sensitivity of the assay even further, reducing the limit of de-
tection to approximately 0.5 ng/ml. Furthermore, the simulta-
neous detection of multiple plant pathogens, as recently re-
ported (23), could be achieved by arranging consecutive
matrices coated with different antibodies and adding a readout
that discriminates between the different signals. In this context,
the handheld device could be improved by designing an intui-
tive operating system that provides a direct readout of the
pathogen and state of infection plus recommendations for suit-
able countermeasures. Farmers will be able to check their field
plants routinely without sending samples to qualified labora-
tories because statistical sampling and subsequent on-site anal-
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ysis provide real-time data showing the infection state of field
plants.
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