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Abstract An innovative enzyme-linked immunosorbent as-
say (ELISA) format based on antibody-coated magnetic
micro-particles (MPs) for the sensitive detection of Ara h3/4
allergen in food is described. The immunosupport is
suspended in the incubation solutions and the MPs with the
captured allergen can be easily harvested on a magnet,
separated from the solutions, and washed using an easy-to-
use, fast and selective approach that allows its detection and
quantification. Two differently coated MPs, ProteinA-Pn-b
and MP-NH2-PAMAM G 1.5 -Pn-b immunosupports, were
tested. The functionalization of the MPs with PAMAM-
sodium carboxylate dendrimers elicits a major stability on
the immunoglobulin activity resulting in a threefold en-
hancement of the analytical sensitivity for the assay with
respect to a ProteinA immobilization. Validation was carried
out on two different matrices: corn flakes and biscuits. In the
case of MP-NH2-PAMAM G 1.5 -Pn-b immunosupport,
limit of detection was found to be 0.2 mg peanuts/kg matrix
in both matrices; the linear response range was demonstrated
from 2.5 to 15 mg peanuts/kg matrix by performing
statistical tests (homoscedasticity and Mandel fitting tests).
Good accuracy and recovery (>80±2%) were obtained.
Different food samples were tested and the results were
compared with those obtained with a commercially available
ELISA kit. The results obtained in this work demonstrated
the applicability of the immunomagnetic ELISA methods on
real samples and the possibility to perform the assay with
significantly reduced reagent and sample consumption.
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Introduction

The recognition of hidden allergens in foods still represents a
great analytical challenge to achieve a complete protection of
the foods’ final consumers. ELISA methods have been
traditionally used for the analysis of hidden allergens in food
[1, 2]. However, quantitative results are strongly dependent
on the matrix tested leading to a lack of accuracy that mostly
requires the use of a confirmatory method [3, 4].

Strategies based on sandwich immunoassay require the
immobilization of the affinity probe on solid supports or
substrates for the development of microarrays. Nevertheless,
immobilization or conjugation procedures can adversely
affect the integrity and the functionality of a biologically
active molecule owing to the limitation of its conformational
flexibility [5], thus giving rise to new challenges in the
development of these systems. The conjugation of proteins
or antibodies with macromolecules known as dendrimers [6,
7] has been reported to maintain the biological activity
during immobilization procedures. Since their discovery in
the early 1980s, dendrimers have been recognized as a new
class of branched macromolecules, having an architecture
and chemistry able to determine very different properties
from the conventional linear polymers. Dendrimers are
indeed polymeric nanostructures composed of multiple-
branched monomers that radiate outward from a central core
[8]. Dendrimers represent a really versatile class of mole-
cules with different properties regarding solubility, mono-
dispersity, and functionalization chemistry, with a peculiar
multivalency that has determined the large application of
these architectures in different fields, ranging from drug and
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gene delivery, imaging, and use as bio-mimetic artificial
proteins [9].

Many studies demonstrated that their binding with
biologically active molecules like antibodies can positively
improve the activity of the ligand and enhance sensitivity of
the systems developed with these new conjugates [10-12].
This feature is especially desired when antibodies are used
in a solid phase, for example when they are immobilized
onto surfaces like microarray platforms [13, 14].

In order to develop an innovative ELISA strategy to
detect hidden peanut allergens in foods, we investigated the
effect of the immobilization on magnetic supports of
PAMAM-sodium carboxylate dendrimers conjugated with
monoclonal antibodies directed towards Ara h3/4 peanut
allergen.

Magnetic particle-based ELISA represent an interesting
immunoassay format based on the immobilization of the
antibodies on nano- and micro-particles, as solid support
[15-17]. Among the advantages, magnetic particles present
a good surface coating, can be homogeneously dispersed
in to the sample, and be rapidly isolated by a magnet.
Our group had previously investigated the activation of
magnetic particles functionalized with Protein A from
Staphylococcus aureus with monoclonal antibodies direct-
ed towards Ara h3/4 peanut allergen for the selective
capture of the allergen in food matrices. The selective
enrichment obtained using these immunosupports was
combined with a liquid chromatography–electrospray–
tandem MS (LC-ESI-MS/MS) method for the determina-
tion of two specific biomarker peptides for Ara h3/4
allergen [4].

On the basis of these results, we developed two ELISA
formats. The first one was developed on magnetic particles
presenting on their surface Protein A for antibody binding.
To increase the antibody binding capacity of the solid
supports and preserve the activity of the biological probe, a
second format was generated immobilizing PAMAM-
sodium carboxylate dendrimers on immunosupports. The
terminal groups of the dendrimers were activated to bind
immunoglobulins directed towards Ara h3/4. The anti-
bodies thus immobilized were used to capture the hidden
allergen in different food extracts and the formation of the
immunocomplex was detected by using a second antibody
directed towards peanut allergens and conjugated with
horse-radish peroxidase. The addition of a chromogenic
substrate determined a peculiar absorbance for the solution
used for the quantification of the identified allergen. Hence,
the developed sandwich assay represents a new kind of
ELISAwhere antibodies are captured on magnetic materials
suspended in solution instead of the plates traditionally
used in these assays. Finally, the results were compared
with a commercially available kit for the detection of
peanut traces in foods.

Experimental

Materials

Phosphate buffer and triethanolamine were purchased from
Carlo Erba (Milan, Italy). MES (2-morpholinoethansulfonic
acid), EDC (N-ethyl-N′-(3-dimethylaminopropyl)carbodii-
mide hydrochloride), NHS (N-hydroxy-succinimide), DMP
(dimethyl pimelinediimidate dihydrocholride), Trizma®
hydrochloride, hydroxylamine hydrochloride, Bradford
reagent, bovine serum albumin (BSA), and Tween 20 were
from Sigma Aldrich (St. Louis, MO, USA). All commer-
cially available chemicals were of analytical grade and were
used without further purification. Buffered solutions were
obtained in Milli-Q water (Milli-Q element A10 System,
Millipore, San Francisco, CA, USA).

PAMAM-sodium carboxylate generation 1.5 dendrimer,
1,6-diammino core was purchased from Sigma Aldrich:
linear molecular formula [NH2(CH2)6NH2]:(G1.5); dendri-
PAMAM (NHCH2CH2COONa)16 and MW 2,990.67 Da.
Generation 1.5 (G1.5) dendrimers present on their surfaces
16 sodium carboxylate groups, respectively. The den-
drimers were supplied as a 10% (w/v) solution in methanol
and were stored at −20°C.

The homogeneity of the PAMAM-sodium carboxylate
dendrimers G1.5 was evaluated using a quadrupole-time of
flight Q-TOF Micro (Waters, Milford, MA, USA) mass
spectrometer equipped with a pneumatically assisted ESI
interface. A methanol solution of the PAMAM-dendrimers
was infused in the mass spectrometer and full-scan mass
spectra were acquired in the positive ion mode over the
scan range m/z 90–4,000 using a step size of 0.1 Da.

Anti-Ara h3/4 (Pn-b) monoclonal immunoglobulins G
were obtained using peanuts which were roasted in shell
to prevent molding. Pn-b antibodies were kindly provid-
ed by the Leibniz-Center for Medicine and Biosciences at
the Research Center Borstel (Borstel, Germany) and
prepared as previously published [18]. The antibodies
were purified using PURE-1A kit from Sigma Aldrich,
aliquoted and stored at 4°C. The purified antibodies were
diluted upon usage in buffers suitable for the following
reactions.

A commercial ELISA kit (Veratox® Quantitative Peanut
Allergen Test) specific for peanut allergens was purchased
from Neogen Corporation (Lansing, MI, USA), stored at 4°C
and used following the instructions given by the producers.

Samples

Roasted peanuts and different commercial breakfast cereal
samples (corn flakes, dried fruits and cereal combination
products, biscuits) were purchased at a local food store. The
sample treatment and the ELISA method were developed
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and validated using cereal flakes and biscuits free of
peanuts. In all the other products used to test the method,
peanuts were not present as ingredient and the labeling
“may contain trace of nuts and soy” was reported.

Preparation of functionalized magnetic particles

Magnetizable polystyrene particles were purchased from
Invitrogen Dynal (Oslo, Norway). Magnetic particles are
commercially available with different activation chemistries
on the surface. The analytical procedure was investigated
on two different kinds of magnetic particles, i.e., magnetic
particles functionalized with Protein A from S. aureus and
magnetic particles activated with amino groups on the
surface. Following the instructions given by the producers,
both classes of particles were stored at 4°C until use. All
the reactions for the functionalization were performed at
room temperature with slow tilt agitation, and the isolation
of the particles was obtained using the Dynal®MPC™
magnet (Invitrogen Dynal).

Dynabeads®Protein A (diameter 2.8±0.2 μm, surface
area 3-9 m2/109 particles) covalently coupled with recom-
binant Protein A from S. aureus (MP-ProteinA) were used
to directly immobilize the anti-Ara h3/4 immunoglobulins
(Pn-b) in order to activate the particles for the selective
capture of Ara h3/4 from food extracts. The functionaliza-
tion protocol was modified from the method previously
developed by Careri and co-workers [4]. Briefly, a Pn-b
solution (21 μg/mL in phosphate buffer 100 mM, pH 8.0,
50 μL) was added to a test tube containing 100 μL of pre-
washed MP-Protein A. Incubation was performed for 4 h at
room temperature to allow the binding of the Fc portion of
the immunoglobulin to Protein A. After the isolation of the
immunocomplex, the particles were washed with 1 mL
phosphate buffer 100 mM pH 8.0 and 500 μL triethanol-
amine 200 mM, pH 8.2. To ensure an efficient binding of
the immunoglobulins to the particles, the washed particles
were then incubated for 30 min with 500 μL of a DMP
solution (5.4 mg/mL) in triethanolamine 200 mM pH 8.2.
Cross-linking reaction was quenched adding 1 mL Tris–
HCl solution 50 mM, pH 7.5 for 15 min. The particles were
thus washed three times with 1 mL phosphate buffer
100 mM pH 8.0 with 0.02% Tween 20. To avoid aspecific
binding, the functionalized particles were incubated for 1 h
with BSA (1 mg/mL in phosphate buffer 100 mM, pH 8.0,
100 μl). After the incubation, the washing step with
phosphate buffer and Tween 20 was repeated as reported
above. The MP-ProteinA-Pn-b particles were ready to use.

Dynaparticles®M-270 Amine (diameter 2.8 μm, active
chemical functionality 0.1–0.2 mmol/g) activated on the
surface with a primary amino functionality on a short
hydrophilic linker (MP-NH2), were initially functionalized
with PAMAM-dendrimers of the selected generation and

then Pn-b immunoglobulins were covalently attached to the
carboxy-terminal groups of the dendrimers. A 50-μL
suspension of MP-NH2 were washed three times with
500 μL MES 100 mM pH 5.0; the particles were isolated
through the Dynal®MPC™ and the washing solution was
discarded. A solution containing EDC 31 mM, NHS
78 mM and the PAMAM dendrimer 20 mM (final
incubation volume 50 μL) was added to the test tube and
incubated for 2 h. Amine groups on the surface of the
particles were in this way linked to the carboxylic groups of
the PAMAM dendrimer through the formation of a stable
amide bond. The EDC/NHS reaction was then quenched by
the addition of hydroxylamine (10 mM) for 15 min. The
MP-NH2-PAMAM particles were washed three times with
500 μL MES 100 mM, pH 5.0, incubated for 1 h with BSA
(1 mg/mL in MES 100 mM, pH 5.0,50 μl) to block
unreacted sites and washed three times with 100 μl MES
25 mM, pH 5.0. The functionalization of the particles with
Pn-b was again achieved through the formation of a
covalent amide bond between the carboxylic groups of the
PAMAM dendrimer and the free amino groups of Pn-b
immunoglobulins. The particles were hence incubated for
30 min with a solution containing EDC 130 mM, NHS
215 mM, MES 25 mM, pH 5.0 (50 μL), and 30 min with
Pn-b (21 μg/mL in MES 25 mM, pH 5.0, 50 μL). The
particles were blocked adding 100 μLTris–HCl 50 mM, pH
7.5 for 15 min and washed twice with 500 μL MES
25 mM, pH 5.0. The MP-NH2-PAMAM-Pn-b particles
prepared in this way were ready to use.

Peanut allergens extraction

Peanuts and peanut-containing food extracts were prepared by
adding 10 mL of phosphate buffer 100 mM, pH 8.0 to 1 g of
ground sample. Proteins were extracted following a procedure
previously developed [19]. Briefly, samples were shacked
with a magnetic stirrer for 2 h at 60°C, then the extract was
centrifuged (9500 g, 20 min) and filtered on 0.2 μm nylon
filters before treatment with the magnetic particles. In the
case of Veratox® Quantitative Peanut Allergen Test analysis,
peanut-containing food extracts were prepared following the
instructions given by the producers. All the extracts were
aliquoted and stored at −20°C.

Sample analysis by ELISA

Due to the limited availability of commercial antibodies
directed towards food allergens, the anti-peanut residues
HRP-antibody conjugates supplied with the Veratox® Quan-
titative Peanut Allergen Test were used for the development of
the ELISA method. The substrate KBlue Substrate® (a
stabilized solution containing 3,5,3′,5′-tetramethylbenzidine
and H2O2), the Stop solution and the Wash solution (diluted
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following the instructions given by the producers) supplied
with the test were used for the development of the analytical
strategy in the same quantities specified on the protocol.

Sample extracts (800 μL) were incubated for 3 h at room
temperature either with MP-ProteinA-Pn-b or MP-NH2-
PAMAM-Pn-b particles. After the capture of the Ara h3/4
allergen by the immobilized Pn-b immunoglobulins, the
particles were extensively washed three times with 1 mL
washing solution. The particles were isolated using the
Dynal®MPC™ magnet and were resuspended in 100 μL of
anti-peanut allergen HRP-antibody conjugate and incubated
for 10 min. The washing step was repeated as above. The
particles were then incubated with 100 μL KBlue Substrate®
for 10 min. The particles were isolated on the magnet and the
supernatant was transferred to a new test tube. The Stop
solution (100 μL) was added to block the peroxidase
reaction. The Veratox® Quantitative Peanut Allergen Test
was performed in traditional coated wells supplied with the
test following the procedure suggested by the producers. The
absorbance of the solution was measured at 650 nm using
the UV–visible spectrometer Lambda 25 (PerkinElmer,
Waltham, MA, USA) with quartz cuvettes (0.1 cm light
path, Hellma Italia, Milan, Italy).

Magnetic particle-ELISA method validation

Validation of the whole analytical procedure was performed
on fortified samples of corn flakes and biscuits. For this
purpose, the samples were fortified with different amounts
of ground peanut, mixed and treated with the functionalized
particles after protein extraction and analyzed with the
ELISA procedures developed. The detection limits (LOD)
were calculated as the concentration of peanuts
corresponding to the three times the ratio between the
standard deviation of the blank and the slope of the
regression curve. The limit of quantification (LOQ) was
calculated as the concentration of peanuts corresponding to
the five times the ratio between the standard deviation of
the blank and the slope of the regression curve. The matrix-
matched calibration curve was obtained by analyzing the

corn flakes and biscuit extracts fortified with different
peanut amounts in the 2.5–15 mg peanut/kg matrix range
and treated applying the whole analytical procedure. Linear
regression analysis was done using Microsoft Excel. In
order to satisfy basic requirements such as homoscedastic-
ity and linearity, the Bartlett test and linearity test (Mandel’s
fitting test) were performed at the 95% confidence level.
Precision was calculated in terms of intra-day repeatability
as R.S.D.% on two concentration levels (2.5 and 15 mg
peanut/kg matrix) by analyzing five independent sample
extracts for each level. Trueness was evaluated by evalu-
ating the calibration function of the fundamental analytical
procedure (i.e., peanut aqueous extract diluted at different
concentration levels) and the matrix-matched calibration
curves in the 2.5–15 mg peanuts/kg matrix range. The
matrix-matched calibration curves were obtained by spiking
matrix extracts (i.e., cornflakes and biscuits) with different
concentration of aqueous peanut extracts (five concentration
levels: 2.5, 5, 7.5, 10, and 15 mg peanuts/kg matrix). The
slopes of the calibration curves were compared by performing
a t test at the 95% confidence level.

Recovery was calculated at two different concentration
values (5 and 15 mg peanut/kg matrix, n=3) for both
matrices by adding known amounts of ground peanut to the
sample before extraction.

Results and discussion

Development and validation of the immunomagnetic
Protein A ELISA method

In this study, we immobilized Pn-b antibodies on magnetic
particles to isolate and capture Ara h3/4 allergen in food
extracts and the innovative immunosupports were used as
the solid phase for the development of a new format of
ELISA assay. Selectivity of the monoclonal antibodies (Pn-b)
used in this work had been previously verified in term of
cross-reactivity with different food ingredients using ELISA-
ICP-MS [19, 20].

Homoscedasticity test Mandel test b1±sb1
a b0±sb0

a r2 (n=10)
p (α=0.05)a

ProteinA-Pn-b ELISA

Solvent 0.06 0.09 0.010±0.005 0.020±0.003 0.987

Corn flakes 0.06 0.08 0.013±0.004 0.072±0.003 0.914

Biscuits 0.18 0.12 0.012±0.003 0.033±0.002 0.991

MP-NH2-PAMAM G 1.5 -Pn-b ELISA

Solvent 0.16 0.15 0.032±0.005 0.041±0.004 0.937

Corn flakes 0.13 0.08 0.029±0.004 0.034±0.003 0.978

Biscuits 0.09 0.07 0.030±0.002 0.043±0.002 0.968

Table 1 Solvent and matrix-
matched calibration curves
established in corn flakes and
biscuits extracts (fortified with
peanut prior to extraction in
the 2.5–15 mg/kg range)
using the ProteinA-Pn-b
and MP-NH2-PAMAM G 1.5
-Pn-b ELISA methods

Calibration function: y=b1x +b0
a Confidence level 95%.
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The first attempt to develop the new ELISA format was
made using magnetic particles coated with Protein A from
S. aureus. The concentration of the capture antibodies, the
sample volume and incubation time have been optimized in
a previous work [4].

The performance of the developed ELISA strategy was
evaluated in terms of detection and quantitation limits,
linearity, accuracy (trueness and precision) on peanut aqueous
solution and matrices (i.e., corn flakes and biscuits) and
recovery.

Using external calibration good linearity of the method
was established over about two orders of magnitude for
both solvent and matrices. Linearity was demonstrated by
verifying homoscedasticity over the range tested (Bartlett
test) and by applying the Mandel fitting test (Table 1;
Fig. 3b). The LOD and LOQ resulted 0.8 and 2.4 mg
peanut/kg matrix.

As for trueness, the comparison of the fundamental
calibration curve with the matrix-matched calibration
curves evidenced the absence of systematic proportional
errors (paired t test>0.05). Thus, absence of matrix effects
allows an accurate determination of peanut residues in the
products tested using peanut aqueous solutions.

The method precision assessed at 2.5 and 15 mg peanut/kg
matrix concentration levels was between 7 and 15% (n=5).
Excellent results in terms of recovery were calculated at both
the concentrations tested (Table 2).

Even though these results suggest good method perfor-
mance, taking into account that immobilization of Abs on a
solid support could be affected by wrong orientation and
diminished immunoreactivity, in order to improve the biolog-
ical activity of the capture antibodies, we tried to develop a

Table 2 Extraction recovery obtained by using the ProteinA-Pn-b and
MP-NH2-PAMAM G 1.5 -Pn-b ELISA methods on corn flakes and
biscuits matrices fortified at two different concentration levels

Recovery % (n=3)

5mg/kg 15mg/kg

ProteinA-Pn-b ELISA

Corn flakes 80±2 95±7

Biscuits 94±3 93±9

MP-NH2-PAMAM G 1.5 -Pn-b ELISA

Corn flakes 84±5 84±5

Biscuits 114±6 114±6

Fig. 1 ESI-Q-TOF-MS full-scan mass spectrum of PAMAM-sodium
carboxylate dendrimer (+3 charge state), ethylenediamine core,
generation 1.5. Molecular Formula [NH2(CH2)6NH2]; dendriPA-
MAM(NHCH2CH2COONa)16. Molecular weight 2934.56 Fig. 2 Scheme of the MP-NH2-PAMAM functionalization protocol
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second ELISA method. For this purpose, magnetic particles
functionalized with –NH2 end groups able to covalently
bound PAMAM-sodium carboxylate dendrimers were used.

Development and validation of the immunomagnetic
PAMAM dendrimer ELISA method

PAMAM-sodium carboxylate dendrimers were chosen for
their high solubility in aqueous solutions that makes them

suitable reagents to be used in combination with biological
molecules.

A monodisperse dendrimer with good homogeneity in
the number of ramifications and unique molecular weight is
required for the development of a precise and accurate
analytical strategy. The ESI-MS measurements on
PAMAM-dendrimers G1.5 demonstrated a narrow mass
distribution and thus the suitability of the dendrimer to be
used for the MP coating (Fig. 1).

Fig. 3 Curves dose–response established in corn flakes and biscuits extracts, respectively, (fortified with peanut prior to extraction in the 2.5–
20 mg/kg range) using the (a, b) ProteinA-Pn-b and (c, d) MP-NH2-PAMAM G 1.5 -Pn-b ELISA methods

Table 3 Quantitative analysis of peanut in different commercial foods by using the ProteinA-Pn-b, MP-NH2-PAMAM G 1.5 -Pn-b
immunosupports and the Veratox® Quantitative Peanut Allergen Test (n=3)

Sample ProteinA-Pn-b ELISA MP-NH2-PAMAM G 1.5 -Pn-b ELISA Veratox® Quantitative Peanut Allergen ELISA test

Muesli 1 21.9±0.2 23±1 22±2

Muesli 2 – – –

Muesli 3 15.2±0.8 14.6±0.4 19±2

Muesli 4 – – –

Muesli 5 – – –

Biscuits 1 – – –

Biscuits 2 – – –

Biscuits 3 9±2 11.4±0.6 12.9±1.5

Biscuits 4 – – –

− not detected
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The chosen dendrimers were attached to MPs using a
molar excess of EDC and NHS. The formation of an amine-
reactive intermediate on the carboxylic terminal groups of
the dendrimers resulted in the formation of a covalent amidic
bond with the amino groups present on the surface of the
particles. Addition of NHS was necessary to stabilize the
intermediate in the aqueous solution avoiding hydrolysis side
reactions [14]. The same kind of activating chemistry was
used to link the free amino groups of immunoglobulins to
the terminal groups of PAMAM-dendrimers. PAMAM-
sodium carboxylate dendrimers G 1.5 presenting 16 carbox-
ylate groups on the surface was used.

Different quantities of Pn-b antibodies (0.5, 1.2, and
13 mg) to coat the PAMAM functionalized particles were
tested. The functionalization of the system MP-NH2-
PAMAM with the lowest Pn-b quantity resulted in an
inefficient binding capability of the immobilized affinity
reagents for the capture of Ara h3/4 hidden allergen giving
low absorbance values at 650 nm. By contrast, there was no
difference in the curves obtained with the highest antibody
quantity with respect to 1.2 mg Pn-b. Both the quantities
tested gave the same trend in the absorbance at 650 nm
suggesting the saturation of the PAMAM-dendrimers
binding sites or a loss in biological activity due to steric
hindrance when too many antibodies are bound to the solid
phase. On the basis of these findings, we decided to
investigate the system functionalized with the intermediate
antibody amount (1.2 mg). The final protocol developed is
presented in Fig. 2.

Initially, the ELISA experiments were carried out both in
the absence or in the presence of PAMAM-dendrimers
G1.5, without the functionalization with Pn-b. The results
showed a baseline absorbance at 650 nm suggesting the
absence of aspecific binding.

A good linearity for the developed ELISA method was
established using aqueous peanut extracts in the 2.5 to
15 mg/L concentration range (Table 1). In this case, by
using the dendrimer coated MPs the slope resulted approxi-
mately threefold higher than that obtained with the Protein A
coated MPs (Fig. 3b). This result can be explained with an
increased immunoreactivity of the antibodies when they are
bound to dendrimers and immobilized on a solid phase.

Linearity of the matrix-matched calibration curves was
demonstrated in the same range reported for the previous
method (Table 1). The LOD and LOQ resulted 0.2 and
0.9 mg/kg matrix for both matrices, evidencing that the use
of dendrimer support allows to obtain a threefold increase of
sensitivity with respect the Protein A-based method. As for
trueness, the slopes obtained for both matrices using peanut
aqueous solutions as control were not significantly different
(paired t test>0.05) suggesting the absence of systematic
matrix effects or bias. Excellent precision in terms of intra-
day repeatability was calculated providing RSD% in the 3.4–

10% (n=5) range. Good recovery ranging from 84±5% to
114±6% were obtained as reported on Table 2.

Sample analysis

Different commercial samples of cereals and biscuits were
analyzed by using the ProteinA-Pn-b and MP-NH2-
PAMAM G 1.5 -Pn-b immunosupports. The results were
then compared with those obtained with the Veratox®
Quantitative Peanut Allergen Test from Neogen Corpora-
tion (Table 3). This commercially available kit is useful
for the analysis of peanut residues in food matrices in the
2.5 and 25 mg peanut/kg matrix range with a LOD value
of 2.5 ppm as described in the protocol supplied by the
producers. Among the samples investigated, residues of
peanuts were detected and quantified in two cereal
samples (dried fruits and cereal mix). Even if in one of
the positive samples the Veratox® test provided a slightly
higher peanut concentration value, in general the ELISA
methods provided comparable results in terms of qualitative
and quantitative analysis, proving the applicability of the
proposed methods to the detection of hidden peanut allergens
in these matrices.

Conclusions

In this work, we developed a new ELISA format based on
antibody-dendrimer-conjugated MPs. The immunosupport is
suspended in the incubation solutions instead of a traditional
plate and the major advantage of this format is that the
magnetic particles with the captured allergens can be easily
harvested on a magnet, separated from the solutions, and
washed with an easy-to-use, fast, and selective approach that
allow its detection and quantification.

In addition, the functionalization of the MPs with
PAMAM-sodium carboxylate dendrimers G 1.5 elicit a
major stability on the immunoglobulin activity resulting in
an enhancement of the analytical sensitivity for the assay
with respect to a traditional immobilization.

Acknowledgments The Project was funded by the Italian Ministry
for the University and Research (MUR) with the Project n.
RBIP06SXMR “Sviluppo di metodologie innovative per l’analisi di
prodotti agroalimentari” and by Laboratorio Regionale SITEIA
(PRRIITT Misura 4 “Sviluppo di rete”, Azione A—Laboratori di
ricerca e trasferimento tecnologico, DGR n. 1853/07).

References

1. Holzhauser T, Stephan O, Vieths S (2002) J Agric Food Chem
50:5808

2. Stephan O, Vieths S (2004) J Agric Food Chem 52:3754

Magnetic particles with PAMAM-dendrimers and antibodies 3041



3. Goodwin P.R. PR (2004) J AOAC Int 87:1383
4. Careri M, Elviri L, Boquett JL, Mangia A, Speroni F, Terenghi M

(2008) J Chromatogr A 1206:89
5. Prieto-Simon B, Campas M, Marty JL, Prot JL (2008) Pept Letters

15:757
6. Denkewalter RG, Kolc JF, Lukasavage WJ, US WJ (1981) Patent

4 289:872
7. Tomalia DA, Naylor AM, Goddard WA III (1990) Angew Chem

Int Ed Engl 29:138
8. Lee CC, MacKay JA, Fréchet JMJ, Szoka FC (2005) Nat Biotech

23:1517
9. Svenson S, Tomalia DA (2005) Adv Drug Deliv Rev 15:2106

10. Singh P, Moll F III, Lin SH, Ferzli C, Yu KS, Koski RK, Saul RG,
Cronin P (1845) Clin Chem 1994:40

11. Singh P (1998) Bioconjug Chem 9:54

12. Wängler C, Moldenhauer G, Eisenhut M, Haberkorn U, Mier W
(2008) Bioconjug Chem 19:813

13. Pathak S, Singh AK, McElhanon JR, Dentinger PM (2004)
Langmuir 20:6075

14. Ajikumar PK, Ng JK, Tang YC, Lee JY, Stephanopoulos G, Too
HP (2007) Langmuir 23:5670

15. Hu Y, Shen GQ, Zhu HL (2010) J Agric Food Chem 58:2801
16. Xiao Q, Li HF, Hu GM (2009) Clin Biochem 42:1461
17. Tudorache M, Bala C (2008) Sensors 8:7571
18. Uhlemann L, Becker WM, Schlaak M, Ernahrungswiss Z (1993)

32: 139
19. Careri M, Costa A, Elviri L, Lagos JB, Mangia A, Terenghi M et

al (2007) Anal Bioanal Chem 389:1901
20. Careri M, Elviri L, Mangia A, Mucchino C (2007) Anal Bioanal

Chem 387:1851

3042 F. Speroni et al.


	Magnetic...
	Abstract
	Introduction
	Experimental
	Materials
	Samples
	Preparation of functionalized magnetic particles
	Peanut allergens extraction
	Sample analysis by ELISA
	Magnetic particle-ELISA method validation

	Results and discussion
	Development and validation of the immunomagnetic Protein A ELISA method
	Development and validation of the immunomagnetic PAMAM dendrimer ELISA method
	Sample analysis

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


