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Abstraﬁt Detection of allergen protein Hev bl was performed using an imprinted surface
layer combined with a quartz crystal microbalance (QCM) transducer, allowing label-free
~ measurements. Copolymers made from methacrylic acid-vinylpyrrolidone-dihydroxyethylene
bisacrylamide are soluble in aqueous solution and deveid of denatured profein. When
deposited as a coating ontoc QCM, such materials lead to sensors showing frequency
- responses clearly dependent on the concentration of the latex protein (10 to 1000 pg L. An
excellent dynamic range olf. the quartz crystal microbalance sensor response is observed, with
a detection limit of 1 pg L_'l. The functionalized polymers showed a high recognition with
good selectivity for the template. They can be applied to distinguish latex allergen Hev bl
from such analogues as lysozyme, ovalbumin and bovine serum albumin, with selectivity
factors of two to four, and the response of the rubber elongation factors by an astonishing
factor of twelve. The ability of this analytical procedure to detect allergen.proteins gives a

recovery of 97-105 + 5%. This sensor provides a fast and reliable response to natural rubber

latex protein, even in real matrices obtained by extracting rubber gloves.

Keywords Rubber elongation factor - Allergen protein - Molecularly imprinted polymers -

Surface imprinting - Quartz crystal microbalance



Introduction

The complex machinery of protein biomolecules arises from their supramolecular nature [1];
that has been naturally selected in a conformation that allows it to perform a particular task.
Proteins do not function as static entities but engage in functional motions .and interactions
both within and between molecules; this aliows them to achieve their function. As structures
become elucidated significant insights are provided that could not be acquired from the
examination of amino acid sequences alone, and an emerging view is that the knowledge of
structure alone méy not, in many cases, be sufficient for assessing the chemical nature of
their natural function. Templated polymerization of proteins on polymers, for recognition,
provides enormous possibilities for the study of structure, conformation, assembly and
physicochcmicgl properties of proteins [2, 3]. Selectivity achieved from templating a
polymer. material with a protein of interest can also be used for separation and chemical
sensor applications [4, 5]. Molecularly imprinted polymers (MIPs) are biomimetic materials
used for sensitive imprinting conditions, such as the selective detection of various.chemical
compounds and biomolecules [6, 7]. Most molecularly imprinted IS)‘fstems created for protein
recognition contain components of the synthesized potymer in highly crosslinked polymer
networks, and thus there are few methods avatlable for extraction of these proteins from
complex matricés. A surface imprinting approach has been suggested by Mosbach and
coworkers [8]. In this study, surface imprinting for the recognition of proteins provides the
advantages of fast rebinding kinetics. It is possible to construct an optimum adsorption site
by self-organization, so the method requires a functional monomer with high interaction with
proteins.- A number of different approaches have been proposed for imprinting proteins on
polymers in order to solve the problems of template removal and slow protein migration
during the rebinding process. Other techniques have also evolved to produce the recognition

sites of proteins for polymers, including epitope imprinting {9] and imprinted polymer arrays



[10], protein crystal imprinting [11] and protein imprinting that employs grafting a polymer

brush [12}.

The fubber elongation factor Hev bl is a protein with an 138 amino acid sequence that
belongs to the REF (rubber elongation factor)/SRPP (small rubber particle protein} family,
aﬁd contains a HLA-DR4Dw4-binding motif [13]. Hev bl has been identified as a 14.6 kDa
water-insoluble pfotein on rubber particles of natural rubber latex (NRL), and niay be part of
the rubber biosynthesis machinery that plays a role in rubber elongétion in Hevea
brasiliensis. Tq date, more than thirty significant allergens in NRL have been described, and
Hev b2, Hev b5, Hev b6 and Hev b13 together and Hev b6 with Hev bl or 3 are common
allergen in health carc workers and patients with spina bifida {14]. Hev bl was demonstrated
to be the dominant allergen in manufactured latex gloves [15]. When exposed to allergenic
proteins, allergi'c\reactions to rubber latex can occur, particularly among healthcare workers,
even causing death through anaphylactic shock. Chemical processes may reduce the amount
of natura]l rubber latex proteins, and while not completély hypoallergenic, do provide
lessened exposure to latex allergens. Numerous studies have mostly investigated the
immunology of rubber allergy proteins [16, 17]. Hev bl, recognized as severely allergenic, is
of great concern to allergic persons and hence for biomedical chemists who are performing
research regarding new detecting methods. Besides, determination of the functional structure
and resulting physicochemical properties of the allergen detection of the remnants of
industrial additives in NRL finished products, which are responsible for the allergic reactions,

would be of great biomedical interest and have advantageous implications.

Many of the quantitative methods for measuring the total protein content of the
allergenicity of NRL products have several drawbacks. The Buret method is relatively
insensitive to amino acid composition since it relies on reaction with peptide bonds. This

method involves the reaction of compounds containing several peptide bonds with Cu** under
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alkaline conditibns to form a violet-coloured species. The sensitivity of the Buret method can
be increésed by the _addition of the Folin-Ciocalteau reagent which is the basis of the
celebrated Lowry assay [18]. Protein levels in gloves are usually determined using a
modified Lowry assay (ASTM D5712) [19]. However, the disadvantages of the Lowry assay
are that it takes longer and the colour is unstable — it depends on the tyrosine and tryptophan
content, and mercapto-compounds interfere with the assay. The Bicinchoninic acid assay
(BCA) method is very popular;.- it relies on the production of Cu® which in this case is
converted into a violet-colored substance by reaction with bicinchonate [20]. NRL glove
protein levels can also be assessed using immunological assays such as the LEAP latex
ELISA for antigenic proteins (LEAP), enzyme .link immuno sorbent assay (ELISA) or RAST
(radioallergo sorbent test) inhibition assay. LEAP has a chemical interference by surfactant -
chemicals _in latex glove product, which tends to decrease the amount of glove protein
binding and thus result in underdetection of protein antigens. The ELISA-inhibition latex
antigen_ test can reduce the variability and surfactant interferences inherent in the LEAP
assay, and thus is a sensitive and reproducible method for determination of rubber latex
allergenic proteins and can be standardized as an approved ASTM Standard Test Method
(ASTM 1999) [20]. In most cases, detection of aliergen protein is based on LEAP and
ELISA [18, 21]. These éssays use anti-NRL antibodies to detect the antigenic protein.
However, none of the above assays demonstrate consistent quantification of known NRL
allergens or total proteins. All have practical limitations in their sensitivity, repeatability,
and/or precision. The commercial diagnostic test kit, based on the enzyme immunometric
assay technique with the use of specific monoclonal antibodies can also be used to determine

~ the specific allergen levels in the gloves [22].

In the present work, the molecular imprinting technique provided the possibilities for

fabrication of artificial receptors with predstermined selectivity for recognition by employing
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- the proteins of interest as binding—éite—forming templates. For this, we applied a protein
stamp incorporating a s'urfacé-_impri.ntcd thin layer on a transducer of a quartz crystzﬂ
microbalance (QCM}) sensor, whereby fhe natural counterparts and geometric conformation
are transferred from a templating protein to a polymer network. A quartz crystal
microbalance (QCM) measures a mass by detecting t=h6 change in resonance frequency of a
quartz crystal resonator {23). The resonance is disturbed by the addition or removal of a small
mass at the surface of the acoustic resonator. Frequency measurements are easily made to a
high pfecision; thus it is easy to measure mass densities down to a level of below 1 ng/em’
123]. ‘The QCM 1is a simple, cost effective, high-resolution rﬁass sensing technique based
upon the piezoelectﬁc effcct. This technique provides a wide detection range: from small
molecules or polymer films to much larger masses deposited on the surface. These can be
complex arrays of biopolymers and bio-macromolecules. We aimed to produce the sensor
devices to determine allergen proteins in the complex matrix of NRL glove. The
measurement of allergcn protein with MIP-based QCM sensor may also provide a means for
determining the biofunctional structure and physicochemical properties at a nanoscale level
_of the target protein described above. After adsorption on a gold electrode, the binding of the
proteins was measured with a QCM. According to Sauerbrey’s equation the frequency
decreases with the incrcase of mass on the electrode, and this allows for the examination of

hevein latex proteins interacting with the surrounding environment.

Here, we have prepared a Hev bl surface-imprinted polymer coating onto the QCM,
and developed a QCM sensor assay for the quantitative detection of rubber latex allergen
protein Hev bl with high sensitivity and selectivity. Hev bl (remaining in the finished
product of gloves) was used as the template molecule for imprinting on the polymer.
Moreover, we have investigated the influence of polymer components and experimental

parameters for an effective sensor response of the prepared MIP thin-films in aquecus media.
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We have developed and eva.luated the éross-scléctivity of Hev bl protein moleculérly
imprinted polymers that are specific for particular binding species. Hev bl protein derived
naturally was employed as the other protein template. In addition, we determined the
analytical characteristics of the MiP-based QCM sensor for detection .of the allergenic
proteins in spiked samples and applied the Hev bl assessment by the newly developed MIP-

QCM sensor method to real-life sainples.

Experimental

Chemicals and materials

Acrylamide (ACM); I-vinyl-2-pyrrolidone (NVP), methacrylic acid (MAA), NN -methylene
bisacrylamide (MBA), NN -(1,2-dihydroxyethylene)bisacrylamide (DHEBA), sodium
dodecyl sulfate (SDS), Triton X-100 and Tris-HCl were obtained from Aldrich Chemical
Company (Milwaukee, W1, USA). 2,2 -Azobisisobutyronitrile (AIBN) was purchased from
Janssen Chimica (Geel, Belgium). Lysozyme, ovalbumin and bovine serum albumin (BSA)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rubber latex was obtained from
commercial rubber latex, in Songkla, Thailand, which was chilled in an iccbox, brought to the
laboratory and processed at a temperature of 2-4 °C. Cellulose dialysis bags with a MWCO

of 3,700 Da were purchased from Sigma (St. Louis, MO, USA). All solvents used were of

analytical-reagent grade.

‘Protein extraction

All other allergenic proteins extracted from [atex mattresses made from rubber tree latex are
termed the blanket (L). The extractable Hev bl protein in medical gloves is termed the
blanket (G). Hev bl (14.6 kDa), Hev b2 (35 kDa) and Hev b3 (23 kDa) were isolated from

rubber latex by a protocol similar to that described previously [24]: Briefly, fresh rubber
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latex was centrifuged in a L-100 XP Beckman high-speed centrifuge at 60,000 g at 4 °C for
45 min, and the aqueous phase (the C serum) was removed. The small rubber particles
present in fresh latex were obtained from zone 2 of the rubber cream after centrifugation for 2
h. These rubber particles, that contain relatively large amounts of Hev bl (L) and Hev b3 (L)
protein, were washed, resuspended in 30% sucrose, and recovered by centrifugation. The
proteins on the surfaces of the rubber articles were then solubilized and extracted by adding
an equal weight of detergent, composed of 0.1% Triton-X 100 and 1% SDS, to the rubber
cream. The mixture was centrifuged to obtain the supernatant, which contained solubtlized
Hev bl (L) and Hev b3 (L). Crude protein was dialyzed against several changes of distilled
water and lyophilized. The protein extract was purified by gel permeation chromatography on
a Sephacryl™ 5-100 column (1.5 x 64 em, Pharmacia) using 50 mM phosphate buffer, pH
7.4, containing 0.1% SDS and 0.15 M NaCl at a flow rate of 1 mL/min. Protein elution was
monitored by measuring the absorbance at 280 nm. The collected fractions were
concentrated and analyzed by 15% SDS-PAGE with Coomassie staining. The sequence of
the allergenic proteins was confirmed using an Ultraflex III MALDI TOF/TOF (Bruker
Daitonik, Bremen, Germany) mass spectrometer by using data processing in the MALDI-MS
Data Explorer software [25]. The MALDI-MS data were blasted against the Mascot
proteomics database. Mascot Score Histogram Protein score is -10*Log(P), where P is the
probability that the observed match is a random event. Protein scores were found to greater
than 70% (p<0.05}. In addition, the collected bottom fraction was washed three times with
isotonic buffer and recovered by centrifugation. The rubber particles in the bottom membrane
fractions were extracted with a mixture of 50 mM Tris-HCI, pH 7.4, and 0.2% Triton X-100.
The crude extract was centrifuged to obtain the supernatant containing Hev b2 (L). Proteins
in the collected fractions were precipitated by addition of ice-cold acetone and recovered by
centrifugation. The sample was dialyzed through a cellulose dialysis bag against distilled

water, and lyophilized and purified as described above.
10



Hev bl {(G) was obtained from natural rubber latex gloves, as described previously
[24). Briefly, the gloves were cut into small pieces and extracted with 0.2 M phosphate
buffer pH 7.4 containing 0.5% SDS. The mixture was centrifuged and the crude filtrate was
dialyzed with several changes of distilled water. The extracted protein was purified and
analyzed in the same way as for the proteins from natural rubber latex. The protein was

lyophilized for use as purified Hev bl (G} for surface imprinting of proteins onto polymers.

QCM

The imprinting was performed on quartz crystal microbalances with two-electrode geometry.
One electrode is incorporated with the imprinted polymer layer and the other one is a blank
control electrode of the non-imprinted control polymer, which was prepared with the
template molecule omitted. The former is used as a measuring electrode and the latter is a
reference for eliminating unspecific effects such as temperature changes or changes in
viscosity. Dual electrode geometries were screen printed (brilliant gold paste, GGP 2093 -
12%, from Heraeus, Germany) onto quartz discs (10 MHz, AT-cut, 15.5 mm diameter) and
burned-in at 420 °C overnight. Electrodes oriented toward the aqueous phase were grounded
and 5 mm in diameter, whereas electrodes oriented to the gas phase were 4 mm in diameter,

as previously reported [26].

Sensor layers

Molecularly imprinted and corresponding non-tmprinted pelymer film layers coated on the
QCM celectrodes were created following a common protocol for MIP synthesis {27).
Monomers were MAA, NVP and ACM at an 8:2 mole ratio, in respect to crosslinker to

crosslinker 2 mole as the monofunctional monomeric reagents. In a difunctional
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polymerization process, 6 mol of MAA was added to 2 mol of NVP or ACM, or 6 mol of
ACM was added to 2 mol of NVP, along with the crosslinking monomer (2 mol}. Their

molecular structures are shown in Fig, 1.

'y i o
< A, o
I-Vinyl-2-pynolidone (NVP)  Actylamide (ACM)  Methacrylic acid (MAA)
o] 0
\)l\ﬂ/‘\n/lv
H H
NAN-Mcthylene bisactylamide (MBA)

™

o oy H

NN-(1,2-Dikydroxyethylene bisactylamide (DHEBA)

Fig. 1. Chemical structures of functional monomers and crosslinking monomers used in this
study.

A typical monomer solution preparation would consist of dissolving 0.7 mmol of the chosen
monomer together with 0.15 mmol of crosslinker in 800 pL of distilled water as a porogen
solvent. The initiator (1% w/w) was then added to the above solution. The mixture was
sparged with nitrogen for 30 s to remove any dissolved oxygen. For preparation of the MIP
films, polymer coatings with different monomer solutions were polymerized up to the gel
point in a water bath at 70 °C for 15 min. The viscous pre-polymer was spin-coated onto a
QCM electrode at 3,000 rpm just prior to surface imprinting. The procedure for loading of
proteins onto the stamp was as follows: the glass substrate for the protein stamp was cleaned
with detergent and solvent, and a 5 pL sample of 100 pg mL"' protein in 0.1 mM phosphate
buffer solution (pH 7.4) was spread on the glass substrate and dried in an incubator for 2 h at

25 °C. The final stamp was pressed into the pre-polymerized coating localized on the
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electrodes of a QCM. Polymerization was carried out at room temperature (25 + 1 °C)
overnight under UV light at 254 nm in a nitrogen atmosphere. Both templates and stamps
were Washed by incubation with distilled water at 40 °C for 30 min, and the residual adhered

protein template washed off with three portions of 100 mL of distilled water at room

temperature (25 + 1 °C).

AFM measurements

Atomic force microscopy (AFM) measurements were performed on a Veeco Nanoscope [Va
system with Veeco SNL-10 silicone tips with a spring constant of 40 N/m and an onset
pressure corresponding to a differential signal of 1 V on the photo diode. The topography and
phase images of the pr.ot.ein étamps and polymer films were obtained by contact mode AFM
at a scan rate of 1 Hz under ambient laberatory conditions. The thickness of the films was

determined by scratching with a needle and measuring the depth of the scratches using an

AFM.

QCM assays with imprinted polymers

The coated quartz electrode was mounted in a self-made measuring cell of 250 pL volume
and thermostatted at 25 °C. Home-built oscillator circuits and self-programmed frequency
readout and processing software were used. Oscillator frequency was measured by means of
an HP 53131A frequency counter, and the responses of the oscillator circuit were checked by
means of a network analyzer (HP 8572C) to record damping and phase spectra. Sensor
experiments were performed using a stopped-flow system. The coated QCM devices were
first stabilized in 0.1 mM phosphate buffer solution (pH 7.4), and a steady resonant frequency

was obtained at room temperature (25 + 1 °C). The frequency shift responses of QCM' with
13



the prepared imprinted and non-imprinted polymers were measured when exposed to Hev bl
(G) solution at an initial concentration. The experimental parameters (background solution,
medilim pH, polymerization temperature} that enable _the optimal interaction of Hev bl (G)-
MIP with the template species were identified with regard to the response to Hev bl (G),
using the optimized polymer at the initial concentration of the analyte. The sensitivity of the
Hev bl (G)-MIP-based.ser_lsor was measured as a function of the changes in frequency shift
of the polymer upon exposure to Hev bl (G) with concentrations ranging from 10 to 2000 ug
L' The cross-reactivity of the imprinted polymers was examined by comparing the
frequency shift res.ponse of protein analogues to the frequency shift response of the template.
The protein template was considered to give 100% selectivity and all other proteins were

related to this value. Every experiment was repeated three times at room temperature (25 + 1

°C).

Analysis of Iatex extracts and gloves

Quantitative analysis of the target analyte in the extracts of the latex articles and glove
samples was achieved by a Hev bl (G) sensor using optimized sensor conditions. A latex
extract was obtained from commercial rubber latex in Songkla, Thailand, from which protein
was extracted according to the procedures mentioned above. A latex examination glove was
cut-into small pieces and assayed for the target analyte by the QCM method. The crude
proteins from rubber latex and glove extracts were analyzed by a MIP-QCM-assay-protocol.
For this purpose, 1 g of the solid powder (or 4 g of the glove extracts) spiked with Hev b1 (G)
standards was extracted according the procedure previously described for Hev bl (G).
Spiked samples of allergen protein (250, 500, and 1000 pg L"), used in recovery studies,
were prepared by adding the appropriate volume of a Hev bl (G) standard solution to an

_ extract of a matrix sample from a latex glove, resulting in a final volume of 15 mL. A
14



extract of a matrix sample from a latex glove, resulting in a final volume of 15 mL. A -
calibration curve was prepared by dissolving Hev bl (G) in 0.1 mM phosphate buffer, pH
7.4, to obtain solutions having Hev b1 (G) of between 10-1000 pg L', and then comparing
them to that measured for Hev bl (G) in the spiked samples. Every experiment was carried

out in triplicate on any particular day of experimentation.

Results and discussion

Protein stamp and imprints

| Dfm F

| Electrod"e

Electrode

Electrode

Fig. 2. Schematic representation of the surface-imprinted polymer deposited onto a gold-
coated QCM electrode for recognition of a protein.

The schematic representation of a preparation of allergen proteins surface-imprinted polymer
coating on a QCM electrode is depicted in Fig. 2. The initial evaluation was examined with a

selective layer fabricated by the prepolymerization of MAA-NVP-DHEBA. Polymer based
15



on (MAA-NVP-DHEBA) copolymer can be prepared in aqueous solution and initiated
radically, which can be devoid of denatured protein. Thus, the Hev bl (G) stamp was aligned
and brought into the spin-coated pre-polymer layer by pressing with constant force
throughout the stamp. The pre-polymerized materials were polymerized photochemically in
the presence of a radical initiator. After washing, the template proteins have been eliminated
from the templated (MAA-NVP-DHEBA crosslinked) polymer structures, but retain
imitating geometrical features of Hev bl. The oriented Hev bl (G) patterns on the stamp
were observed at different protein contents. The development of compact islands of 3 nm
height after drying and attributed to an aggregated monolayer, were observed on the stamp
surface when the concentration of the protein was applied as described in the “Experimental”
section. The packing density and orientation of Hev bl (G} on drying can be seen in Fig. 3a.
The lateral width of an island of dry Hev bl (G) on the glass substrate is 135410 nm. The
Hev bl (G) column-like islands are most likely assemblies that maintain their adsorbed
orientation on drying. Fig. 3b shows the surface of a non-imprinted polymer layer that has
been synthesized from the same monomer mixture as the MIPs. Spin coating, in this case,
leads to flat surfaces and surface roughness of the layers of approximately of 30 nm. After
washing, the template proteins have been eliminated from the templated (MAA-NVA-
DHEBA crosslinked) polymer structures, but retain imitating geometrical features of Hev bl
(G). Fig. 3¢ .shows the topographic AFM image of gold electrodes coated with a Hev bl (G)-
MIP film layer. The difference toward the NIP material is clearly shown: the surface
roughness is higher and reaches a level of 70 nm, with the diameters of individual hollows of
about 130 nm. The size of the original Hev bl (G) are retained in the polymer matrix; this is

a strong indication of surface imprinting.
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Fig. 3. Topographic AFM images of (a) Hev bl (G) self-assembled on a surface, (b) non-
imprinted polymer, and (c¢) Hev bl (G) surface-imprinted of poly(MAA-co-NVP-co-
DHEBA) deposited onto a gold-coated QCM crystal. Positions of imprints sites are marked
by dashed circles and continuous line circles are cavities containing a Hev bl (G).
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Effect of layer thickness

In this study, the effect of the layer thickness on the frequency shift response of the sensor
upon exposure to Hev bl (G) (2 mg L'y was investigated with different layer-heights of the
imprinted (MAA-NVA-DHEBA crosslinked) pﬁlymer coated on the QCM electrodes in a
range of 80-240 nm. The sensor plot in Fig. 4 shows an increase with increasing layer
thickness of the MIP film due to the adsorption of proteins. The response frequency of the
sensor reached a plateau level at about 160 nm layer thickness of the MIP film. The possible
explanation for this fall-off in binding may be conformational changes of the layer or may be
due to irreversible binding between the polymer and the template due to geometrical

restrictions and probably to high numbers of hydrogen bonds.
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Fig. 4. Effect of imprinted layer height on frequency shift of Hev bl (G)-imprinted coated
QCM exposed to Hev bl (G) at a concentration level of 2 mg L.

Optimization of polymer compositions

To achieve highly selective recognition of the target analyte, the influence of polymer

components on the sensor response (frequency shift) of Hev bl (G)-MIP-based QCM with a
' 18



layer height of 206 nm was studied, using corréspbnding nén—imprinted poiymer film layers
as a reference channel. Hev bl (G)-imprinted sensor thin-films on QCM were prepared by
using a single functional monomer or combinations of two different functional monomers
with a fixed crosslinking concentration. DHEBA and MBA were chosen as crosslinking
agents for surface imprintiné of Hev bl (G) via a non-covalent approach, as they ;:ould
minimize the non-specific interactién forces between protein and polymer in order to achieve
reasonable adhesive properties of the polymer from the solvent. A\s shown in Fig. 5, a MAA
monofunctional polymer gives a frequency shift response to Hev bl (G) higher than the NVP
monofunctional polymer or even higher than the ACM monofunctional polymer, prepared
using DHEBA as a cross]inicer. For the monofunctional polymers with a melar ratio of 8:1,
an excess of the functional monomer with respect to the template yielded higher non-specific
affinity. Generally the proper molar ratios of functional monomers to template are very
important to enhanée the specific affinity of polymers and the numbers of MIP recognition
sites. High ratios of functional monomer to template results in high non-specific affinity,
while low ratios produce.fewer-complications due to insufficient functional groups. So, the
difunctional polymers were studied for sensor effects on QCM measurements, by combining
the MAA, or ACM with another functional monomer at a molar ratio of 6:2. QCM with MIP
prepared with MAA-NVP monomers giv‘es a high frequency response for Hev bt (G) with an
astonishing minor unspecific effect with respect to other MIPs (Fig. 5). The polymer
functionality of the MAA-ACM copolymer is likely to interact with protein via hydrogen
bonding, that leads to a high sensor effect similar to that of a monofunctional MAA polymer
but with selectivity factors of less than 2 toward Hev bl (G). When ACM is combined with
NVP monomer, the effect of either the MIP or NIP thin-films on the. QCM sensor was lower
than that of a single ACM monomer. Polymer functionality of the ACM-NVP copolymer is
neutral in an aqueous solution, providing much less frequency response of the imprinted

sensor and a very low selectivity. A considerably higher mass-loading capacity can be
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achieved with the MAA-NVP copolymer, which is a polymer capable of not only highly
selective recognition of the target analyté but also having good kinetic parameters. The
piezoelectric frequency response improvément and optimization of the imprinted polymer
ﬁlm. layer can be accounted for by the functionality and hydrophilic nature of such a
functional monomer. In this case, the functional monomer MAA provides electrostatic
interaction and a greater amount of hydrogén monomer bonding in the polymer networks.
Owing to the strong hydrogen bond forming capability of NVP, it is able to enhance
mechanical properties and surface wetting propertics of a polymer that stabilizes the inclusion

of protein in the MIP and stabilizes the protein conformation after attachment [28].

When the selectivity of the Hev bl (G)-MIP prepared with MAA and NVP functional
monomers with DHEBA and MBA as crosslinkers was determined in QCM experiments, the
DHEBA in the polymer matrix produced a high Sf;lectivity for the response to Hev bl (G) by
a factor of 12, compared with MBA in the polymer which obtained a selectivity factor value
of only 3 (data not shown). The superior binding capacity and effectiye recognition
properties achieved by the optimized imprinted polymer, in which DHEBA provides an -OH
surface on the polymer, can be attributed to the greater polarity and higher wettability of
DHEBA-rendered protein preferentially included in MIP [27, 29]. The imprinted polymer
from crosslinked poly(MAA-NVP-DHEBA) displays a high efficacy of recognition for the

target analyte; therefore this polymer has been used for investigation in the following.

experiments.
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Fig. 5. Eftect of the polymer components for a MIP- or NIP-modified QCM sensor on the
frequency shift responses to Hev bl (G) at a concentration level of 500 pg L.

Optimization of QCM sensor measurement

The effect of the experimental.parameters (such as background solution, pH of the medium -
and polymerization ternperqture) was examined further so as to provide optimized parameters
for selective recognition of Hev b1 (G) in aqueous media, with a view to developing a Hev bl
(G)-MIP-QCM sensor suitable for determination of thé latex allergy proteins in a glove
sample. Fig. 6a shows the effect of the solution media on the frequency shift response of Hev
bl (G) (500 ng LY to MIP-modified and non-imprinted polymér (NIP)-modified QCM
electrodes when exposed in water, pH 7.4 buffer (0.1 mM), Tris-HCI buffer (0.1 mM), and
NaCl solution (0.1 mM). The frequency shift of the imprinted sensor coating from pH 7;4
buffer was as high as 660 Hz, and was twice as low from distilled water. The frequency
response of Hev bl (G) for the imprinted polymer was low for both NaCl and Tris-HCI bufter
solutions. In addition, the non-specific adsorption of protein in water was high compared to
that in NaCl solution and the other two solvents. The pH 7.4 buffer, which was used as the

preparation phase of the imprinted layer, was found to be a better solvent for selective
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rebinding of .Hev bl (G) to MIP, as the optimized sensor signal was achieved in this solvent
with a very low non-selective signal.. It is possible that in waier and NéCl solutions the
denaturation of protein occurred due to a pH change and/or a salting out effect of Na* and CI
ions; wheréas in Tris-HCI buffer, the binding interaction of MIP and protein might be
inhibited by conjugation of amine-based crosslinkers [30]. The pH medium had a large effect
on the frequency response of Hev bl (G) oﬁ Hev bl (G)-imprinted and non-imprinted sensors
(see Fig. 6b), with a low pH (pH 5) leading to a much lower frequency response of Hev bl .
(G) on the sensors than when the sensors were exposed to protein at a high pH (pH 6-8). Ata
lower pII value, electrostatic interactions of positively charged lysiné residues of the Hev bl
(G) protein can occur. This favors intramolecular interactions that change the three-
dimensional shape of the protein molecule. Also, at acidic pH, renaturation was achieved and
thas affects the bihding motifs on the latex protein [31]. These effects cause a decrease of
adsorption interactions between protéin and polymer, and lead to loss of the frequency signal
at a low pH value (pH 5). The binding property of Hev bl (G) to the MIP artificial receptor
was optimized at pH 7.4, which is explained by the success of memofizing the spatial
features and bonding preferences of the template; because of a highly stabilized protein

conformation and no collapse of the MIP matrix.

The influence of the polymerization temperature on the frequency shift response of
the sensor exposed to Hev bl (G) (500 pg [y at 25 °C was investigated over a temperature
range of 25-75 °C during the polymerization process. The frequency response of the
imprinted sensor was reduced at a polymerizing temperature above 25 °C because of the
template/polymer exothermic interaction (Fig. 6c). In addition, the frequency shift of the-
corresponding non-imprinted coating gradually increased with an increasing bolymeﬁzati(;n
température from 25 to 75 °C. The binding of the analyte at NIPs (withéut polymerization
template) isl overall endothermic. During the polymerization of the layers, NIP interaction
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sites are minimized at high temperatures. The interactions of the protein and solvent
molecules inside and outside the backbone of the polypeptideS are greater for NIP, and thus
endothermic. Temperature has a complex effect on monomer-template anci polymer-template
interactions. In the previous study a complex behavior of the imprinting effect with the
change of polymerization temperature was observed. This enabled a good selectivity for
template being achieved in the binding groups of the resulting materials {32]. The selective
sensor response of the optimized imprinted polymer for the present study was upon
polymerization the highest at room temperature (25 °C). A different Hev bl orientation
prevails on the MIP material surfaces under different polymerization conditions. On the
other hand, the dehydrated polar DHEBA chains result in an interfacial surface property
modulation of the polymer-protein attachment. Thus, the surface imprinting and protein
rebinding process with the optimized conditions may cause the increased possibility of
hydrogen bonding contacts between the protein surface and the binding sites on the

interfacial surface of the MIP.
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Fig. 6. Effect of (a) background solutions, (b) medium pH, and (c) polymerization
temperature on the frequency shift responses for non-imprinted and Hev bl (G)-imprinted
(MAA-NVP-DHEBA-polymer) coated QCM, with QCM measurement on 500 pg L of Hev
bt (G).

Moreover, the frequency shift due to protein adsorption of the MIP layer and the NIP

reference on the QCM sensor was examined as a function of time upon exposure to the
addition of 10 pg L™ Hev bl (G) in phosphate buffer, pH 7.4. It appears that the normal

baseline of a MIP-based sensor changes to 110 Hz upon the addition of Hev bl ((G) solution
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(Fig. 7). This can be explained by the protein readily interacting with high-affinity binding
sites in the cavities of MIP that have a low surface free energy and the binding energy
stabilizes the template protein as in the behavior of a monolayer thin polymer film.
Subsequently, the frequency signal of the sensor reaches a new baseline, and appears as a
plateau peak (see Fig. 7) that may be interpreted as the re-orientation of Hev bl (G) in the
conformational spaces of cavities on the molecularly imprinted polymer material surfaces.
On the other hand, the frequency shift to Hev bl (G) for the non-printed sensor turns out to
be as low as 8 Hz; this is because there is no specific site on the polymer surface that can
geometrically include the protein. This indicates that there is very low unspecific adsorption
of the Hev bl (G) proteins on the polymeric material. These results demonstrate the binding
ability of Hev bl (G) via non-covalent interaction with the imprinted polymer, and the

regulation of protein orientation by the active binding site in imprints.
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Fig. 7. Signal response of 10 MHz stopped flow QCM with (a) non-imprinted and (b) Hev bl

(G)-imprinted (MAA-NVP-DHEBA-polymer) coated electrodes at a concentration level of
10 pg L. At the top right is sensor characteristic of NIP and Hev bl (G)-MIP coated QCM.
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Measurements were carried out in 0.1 mM phosphate buffer solution (pH 7.4) at room
temperature.

The concentration dependence of these relatively small effects achieved on the
reference electrodes can be used for verification during cross-selectivity measurements (see
Fig. 7, top right), for which it is necessary to choose the appropriate concentration. The mass
response generated by the seléctive layers is dependent on the analyte concentration, showing
a typical frequency shift response for the MIP-QCM electrode when having been exposed to
increasing Hev bl (G) concentrations from 10-2000 pg L? (Fig. 7, top_right). Until about
1500 pg L' the sensor response increases linearly with analyte concentration. Above this
range, the dynamic behavior shows a leveling off and thus the onset of a plateau. One
explanation could be that above this concentration of Hev bl (G) all available selective
cavities are occupied and hence increasing the amount of proteins in the sample, will not
further increase the sensor response. This also confirms that any possible non-specific
adsorption of a double layer of proteins did not form on the sensor surfaces leading to an

additional Sauerbrey effect.
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Fig. 8. Lineared BET adsorption isotherm of Hev bl (G) on MIP at 25°C, according to ref.
[33] (correlation coefficient of linear regression, R =0. 97).
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The sensitivity of the QCM was 1.04 Hz/ng. At the highest concentration measured,
the overall mass effect is 2.1 KHz, that corresponds to 2.52 x 10" Hev b1 (G) proteins bound
to the sensitive layer. The number of adsorbed Hev bl (G) proteins in the sensor layer was
found to be 3.03 x 10'7 (Fig. 8). The number of the allergenic proteins reaches 82% of the
active sites in the selective layer, as determined by a Brunauer-Emmet-Teller (BET) analysis

method [33].

Specific binding of Hev b1 protein surface-imprinted polymers

The interaction of the protein with the imprinted polymer can determine the efficiency of the
biofunctional protein organization, and control of the physicochemical properties of the
protein. The MIP, in turn, can be used to tailor this interaction. Molecularly imprinted
polymer sensor layers selective for non-native and native Hev bl have been synthesized
under the same protocol of synthesis. In the present study, the evaluation of the synthesized
MIP system as selective recognition elements has been further explored through sensitive
QCM measurements using non-imprinted polymers as a reference channel. The cross-
selectivity of Hev b1 (G)-MIP and Hev bl (L)-MIP with templates Hev bl (G), Hev bl (L)
and their analogues was studied, with measurements performed under controlled conditions.
The value of the cross-reactivity, obtained from the signal responses of the MIP on the sensor
for the analogue relative to that for the template, is shown in Fig. 9. Clearly, in both cases the
imprinted sensors result in a substantial frequency shift response when exposed to the
respective template. The non-selective adsorption of all proteins binding to a non-imprinted
polymer is much lower than that on an imprinted polymer due to the lack of selective

recognition on the non-imprinted references.

The imprinted polymers exhibit greater cross-reactivity for proteins related to Hev bl

than for non-Hev b proteins; while Hev bl (L)-MIP has a higher cross-reactivity toward Hev
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b (L) proteins, to a much greater degree than an analogous MIP obtained by Hev bl (G) as
the templating protein. Although Hev bl (G), Hev bl (L) and lysozyme have the same

geometrical dimension (14 kDa), at the same concentration level they lead to distinct sensor

A T e e /‘\m

responses of tﬁg }-Iev bl (G)-MIP-modified-QCM. The closely related structural protein Hev
b1 (L) generates a signal approximately 44% of that obtained when exposed to the template.
With the non-related protein lysozyme, the cross-reactivity value governing selective
recognition, is much lower (about 12%), and thus is about four times larger than the non-
selective responses on the non-imprinted sensor materials, since it is a hydrophilic protein
and its conformation is more globular. This result confirms the difference in conformation
between Hev bl (G), Hev bl (L), and Iysozyme. Thus, it was proven that the shape

selectivity of proteins by the MIP is important in the selection of proteins for recognition.

Both the Hev bl (G)-MIP and Hev bl (L)-MIP based receptors provide a high
selective recognition of Hev b2 (L) and the closely related protein Hev b3 (L), while non-
related proteins such as ovalbumin and BSA, which are different in size and shape, have a
less selective recognition interaction. The cross-reactivity shown for Hev b3 (L) may arise
from the fact that the Hev b3 protein-associated latex allergy shares a 47% sequence identity
with Hev bl at the amino acid level, and the two molecules have been shown to share IgE
epitopes [16]. However, there appears to be cross-selectivity between Hev bl (G) and Hev
bl (L) because of their similar functional group and dimension of protein. Hence, it can be
concluded that the Hev b1 (G) molecularly imprinted polymer has a selective recognition to a
template with a geometrical fit and functional group interaction that depends on the
conformation of the protein, It is noted that Hev bl naturally interacts with the specific
binding sites created for the non-native protein recognition, showing a 50% reduction in
cross-reactivity to the template protein, This indicates that the substrate protein, bound to the

“active site” of its chaperone proteins in a non-native conformation, has been made use of in
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the MIP-QCM sensor method. Interestingly, the recognition site generated by Hev bl (L)
leads to the greatest selectivity for Hev bl (L) (the template) as well as Hev bl (G). The
difference of signal response for Hev bl (G) on the imprint of Hev bl (G) and Hev bl (L) is
~13% to the case of Hev bl (L) on Hev bl (L) imprint. This indicates that it is possible that
non-native Hev b1 undergoes re-orientation onto the surface near or adjacent to the active site
of MIP, is specifically able to bind species of naturally derived Hev bl. This may be because
non-native Hev bl protein refolds to a stable state in the Hev bl (L)-imprinted cavity to its

native conformation.

Template

R Hev bl (G)
|0 Hey bl {L)

Selectivity (%)

Analyte

Fig. 9. Selectivity profiles of the surface-imprinted polymers for Hev bl (G), and Hev bl (L)
templates from QCM experiments at an analyte concentration level of 500 pg L7 in
phosphate buffer (pH 7.4).

QCM assays using Hev b1 (G) surface-imprinted polymer

Using Hev bl (G) surface-imprinted polymer as a selective layer in QCM is important for
determination of Hev bl in the extracts of latex articles and finished products of gloves. We
developed a MIP-QCM sensor-based assay for measuring Hev bl, and studied its analytical

performance. As a label-free detection method, QCM allows for a rapid and simple
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continuous Hev bl assessment. The assay covered a linear range of 10 to 1000 ug L' (R >
0.996). The analytical detection limit, calculated using a signal-to-noise ratio of 3, was 1.0 pg
L. The more sensitive Hev bl (G) surface-imprinted polymer was applied to glove extracts.
The principal intention of the MIP-QCM sensor is to minimize the matrix effects of real
samples, owing to the selectivity of the Hev bl (G) imprinted polymer. Initially, evaluation
of the matrix effect on QCM measurement was carried out; and secondly, a study was
performed on the extraction efficiency of Hev bi (G) from spiked glove samples to verify the
accuracy of the QCM-based assay of Hev bl (G). For this purpose we used an extract of
matrix sample from a latex glove spiked with a standard solution of Hev bl (G) at
concentration levels of 250, 500 and 1000 pug L™, The method showed high selectivity and
good precision and compatibility with the biological complex matrix. Recoveries were in the
range of 97 to 105%, with RSD values between 3 and 6.5. The measurement of latex
allergens in real samples was performed by the developed MIP-QCM assay method. The
amount of latex allergens in natural rubber latex mattresses and latex gloves were found to be
1822 + 41 and 22 + 4 pg/g of rubber material, respectively — results similar to or lesser than
those reported by other authors [34, 35, 36]. The amount of latex allergens in natural rubber
latex mattresses and latex gloves were found to be 1822 + 41 and 22 + 4 pg/g of rubber
material, respectively — results similar to or lesser than those reported by other authors [34,
35, 36]. The amount of latex protein penetration through human skin into the body depends
on the skin conditions. Little protein penetration (less than 3%) was observed into or through
intact skin and up to 40% of Hev bl penetrate abraded skin [37]. Smaller levels of protein
exposure will reduce the risk for sensitization and elicitation of symptoms. Although the
threshold latex protein level for sensitization is unknown, the potential for allergenicity is
markedly decreased when is the level is below 100 pg/g [38]. Most NRL-allergic patients

show a positive skin prick test reaction when the sum of the four allergens, Hev b1, Hev b3,
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Hev b5 and Hev b6.02, exceeds 1 pg/g [22]. The sandwich ELISA for the detection of Hev
bl concentrations in rubber latex and latex products had a detection range of 125-4000 pg L™
(detection limit of 1.25 pg of Hev bl/g of rubber) [35] compared with 10-1000 pg L™ for the
MIP-based QCM assay (detection limit of 1 pg L'!). Moreover, the MIP can undergo at least

50 generation steps without losing recognition ability.

Conclusions

This paper presents the development and optimization of a surface imprinted polymer
for detection of the rubber elongation factor (Hev bl) in natural rubber latex and latex gloves.
Surface imprinting allows for the recognition of proteins based on shape selection and the
positioning of functional groups that can memorize Hev bl protein in a molecular recognition
process. Combining functionalized materials with mass-sensitive chemosensors such as the
quartz crystal microbalances (QCMs) is a powerful and label-free tool for chemical sensing
purposes, allowing distributed online measurement of allergen proteins. Polymers as sensor
coatings enabie a variety of modifications of composition and functionality, ensuring
optimum modification of the sensitive surface to the analyte. Hev bl surface-imprinted onto
methacrylic  acid-vinylpyrrolidone-dihydroxyethylene bisacrylamide polymer materials
produces an excellent and reversible frequency response toward Hev bl, leading to sensitive
responses as low as 10 pg L. Additionally, the sensor shows high selectivity. The selective
layers can distinguish between the template and others (i.e. lysozyme, ovalbumin, and bovine
serum albumin), showing the geometrical and functional selective fitting of the imprinted
cavities of the resulting polymers. The MIP material has conformational memory. The
surprising distinct orientation of the non-native protein Hev bl arises from interaction of the

binding group ordering with a preferred conformation due to a gain in entropy on the
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molecularly imprinted polymer material surfaces produced with native Hev bl as a
templating protein. The results of the present study may provide a better insight into the
structure and conformation arrangements in the supramolecular structure and
physicochemical properties of the latex allergen Hev bl, that has been implicated in life-
threatening immunological reactions. Additionally, the results demonstrate that QCM sensor
measurements using MIP as a recognition material can be used to screen and detect Hev bl in

such complex matrices as manufactured rubber latex gloves.
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Abstract

Molecularly imprinted polymers for detecting Hevein latex allergen proteins (Hev bl) in
rubber gloves were designed as recognition materials on interdigitated capacitance electrodes.
The recognition for rubber latex allergen was generated by applying methacrylic acid and
vinylpyrrolidone mixed functional monomers, directly copolymerizing together with an
extract of Hev bl obtained from rubber gloves used as the template molecule matix from a
shared solution that was coated onto the interdigital capacitive electrodes. Imprinted cavities
on the polymer surface mimicking the surface functionality and configuration of the protein
served as recognition sites for re-binding after removing the template by washing out. The
sensor materials reversibly and selectively bound the template in the aqueous phase. They
could distinguish between Hev bl isolated from rubber latex of the rubber tree and that
present in the extract from the glove samples. The artificial layer favored binding with the
templating allergen by a factor of 4 compared to the competing one. Different hevein latex
allergenic proteins isolated from natural rubber latex from the rubber tree (Hev bl, Hev b2 or
Hev b3) and non-related proteins as lyzozyme, ovalbumin and bovine serum albumin were
distinguished by the sensor material, depending on the dimension of these proteins with
selectivity factor values of between 2 to 4. The sensors can detect Hev bl in amounts that
ranged from 10 ng ml"-0.8 pg ml” within minutes and with a detection limit of 10 ng ml™.
Moreover direct measurements can be made on simple extracts from the complex matrices

such as manufactured rubber latex gloves so avoiding any time consuming sample

preparation.

Keywords Molecularty imprinted polymers, Interdigital capacitive transducer, Rubber

elongation factor, Allergen protein
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Introduction

Allergies to natural rubber latex (NRL) proteins is a well-recognized health problem
among sensitized persons [1]. Healthcare workers are frequently exposed to natural rubber
latex products such as gloves, used preferentially as a protective barrier. In addition to the
healthcare setting, rubber gloves are commonly used in other industries such as food and
beverage, manufacturing, and also in domestic settings for protective or hygienic purposes.
The production process for natural rubber gloves, involves high temperatures and various
chemicals are applied during the different process stages as well as during the washing steps
of downstream operations. However some proteins will be retained in the product. The
increasing demand for rubber based gloves has also led to a decrease in processing time, and
this in turn has led to an increase in retention of latex proteins, Different manufacturers of
gloves use different methods, standards, and processing times. There is a 3000-fold
difference in the latex contents of ten different brands of gloves [2]. A method for the rapid
and inexpensive screening of rubber latex allergy proteins is needed to reduce the risk of
developing allergies from latex proteins and to quantify the amount of specific allergens
found in NRL finished products, such as gloves. The approach presented here takes
advantage of interdigitated capacitance (IDC) electrodes coated with man-made “antibodies™
[3] that can react with and detect remnants of allergenic proteins present in the complex

matrix of manufactured latex rubber gloves.

A number of IgE-reactive proteins have been identified in natural and processed latex
products. Alergenic polypeptides (Hev b} of natural rubber latex (NRL) from the rubber tree,
Hevea brasiliensis that elute from surgeon’s glove and other manufactured rubber products
can sensitize exposed individuals and elicit severe hypersensitivity reactions. There are 13
known Hevea latex allergens, Hev bl through Hev bl3. They differ in size, shape, and

charge [4]. Though most Latex-allergic patients are sensitised to more than one Latex
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allergen, Hev bl (also called the rubber elongation factor [REF]), is a major latex allergen
with an extremely high involvement in sensitizing patients to latex allergies [5,6]. Hevb 1 is
found mainly on large rubber particles (>350 nm in diameter) derived from the fragmentation
of Hev b 3 (24 kDa), found mainly on small rubber particles (average diameter, 70 nm) is
recognized by IgE from patients with spina bifida and latex allergies. The other Hevea
allergens that have been shown to be clinically relevant to NRL allergies and detected in the
final NRL products with no changes to their allergenicity are Hev b3 (22-27 kDa rubber
particle-associated protein), Hev b5 (16 kDa acidic NRL protein) and Hev b 6.02 (mature
hevein). Although sensitization does not always lead to an anaphylactic reaction, continued
exposure to latex will increase the possibility of such a reaction. Occupational exposure to
latex is common among health care workers such as nurses in intensive care units who need
to change gloves 50-100 times per day. The risk of latex sensitization or latex allergy can be
minimized by decreasing the amount of skin contact as a route of exposure to protein
allergens. Latex sensitivity and latex-related symptoms of latex allergy can also be reduced

by changing from protein powdered gloves to low-protein, powder free gloves.

NRL industries require a method that is rapid and easy to handle, like the proposed
sensor using a biomimetic polymer, for detecting rubber allergen protein within minutes.
Such a sensor system would guarantee rapid analysis without the necessity of larger numbers
of operating personnel. In most cases, detection and quantifying of specific rubber allergenic
proteins are based on latex ELISA for antigenic protein (LEAP) and an enzyme linked
immunosorbent assay (ELISA) that use anti-NRL antibodies to detect the antigenic protein.
The production of a special antibody is expensive, however, and acts as a one-way test. A
molecularly imprinted polymer (MIP) involves the polymerization of a highly crosslinked
macromolecular matrix in the presence of a template or target analyte. MIP materials

represent artificial antibodies and offer fully artificial, robust and highly selective materials.
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Therefore, they can replace a natural receptor as a molecular recognition agent in biosensor
applications and for separating small molecules or biomacromolecules [7-9]. In this study, an
interdigital capacitive (IDC) transduction system was modified with imprinted materials
made by cross-linking copolymerization of an appropriate monomer with a cross-linker in the
presence of the template Hev bl, a model for Hevein latex allergenic proteins. After template
removal the recognition site is formed within the developed senéitive layer and allows for
specific sorption of the protein template on the MIP sensors and provides sufficient
capacitive performance. Combining rationally structured polymer layers with a capacitance
transducer has proven to be a highly promising approach for designing chemical sensor
systems in a variety of analytical applications [10-12]. The main advantages of inter-
digitated, capacitive immuno-sensors are inexpensive production, low sample consumption, a
label-free detection mechanism and a fast and reliable measurement. The detection
mechanism of the sensor system as used in this study is based on the change in the dielectric

constant of the inter-digitated capacitance using the following equation [13-14]:

_ SOErA

C
d (1)

where, &, is the dielectric constant of the medium between the plates, €y (permittivity of free

space) = 8.85419 pF/m, A the area of the plates and d the distance between them. However, a
capacitive sensor cannot diécriminate between the measured signal from a specific or non-
specific interaction.

The transducer has to be sensitive to a conformational change of the analyte binding
site or to changes in charge distribution around this site when the analyte binds. It is
therefore important to design the surface in such a way that it ensures a higher specificity for

the analyte than for a non-specific binding.
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In this work, we present a novel approach for a fast and reliable method for screening
and detection of the specific allergen Hev bl in gloves based on selective layers prepared via
solution-based imprinting as recognition materials on an IDC transducer in an aqueous phase.
Copolymerization of methacrylic acid and 1-vinyl-2-pyrrolidone functional monomers and
N,N’-(1,2-dihydroxyethylene) bisacrylamide as a cross-linker was carried out on the IDC
electrodes using distilled water as a porogen solvent. The influence of the degree of
crosslinking on the imprinting effect was examined after the binding was measured by IDC
techniques. We investigated technological parameters (i.e. frequency, medium pH, NaCl
concentration) for the sensor in terms of the capacitive response of MIPs on the IDC sensor.
The cross-reactivity of the selective layer to the template and structurally closely related
proteins was examined using the IDC techniques. Subsequently, the newly developed Hev
b1-MIP-IDC sensor method was used to determine the presence of hevein latex allergen

proteins in the glove samples at the optimized sensor conditions.

2. Experimental

2.1 Materials

Acrylamide (ACM), 1-vinyl-2-pyrrolidone (NVP), methacrylic acid (MAA), N,N'-
(1,2-dihydroxyethylene)bisacrylamide (DHEBA), sodium dodecyl sulfate (SDS), Triton X-
100 and Tris-HCl were from Aldrich Chemical Company (Milwaukee, WI, USA). 2,2°-
Azobisisobutyronitrile (AIBN) from Janssen Chimica (Geel, Belgium). Lysozyme,
ovalbumin and bovine serum albumin (BSA) were from Sigma-Aldrich (St. Louis, MO,
USA). Rubber latex was obtained from a commercial rubber latex manufacturer, in Songkla,

Thailand, and kept in a refrigerator at 2-4 °C. Cellulose dialysis bags with a MWCO of 3,700
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Da were purchased from Sigma (St. Louis, MO, USA). All solvents used were of analytical-

reagent grade and used without further processing.

2.2 Protein extraction

Allergenic proteins isolated from natural rubber latex are identified with an (L) and
the proteis extracted from latex gloves are identified with a (G). Hev bl (G), Hev bl (L), Hev
b2 (L) and Hev b3 (L) were obtained from latex gloves and rubber latex by a protocol similar
to that described previously {15] using the detergent, 1% sodium dodecylsulfate (SDS) in 20
mM phosphate buffer solution (pH 7.4). The extractable protein was dialyzed through a
cellulose bag against distilled water for 48 h at 4°C, and lyophilized. Crude proteins were
purified by size exclusion chromatography with Sephacryl™ S-100 (1.5 x 64 cm, Pharmacia)
using 50 mM phosphate buffer pH 7.4 containing 0.1% SDS and 0.15 M NaCl as the eluent.
Protein fractions (2.0 ml) were collected and examined by SDS-PAGE. The active fractions
were pooled and concentrated. The sequence of the target protein was confirmed using an
Ultraflex HI MALDI-TOF (Bruker Daltonik GmbH, Breman, Germany) mass spectrometer

[16].

2.3 Fabrication of the sensor device

The interdigitated capacitance electrode of comb-type with ten fingers was used in
this study, after being sintered at 550 °C for 3 h. The electrodes were modified as depicted in
Fig. 1. The thickness of the film after sintering was about 1 pm as measured by an atomic
force microscopy (AFM) method. These electrodes were modified as depicted in Fig. 1. For
generation of an IDC coating, a monomeric mixture consisting of 60% MAA (50 mg) and
20% NVP (20 mg) that acted as the functional monomers and 15% DHEBA (30 mg) as the

cross-linker and 1% AIBN (1.5 mg) in 800 pL distilled water was the pre-coated polymer
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layer. After rinsi_ng with nitrogen gas the monomer was pre-polymerized up to the gel point
at 70°C until it reached a suitable viscosity. Then 2 pL of the pre-coated polymer was drop
coated onto the IDC electrode as a very thin layer to increase the binding of the film to the
transducer and avoid flaking of the resulting thin films. For the generation of Hev b1 (G) MIP
film layer, the experiment was carried out with an aqueous solution of ammonium
periosulfate mixed into a 5 pL sample of 10 mg ml” protein in 0.1 mM phosphate buffer
solution (pH 7.4) in a vial, 2 pl of the mixed solution after being adjusted to pH 7.4 by 160
mM KOH in order to prevent denaturation of protein template was dropped on electrodes.
The whole content was purged with nitrogen gas for 5 min, and then cured under UV
irradiation overnight at room temperature (25 + 1°C). The template proteins were removed
from the polymeric film by immersing the modified electrode into 3 x 100 ml of distilled
water at room temperature (25 + 1°C).  Similar IDC electrodes but modified with a non-

imprinted polymer (NIP) layer were also fabricated but without the template.

Furthermore, in order to study the effect of the crosslinker content on the MIP’s
selectivity behaviour, various MIP-modified IDC electrodes were also prepared (using
different mole ratios of crosslinker: 10, 15, 20 and 25 mol% with a fixed amount of the
functional monomers). Morphological images of modified IDC electrode surfaces were
recorded using an atomic force microscope (AFM) (Vecco Instruments Inc., Santa Barbara,

USA) with a Nanoscope Il STM controller (Digital Instruments Inc., Santa Barbara, USA).

2.4 Sensor fabrication

We prepared the IDC electrode that constituted the integrated sensor array and wire
connections with electrode-contacts. The sampling and capacitive analysis system of the
sensor consists of a liquid port for delivery of sample from a sample-reservoir (100 pL), a

peristaltic pump, a thermo set and the flow-through microcell/integrated MIP sensor
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incorporated with a capacitive apparatus controlled by a computer program developed in-
house. We operated the stand-alone sensor at a flow rate of 3 ml min”'. The sensor array
output signals were monitored using a network analyser (HP 4254A Precision LCR, Hewlett
Packard, Germany), that read the capacitance signals from the sensor array with a subsequent
display on the Laptop screen. The capacitance measurement of the sensor was performed by
applying an alternating potential (100 mV) to the electrodes with a frequency of between 0.1
KHz and 1 MHz. The sensitivity of the MIP-based sensor was measured as a function of the
changes in the capacitance of the polymer upon exposure to Hev bl (G) with concentrations
that ranged from 1 to 800 ng ml’. A control experiment was carried out with the
corresponding NIP-based sensor. For the sample measurement using the sensor, the signal
response towards the analyte of the sensor was reported as AC, where AC is the capacitance
shift response to the addition of known amounts of the analyte of interest. The influence of
parameters (operating frequency, pH and electrolyte) on the capacitance change of the IDC
sensor for Hev bl (G) was studied using the sensor layer that gave optimal capacitance
change. The imprinting factor that represented the effect of the imprinting process was the
ratio of AC of the MIP-base electrode to AC of the NIP-base electrode for the analyte under
the IDC sensor conditions. All experiments were carried out in triplicate at room temperature

(25  1°C).

2.5 Sample analysis

The rubber based gloves used were cut into small pieces and extracted in 0.2 M
phosphate buffer pH 7.4 containing 0.5% SDS. The rubber pieces were then removed by
centrifugation. The supernatant was dialyzed through a cellulose bag (molecular weight
cutoff of 3,700 Da) against distilled water for 48 h at 4°C. The glove extract was analysed for
the target protein by the developed IDC at the optimized sensor conditions. The quantitative

analysis of Hev bl (G) in natural rubber latex samples were performed by the standard
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addition method and considering the response, i.e., the capacitance shift that was related to

the concentration of the analyte.
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Fig. 1. (A) Schematic illustration of self-assembling organization and crosslinking of
monomers to create imprinted sites on the gold electrode and (B) signal response of non-
imprinted and Hev bl (G) imprinted polymer to Hev bl (G).
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3 Results and discussion

3.1. The MIP based IDC sensor

The MIP film of poly(MAA-NVP-DHEBA) was prepared on the gold electrode under UV
irradiation using Hev bl (G) as the template. DHEBA was chosen as the cross-linking
monomer for imprinting of the Hev bl (G) proteins on the polymer, since it can minimize
non-specific interactions between protein and the polymer and give reasonable adhesive
properties for the polymer [17]. The MAA functional monomer was used for the imprinting
of Hev bl (G), because its acid group is capable of interacting with the amine group of the
template via hydrogen bond interactions, while the NVP monomer provided good wetting
and adhesive properties. During the preliminary polymer screening, it was found that when a
5:2 mixture of MAA and NVP monomers with respect to the template was used, the resulting
MIP yielded the greatest sensor responses. The deposited thin-film of both the MIP and the
corresponding NIP was soaked in 500 ml of distilled water, and capacitance measurements
were performed in the open air after every hour of electrode soaking at ambient temperature.
After soaking in distilled water for 5 h, the 4C of MIP (4.9 x 10 F) was almost 2.5 times
higher than that of the corresponding NIP (2.1 x 107® F). The capacitance of the blank
electrode without the polymer being insulated by protein imprinting was 1.39 x 10"° F. The
change in capacitance of the MIP films corresponds to the insulating polymer properties
when the protein template was bound to the MIP polymer. The capacitance of the IDC sensor
increased when the protein templates were dissociated from the imprint sites of the MIP by
water. Accordingly in the case of the NIP-based sensor, no Hev bl (G) molecules were
involved in the polymerization process but the capacitance shift may be an effect from the
residue of non completely bound polymer. During the preliminary imprinting study, it turned
out that the optimal imprinting results were achieved with layers having a thickness of 300
nm. This allows the imprinted layer to provide a large interaction area between each

individual allergenic protein and the forming potymer increases the binding strength. As can
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be seen in the AFM image depicted in Fig. 2, the occupation of the tailor-made cavities by
Hev bl (G) occurs during the imprinting process. The correlation between the occupancy of
surface imprinting and the capacitance effect was studied by comparing AFM measurements
with results from the interdigitated capacitive responses. All unbound Hev bl (G) was
removed and the occupancy of imprinted pits was estimated to be 90%. Only a minimal
amount of allergy protein was seen to be bound non specifically and its contribution to the
capacitive sensor effect on the imprinted layer might be negligible. Increasing these layer
heights (>300 nm) for the selective layer on IDC produces a relatively stable shift increase.
Since recognition in the MIP is based on non-covalent interactions between the layer and
protein, hence a larger surface for interaction leads to a stronger binding and consequently to
decreased reversibility of the interaction. When both the Hev bl (G) and NIP-IDC electrodes
were exposed to Hev bl (Q), the capacitance on both channels decreased within a few
minutes, as shown in Fig. 1(B). This rapid response indicates that only the surface, but not the
bulk interactions are involved because for bulk interactions the response would be much
slower due to it being strongly hindered by diffusion. The decrease in the capacitance signal
of the MIP and NIP film when exposed to the latex allergen in 0.1 mM phosphate buffer (pH
7.4) can be explained in terms of a change in the dielectric value due to the interaction
between the allergen and the cavity of the MIP. When the protein formed a complex with the
binding site on the MIP, the dipole moment and distinct charge distribution of protein
increased because of the radio frequency electromagnetic field leading to an increment of the
dielectric value in the medium. Moreover, the conformation and ion surface charge of the
protein complex can be changed and lead to a space on the surface layer where ions can
migrate to and therefore, the capacitance in the sensor system is decreased. The NIP allows
protein to bind to the polymer by non-specific binding and also decreases the capacitance on

the IDC sensor system.
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Fig. 2. Contact mode AFM images of: (a) imprinted layer showing Hev bl (G) pits on
poly(MAA-NVP-DHEBA) (as described in Fig. 1) and (b) non-imprinted layer after
hardening of the layer and washing with distilled water for 5 h.

3.2. Effect of crosslinking on imprinting effect
In this study, the optimized amount of the cross-linking monomer was examined to find the

most effective sensor response of Hev bl (G)-MIP onto the IDC electrode. The imprint
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capacity, reflecting the efficiency of recognition of MIPs was interpreted by comparing the
capacitance variation of MIP with the corresponding NIP. As seen in Fig. 3, the degree of the
AC is a function of the cross-linker content for both MIP and NIP. The selective layer with 15
mol% of DHEBA yielded the highest capacitance shift and the optimal selectivity was
achieved with an imprinting factor of 4 for the template protein Hev bl (G). At 10 mol%, the
MIP shows a lower capacitance change. This degree of cross-linking gives a lower
impn'nting effect than at the higher cross-linker content of 15 mol%. This may be caused by
the low stability of the binding sites onto the MIP thin-layer. A high cross-linking of the
polymer produces a decrease of the capacitance shift of the MIP layer to the template and a
high non-specific adsorption on the non-imprinted layer. The MIP film-layer with a cross-
linker beyond 15 mol% exhibited a significant decrease in the recognition efficiency. This
result can be explained because a high cross-linked density of polymer causes reduced
diffusion of the protein template into the binding sites of MIP and tends to interact more with
the non-specifically bound protein binding with residues of the functional groups of the

cross-linker.
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Fig. 3. Effect of the amount of cross-linking agent on the capacitive shift of non-imprinted

and Hev b1-(G) imprinted coated IDC exposed to Hev bl (G) at a concentration lavel of 250
-1

ngml.
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3.3. Effect of technological parameters on the sensor response

3.3.1 Effect of applied frequency

In the present work, the effect of the operating frequency on the sensor response was studied
to identify the optimum operating frequency. For this purpose, the capacitance of the sensor
was measured over the frequency range of 0.1 kHz-1 MHz usihg a Hev bl (G) concentration
of 100 ng mlI™'. Fig. 4 shows the effect of the applied frequency on the capacitance shift
sensor. It can be seen that the capacitance shift of the MIP sensor was achieved and decreased
when the applied frequency was increased from 100 kHz to 1 MHz. The highest capacitance
shift occurred at 1 kHz. The results also demonstrate that the capacitance shift is the response
to the binding of protein onto the MIP. The capacitance shift increased when the protein
formed a complex onto the polymer thin film.
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Fig. 4. Effect of the ac frequency on the capacitance shift responses of the MIP-IDC sensor at
concentration of 100 ng ml' Hev bl (G), measurements were carried out in 0.1 mM
phosphate buffer solution pH 7.4 at room temperature.

When applied at a frequency below 1 kHz, the sensor produced a low capacitance shift, as the
partial diffusion of protein occurred and reorientation of the protein conformation to fit with

the binding site of MIP also probably occurred. When an applied frequency of over 3 kHz

was applied to the sensor system, a decrease of the capacitance shift was shown. This may be
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because of a high diffusion of protein that is not suitable for binding to the specific cavities of
MIP on the polymer thin film. A frequency of 1 kHz was therefore chosen for operating the

sensor in all remaining experiments.

3.4.2 Effect of the medium pH

The effect of the pH of the medium on the capacitance shift response of the Hev bl (G)-MIP
sensors was investigated (Fig. 5A). At pH 5.0 both the MIP and NIP thin-films gave the
lowest capacitance shift response for Hev bl (G). These results can be explained if the Hev
bl (G) does not bind with the binding sites on the polymer film surface at a pH of 5. At this
low pH value (pH 5) the Hev bl (G) (pI = 5.0) may have lost the functional groups necessary
to interact with the binding sites of the cavities or have a changed structural conformation
that is not recognized by the MIP. The optimum capacitance shift of the sensitive layer was at
a pH of 7.4, together with giving the lowest value for the non-specific binding in this

medium.

3.3.3 Effect of electrolytes

The effect of the electrolyte on the capacitance shift was investigated (Fig. 5B). An increasing
concentration of NaCl in the sample solution containing 100 ng ml” Hev bl (G) slightly
increased the magnitude of the sensor response for both MIP and NIP based sensors. The
molecular recognition of MIP decreased as a function of the increased ionic concentration in
the solution. The capacitance observed with both MIP and NIP sensors when exposed to Hev
bl (G) and electrolytes (NaCl) can be explained by the enrichment of the protein and counter
ions in the polymer, that gives a high local concentration of charged species on the thin film
polymer close to the gold electrode surface in the sensing device. Therefore, ions can move

through the layer, leading to a high capacitance shift on the interdigital capacitor sensor
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system. Therefore, the concentrations of salts have to be kept below 0.01 mM for effective

molecular recognition and selectivity of the selective layer.
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Fig. 5. (A) Effect of pH of the medium on capacitance shift response of Hev bl (G)-
imprinted polymer coated IDC, with IDC measurement on 250 ng mi” Hev bl (G).
(B) Effect of NaCl of Hev bl (G)-imprinted polymer coated IDC on the capacitive
shift response to Hev b1 (G) at a concentration level of 100 ng ml’.
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Fig. 6. Sensor characteristics of non-imprinted and Hev b1 (G)-MIP coated IDC electrodes.

3.4 Concentration dependence on the sensor response

Fig. 6A shows the capacitance behavior for a MAA-NVP-DHEBA imprint material when
exposed to increasing Hev bl concentrations ranging from 1-800 ng ml™". Furthermore,
capacitance changes generated by the selective layers depend on analyte concentration. The
capacitance decrease on the MIP electrode on being exposed to the small ‘amount of allergen
protein is the tesult of the selective layer binding the individual allergens via the imprinted
cavities. At a higher concentration of Hev bl (G) (> 250 ng mi™) the response of the MIP
sensor seems to be constant. This is probably explained by the saturation of the recognition
sites in the selective layer. This indicates that the adsorbed analyte produces an appropriate
binding of the analyte molecule at binding sites on the MIP layer. When the amount of
allergen on the surface exceeds the amount of available binding sites, some part of the
allergen will form aggregates on the surface of the sensor layer. When all the_cavities are.
occupied, additional latex allergens or proteins on the polymer thin layer can be readily

removed from the surface by the continuous flow of a peristaltic pump. This causes a
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substantial capacitanée increase on the reference electrode. - Further increasing the quantity
of allergen on the sensor again leads to higher.amount.s of mobile proteins on the surface and
hence yields a larger capacitance shift.. Consequently, we can trace back to the binciing
mechanism of the selective mate‘:rials:. Hev bl allergenic proteins present in latex gloves that
maintain their biofunctionality can not only develop new biomedical applications but also
improve our understanding of the mechanisms of specific binding and molecular recognition.
The mechanism of molecular recognition by the MIP relates to geometrically aligned non-
covalent interactions between the protein and the recognition site in the resulting MIP. The
interactions created in the cavities can be H-bonds, electrostatic interactions, pi-pi stacking

and van der Waals forces. In this case the first two types seem to be the most significant.

3.5 Selectivity of the Hev 1 (G) MIP layer on the IDC

" To assess the overall selectivity of the MIP electrode, the effect of structurally related Hev bl
(L) and analogs [Hev b2 (L), Hev b3 (L)] and n0111-related proteins (lysozyme, ovabumin and
BSA), on the capacitive sensor were examined in parallel experiments with the corresponding
NIP electrodes. The crdss:reactivity value of the MIP was obtained by comparing the
capacitance shift with analyte to that of the template. When a MAA-NVP-DHEBA layer
imprinted with Hevein latex allergenic proteins of Hev bl (G) was exposed to the Hevein
latex allergenic proteins of Hev bl (L), Hev b2 (L), and Hev b3 (L) the capacitance change
response observed for both the MIP and NIP sensor layers is shown in Fig. 7. Fig. 8
summarizes the results of these cross-selectivity measurements carried out in an aqueous
medium. The selectivity value for the template was the highest and most significant for Hev
bt (L) (60%), Hev b2 (L) (50%) and Hev b3 (L) (50%). The cross-reactivity shown for the
Hev b2 (L) and Hev b3 (L) have to be explained by the size of the Hevein latex allergenic
proteins, as they do not fit into the smaller Hev bi (G) imprints. Hence, the interaction area

between the latex allergen and an individual cavity is restricted to the upper edge of the
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recognition site, which is not sufficient for a strong, non-covalent b_iﬁding leading to a
capacitance change of the selective layer and the incorporated analyte. Although Hev bl (G)
and lysdzyrne are similar in dimensi'or_l (14 kDa), yet the difference in the sensor effects of the
selective Iayef for _these proteins is clearly observed. The much lower,lc_ross-reactivity value
of the lysozyme protein that has a more globular structure, indicates the difference in surface
funcﬁonality and protein configuration between the template and lysozyme that renders
lysozyme unable to fit well into the cavities. The selectivity value of the non-related proteins
(ovalbumin, BSA) is as low as ~20%. This result demonstrates that the Hev bl (G)-MIP-
based QCM sensor yields a higher cross-reactivity for the related Hev b protein than the non-

Hev b protein.
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Fig. 7. Capacitive signal responses of the Hev bl (G)-MIP and NIP-coated IDC sensor,
exposed to Hevein latex allergenic proteins of Hev bl (G), Hev bl (L), Hev b2 (L), and Hev
b3 (L)

Hev bl (G) MIP can distinguish between the Hev-b related proteins and the non-Hev

b proteins like lyzozyme, ovalbumin and bovine serum albumin; the Hev bl (G) MIP favors
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binding to Hev b. In this case, Hev Bl (G) MIP yielded the same uptakes for largér rubber
latex allergen Hev b2 '(35 kDa), and Hev b3 (22 kDa). Moreover, the Hev b1-selective
polymers can distinguish between extractable allergens from latex mattresses made f‘rom
rubber tree latex and rubber latex gloves, as these have exactly the same geometrical
dimension, they just differ by their exact conformation around the receptor site. The
antibodies bind to specific regions consisting only small epitopes on latex allergens surface
which lead to similar effects for Hev bl protein allergens. The MIP material interacts with
surface accessible residues of the organized protein assembly of an analyte thus also being
sensitive to quantitative difference in surface chemistry. The anﬁlyte can be recognized on a
structural level by the selective layer, that there is a favorable morphology and surface
coverage of the bound Hev bl (G) proteins. Concerning the template, it is obviously strongly
bound by the molecularly imprinted recognition material. This indicates that the interfacial
behaviour of the Hev bl (G) protein macromoleéules on the molecularly imprinted polymer
surfaces, is achieved by the balance of enthalpic and entropic effects from protein/surface-
protein segment interactions. Once a protein molecule has been formed, its configuration is
fixed, and hence it can take on an infinite number of shapes by rotation about the backbone
bonds. The final shape that the latex allergen takes depends upén the intra- and
intermolecular forces, which in turn.depend upon the state of systerm: for exarﬁple proteins in
dilute solution, melt phase, or solid phase would each experience different forces. During
hardening of the forming polymer in the imprinting process, capillary forces can induce
rearrangement of natural protein conformations. Noncovalent forces act on the priniary
structure to cause a protein to fold into a unique conformational structure and then stabilizes
the native structure against a denaturation process. Imprinting polymer yields the defined
oriented protein assembly on surfaces of latex allergens, allowing study in surface-protein
interaction at a molecular scale in-situ on surface of the cavities. Control of the condition

during self-assembly of proteins and the formed polymer material for templating is necessary
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for reliable and reproducible preparations of imprinted polymers. Moreover, physicochemical
properties such as substrate hydrophilicity, protein concentration, pH, and ionic strength of
the protein solution during rebinding play crucial roles in oriented protein assembly on wall

surface of cavity of the imprints.
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Fig. 8. Selectivity profiles of Hev bl (G)-imprinted polymers as obtained by IDC
measurements. '

3.6. Analytical characteristics and real sample analysis

In this study, the analytical characteristic of the IDC sensor modified with Hev bl- imprinted
poly(MAA-NVP-DHEBA) was examined and applied to measure the target analyte in the
rubber latex glove. The sensitivity.(slope) of the sensor was found to be 0.03 and the
linearity range was 10-250 ng mi™" with an R > 0.995. The limit of detection {LOD) was 10
ng ml” corresponding to a 3:1 signﬁl to noise ratio. A recovery study was carried out by
spiking Hev b1 (G) at 50, 100 and 200 ng mi™ with extracts prepared from latex gloves. The
recovery data were in the range 95-100 % with a relative standard deviation (RSD) of 4%.
The samples were spiked with standard Hev bl (G) solution at 50, 100, 250 and 1000 ng m}™

and injected into the IDC sensor at optimum conditions for the IDC measurement that were
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performed with a network analyzer. The Hev bl (G)-MIP IDC sensor was used for Hev bl
(G) assessment in glove samples. The amount of Hev bl (G) in a specimen of gloves supplied -

by a local manufacture was found to be 25 + 6 pg/1g of rubber material.

4, Conclusions

Molecular imprinting techniques were adapted to design a sensor for detecting the Hevea
latex allergen protein (Hev bl) in gloves. Selective recognition sites towards the rubber latex
allergen proteins Hev bl remaining in the examination gloves can be generated on
poly{methacrylic acid-viny1pyrrolidone-dihydrox&ethylene bisacfylamide) layer on the IDC
in aqueous medium. The imprinted layer made with the optimum cross-linking monomer
level proved to provide a high recognition efficiency and good selectivity towards the
template. In addition the imprinting leads to preparation of artificial matrices that are suitable
for application as a novel way for a fast and cc;st—effective detection of latex allergens that
have been implicated in life-threatening immunity reactions. The MIP-IDC sensor showed a
rapid capacitive shift and "reasonabl_e capacitive response that was clearly dependent on the
concentration of the rubber elongation factor. The recognition ability of the artificial material
that recognizes the presence of defined protein organized structures on a surface by
interacting with it. A cross-selectivity assessment revealed that the Hev bl-selective MIP,
favored binding to the templating allergen by a factor of 3, compared to a competing one that
had a selectivity factor of below 2. The MIP matérial deposited on the IDC sensor could
distinguish Hev bl from analogues éuch as lysozyme, ovalbumin and bovine serum albumin.
This would be beneficial in the analytical application of quantifying Hevein latex allergen in
real-life samples. The results of the present study suggest that the understanding of assembly
in 3D on the surface of polymer to forming funbtional pro_tein assembly of the major latex

allergens associated with latex allergy may provide better insight into the structure-function
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relationship of the allergens, and may lead to the development of better patient care and
management strategies in latex -allergy. The newly developed Hev bl-MIP-IDC sensor
method has proven to be fast and reliable for detecting Hev b1 in complex matrix obtained by
extracting rubbér gloves. Moreqver, the sensor exhibited the same recognition characteristic

after three months of storage in dry conditions.
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SUPPLEMENT MATERIAL

In preliminary screening of polymer, three differént types of functional monomers,
acrylamide (AAM), methacrylic acid (MAA) and styrene (Sy) were chosen as ligand to ciock
with the template protein (Hev bl). Geno3D (release 2, France) was used to predict the
tertiary structures of target protein. This program is comparative protein structure modelling
by spatial restraints (distances and dihedral) satisfaction. The tertiary structures of protein
obtained from Geno3D, which amino acid sequences of the proteins were used as a data base
to compare with the homology of protein in data blank. A Discovery Studio 1.6 Software
(Life Science Modeling and Simulations) was employed to predict the active sites of target
protein. AutoDock Tool program was used to estimate the energy of complex, using docking
of the most stable conformers by using intermolecular Monte Carlo simulated annealing
based conformation search with possibilities of rotating and translating the functional
monomer toward the template. In the simulation, the complexes were allowed to rotate
randomly at their mass center, and translate into three-dimensional space. For selected
functional monomer, the most stable template-monomer complexes were searched and their
interaction energy, A E, were calculated through the equation as follows:

A E = E (template-monomer) - E (template) - E (monomer)

Table (a) depicts the binding energy of complex. The value of A E obtained from the
template-styrene complex was lower than that formed with ACM and MAA, respectively.

Table (a): Binding energies AE of Hev bl with ACM, MAA and Sy monomer

Complex AE (KJmol ')
Hev b1-ACM -2.64
Hev b1-MAA ‘ -3.46
Hev bi-Sy -4.07
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