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This work presents a piezoelectric (Pz) immunosen-
or for the quantification of total human IgE in serum
amples. The anti-human IgE is deposited on the sur-
ace of the 10 M Hz AT-cut gold coated crystal resona-
or by self-assembled technique, and serves as a recep-
or layer. The highly ordered self-assembled
onolayers (SAMs) ensure well-controlled surface

tructure and offer many advantages to the perfor-
ance of the sensor. The fabricated Pz sensor can

uantitatively detect human serum IgE in the range of
–300 IU/ml with high precision (CV < 8%). A total of 28
atient serum samples are detected by the Pz sensor,
nd the results agree well with those given by two
ommercially provided test kits (Total IgE FAST Test,
harmacia-CAP). The correlation coefficients are 0.94
etween FAST and Pz sensor, and 0.90 between CAP
nd Pz sensor, respectively. After regeneration with
rea and glycine buffer the coated crystal can be re-
sed five times without appreciable loss of activity.
ompared with conventional cross-linking methods,
onspecific binding caused by the SAM binding
ethod is three to five times less. © 1999 Academic Press

Key Words: piezoelectric immunosensor; self-assem-
led monolayer; human IgE quantification.

Immunoglobulin E (IgE)2 is a four-chain molecule
ith a molecular weight near 190,000. It is present in

1 To whom correspondence should be addressed at Institute of
aterials Research & Engineering, BLK S7, Level 3, National Uni-

ersity of Singapore, Singapore 119260. Fax: 65-8727528. E-mail:
i-s@imre.org.sg.

2 Abbreviations used: IgE, immunoglobulin E; Pz, piezoelectric; SAM,

elf-assembled monolayer; GA, glutaraldehyde; EDC, N-(3-dimethyl-
minopropyl)-N9-ethylcarbodiimide hydrochloride, g-APTES, g-amino
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he serum of several mammalian species at extremely
ow concentrations. Raised levels of serum IgE are
ound in asthma, hay fever, atopic dermatitis, and

any parasitic diseases. In clinical chemistry, IgE is
sually measured in plasma or serum to diagnose im-
ediate hypersensitivity (1). Several immunoassay
ethods have been reported for the measurement of

otal human IgE as antigen, e.g., radioimmunoassay
2), and enzyme-labeled immunosorbent assays (3).
hese assays use anti-IgE antibody immobilized on
arious solid supports, and use radiolabeled or en-
yme-labeled anti-IgE antibodies to perform a sand-
iched immunoassay. On the basis of the traditional
ssay techniques, there are several commercially avail-
ble allergy test kits, such as FAST-Biowhittaker (4),
harmacia-CAP (5), and MAST-CLA system (6) being
idely used. Although they are sensitive and precise
nough, these conventional immunoassay methods,
owever, suffer from drawbacks of requiring skilled
ersonnel and potentially hazardous and expensive
hemicals. In addition, the test procedures and instru-
entation are complex and time-consuming.
An alternative method to perform the assay of anti-

en or antibody is the use of an antigen/antibody-based
iosensor. Biosensors offer the potential to use inex-
ensive equipment that can be taken to where the
amples may be added by unskilled personnel; the
esult would ideally be available rapidly. Immunosen-
ors can quantitatively or qualitatively detect antigen
r antibody either by direct competitive and displace-
ent reactions or by direct changes in transducer out-
ropyltriethoxy silane; PEI, polyethyleneimine; PBS, phosphate-buff-
red saline; BSA, bovine serum albumin.

0003-2697/99 $30.00
Copyright © 1999 by Academic Press
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67PIEZOELECTRIC CRYSTAL-BASED IMMUNOGLOBULIN E IMMUNOSENSOR
ut (7). An example of the latter type of system is the
iezoelectric (Pz) crystal devices.
The Pz crystal device consists of a quartz crystal
afer sandwiched between two metal electrodes. The
lectrodes provide a means of connecting the device to
n external oscillator circuit that drives the quartz
rystal at its resonant frequency. This frequency is
ependent on the mass of the crystal, as well as the
ass of any layers confined to the electrode areas of the

rystal. Changes in mass on the surface of the electrode
hus change the frequency of the Pz device. The rela-
ionship between the frequency change and the mass
oading is described by the Sauerbrey equation [8]

DF 5 22F 0
2DM/A~rqmq!

1/2, [1]

here DF is the measured frequency shift, F 0 is the
esonant frequency of the Pz crystal, A is the area
oated, DM is the mass change due to surface deposi-
ion, rq is the density of the quartz crystal (2.648 g
m23), and mq is the shear modulus (2.947 3 1011 g cm21

22 for AT-cut quartz crystals). The mass sensitivity
an be described as Eq. [2]:

S 5 2F 0
2/~rqmq)1/2 [2]

or a 10-MHz piezoelectric crystal, the mass sensitiv-
ty of S 5 0.227 Hz ng21 cm2 means that 4.4 ng/cm2 of
dsorption leads to frequency change of about 1 Hz.
In recent years, methods based on the use of piezo-

lectric crystal devices have been developed for immu-
oassay applications (9–11). The critical procedure to
abricate a Pz crystal-based immunosensor is the sur-
ace modification of the electrode, by which antigen or
ntibody layers are created to serve as receptors to
apture the target analyte from the sample. The use of
elf-assembled monolayer (SAM) in various fields of
esearch is rapidly growing. In particular, SAM has
een employed in many biomedical fields as an inter-
ace layer between a metal surface and solution or
apor. Reference (12) provided a comprehensive review
f the applications of self-assembled monolayers in bi-
sensor fabrication. Browning-Kelley et al. (13) sys-
ematically studied the binding of antigen/antibody on
hiol compound modified gold surfaces using atomic
orce microscopy. As they discussed, the formation of
ighly ordered thiolate self-assembled monolayer on
he surface of the crystal will result in orientational
mmobilization of antibody/antigen without altering
he biological activities. This feature offers numerous
dvantages to the sensor performance, e.g., improve-
ent of detection limits, the ease of regeneration of the

ensor, the reproducibility of the assay, as well as

revention of nonspecific adsorption. f
This paper provides a method for total IgE quantifi-
ation using a Pz crystal in which a novel SAM-based
ntibody immobilization technique has been devel-
ped. This new antibody immobilization method is able
o alleviate problems encountered by other techniques,
.g., nonspecific adsorption and poor reproducibility.
he fabricated IgE immunosensor has proved to be

easible for detecting human IgE in clinical diagnos-
ics.

ATERIALS AND METHODS

pparatus

The Pz crystals used were AT-cut 10-MHz quartz
rystals with gold electrodes, purchased from Interna-
ional Crystal Manufacturing (Oklahoma City, OK).
he quartz wafer was 14 mm in diameter and 0.2 mm

n thickness, the gold electrodes were 5.1 mm in diam-
ter and 100 nm in thickness. For those crystals, a
requency change of 1 Hz corresponds to a mass in-
rease of 0.902 6 0.01 ng. The crystals were connected
ith a home-made TTL oscillating circuit based on IC
4LS04, similar to the one described in the literature
14). The output frequency was measured by using a
F830 universal frequency counter (Thurlby-Thandar,
K).

hemicals and Biochemicals

Thioctic acid, cysteamine, glutaraldehyde (GA),
-(3-dimethylaminopropyl)-N9-ethylcarbodiimide hy-

rochloride (EDC), g-amino propyltriethoxy silane (g-
PTES), and polyethyleneimine (PEI) were obtained

rom Sigma. Monoclonal anti-human IgE (I-6510) was
lso purchased from Sigma. Human IgE standards
ere obtained from the Total IgE II FAST Test Kit

rom BioWhittaker. Phosphate-buffered saline (PBS)
as composed of 137 mM NaCl, 2.7 mM KCl, 8.0 mM
a2HPO4, and 1.5 mM KH2PO4 (pH 7.2). Blocking

eagent was bovine serum albumin (BSA) from Sigma.
ashing solution was PBS buffer with low concentra-

ion of mild detergents. Other chemicals used were
ertified regents from Fluka or Sigma.

ntibody Immobilization Procedures

Clean up of crystals. Crystals were cleaned with
ot Piranha solution (30% H2O2:H2SO4, 1:3) by apply-

ng 10 ml each of Piranha solution on both sides of the
old surface for 5 min, followed by thorough rinse with
istilled water and ethanol. This procedure was re-
eated twice. The surface was then blown dry with a
tream of nitrogen gas and the resonance frequency
F 0) was taken.

Immobilization via thioctic acid method. The

reshly cleaned crystals were dipped into 0.2% of thioc-
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68 SU, CHEW, AND LI
ic acid ethanol solution for 24 h at room temperature.
he modified crystals were subsequently dipped into
.1% EDC ethanol solution for 1 h. After washing and
rying the crystals, 5 ml each of 10 times diluted anti-
uman IgE was added on both sides of the crystal.
fter solvent evaporation, the antibody layers were

mmediately washed three times with PBS and dis-
illed water to remove any residual salt deposits or
oosely adsorbed protein.

Immobilization via cysteamine methods. The
reshly cleaned crystals were modified using 0.1% cys-
eamine in water overnight. Following dipping of the
reated crystals in 2.5% of GA in PBS, 5 ml of diluted
nti-human IgE was applied onto the gold surfaces.
fter incubation for a predetermined time the crystals
ere washed with PBS and distilled water and air-
ried.

locking Procedures

A solution of 5% BSA in PBS was used to incubate
ith antibody-coated crystals, which was achieved by
ropping a droplet of BSA solution onto each of the
oated surfaces for 30 min. After washing and drying,
he coated and blocked crystals were stored at 4°C.

ample Detection Procedures

For detecting antigen, the coated and blocked crys-
als and all reagents were taken from the refrigerator.

hen coming to room temperature, the resonant fre-
uency of the crystal was obtained as reference (IR).
ive microliters of each of the human IgE or real hu-
an serum samples at varying concentrations was ap-

lied on both sides of the crystal for 45 min. After
ashing and drying, the resonant frequencies were

aken as F s.

egeneration of Used Crystal

An 8 M urea buffer was applied on the electrodes for
0 min to denature the anti-human IgE/human IgE
mmunocomplex. The obtained surfaces were rinsed
ith 0.2 M glycine–HCl buffer three times. After wash-

ng with distilled water, the regenerated surface can be
eused to perform the assay.

otal IgE II FAST Test and Parmacia-CAP

These procedures were performed using the stan-
ard protocols (4, 5).

ESULTS AND DISCUSSION

ntibody Immobilization

Gold surfaces can be easily modified by thioalkyl

erivatives. The formation of SAM is due to the strong e
nd spontaneous adsorption between sulfur atoms and
gold surface. Thioctic acid is a disulfide. The interac-

ion of the disulfide group with an Au surface leads to
he formation of two thiolate bonds after S–S bond
leavage. The hydrophobic alkyl chains interact with
ach other, and the hydrophilic –COOH head groups
xposed on the surface of the monolayer are available
or cross-linking as shown in Fig. 1a. Figure 1b shows
he coupling of cysteamine to the gold electrode. Due to
he terminal position of the thiol group on the aliphatic
hain, the resultant structure is also an ordered array
f a self-assembled monolayer, with the amino-reactive
roup toward the interface of the monolayer and avail-
ble for cross-linking. To cross-link a desired protein to
he SAM, a cross-linker, which can react with the ap-
ropriate functional groups, is employed. Figure 2a
hows the procedure of antibody immobilization onto
hioctic acid-coupled surfaces, in which the carboxyl
roup of immobilized thioctic acid is further activated
y a carbodiimide (EDC in this case). The formation of
n O-acylurea intermediate promotes the formation of
mide bond between carboxylic acids and amines pro-
ided by the immobilized protein. Cysteamine immobi-
ization procedures are shown in Fig. 2b. In this case
A is used as the cross-linking reagent, by which the

eactive aldehyde group is obtained and subsequently
sed for coupling of amino groups available from pro-
eins. To monitor the progress of the coating, the res-
nant frequency of each reaction step in dry state was
aken. The changes in frequency caused by each step
eflect the amount of material binding (Table 1). These
ata indicate that the two SAM methods ensure a
imilar amount of anti-IgE binding. One significant
dvantage offered by the highly ordered SAM coating
ethod is the uniform amount of antibody binding for

IG. 1. Model of self-assembled monolayer: (a) thioctic acid on Au,
b) cysteamine on Au.
ach individual crystal. The consistency of preparing
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69PIEZOELECTRIC CRYSTAL-BASED IMMUNOGLOBULIN E IMMUNOSENSOR
ndividual Pz crystals is evaluated in Table 2. This
able reports the reproducibility for nine Pz crystals
repared by either the thioctic acid method or the
ysteamine method. The variability in anti-IgE binding
etween individual crystals is within 5%. The size of
he error appears to be due to a few crystals with either

FIG. 2. Antibody immobilization procedures:

TABLE 1

Frequency Changes for Each Immobilization Procedure

Methods
and steps

DF(Hz)
(average 6SDa) RSD(%)

Binding capacityb

(nmol/side)

hioctic acid 276.1 6 12.4 4.5 0.604
nti-IgEc 331.5 6 13.7 4.1 0.000997
ysteamine 465.3 6 24.5 5.3 2.143
A 170.7 6 14.5 8.5 0.888
nti-IgEc 342.8 6 15.2 4.4 0.00103

a Standard deviations of 10 results for each method.
b

c
Calculated based on the sensitivity of 1 Hz ' 0.902 mg.

c Ten times diluted antibody.
igh or low coating levels. The uniform amount of
ntibody binding is the premise of the high reproduc-
bility of the detection results.

uman IgE Detection

To avoid nonspecific adsorption, the antibody-coated
rystals were incubated with 5% BSA in PBS before
xposure to antigen. Nonactive BSA can occupy any
ree active residues so that adsorption of interfering
roteins in the sample to be detected can be reduced.
fter coating and blocking, the fabricated Pz crystals
an be exposed to IgE antigen. Frequency changes
efore and after incubation with IgE reflect the concen-
rations of IgE. First, 100 IU/ml of IgE antigen was
elected to test the detection reproducibility of the Pz
ensor. The results of five or six duplicate measure-
ents as shown in Table 2 are in the range of 110–154

nd 100–135 Hz for the thioctic acid or the cysteamine-

thioctic acid method, (b) cysteamine method.
oated method, respectively, and RSD is around 6.0%.
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For quantification of total IgE, a standard curve was
btained by incubating various concentrations of hu-
an IgE with different antibody-coated crystals for 45
in. Human IgE standards were obtained from the
otal IgE II FAST Test Kit. After dilution with PBS
uffer the final IgE concentrations used were 0, 25, 50,
00, 200, and 300 IU/ml. The changes of frequency of
he coated crystals before (FR) and after (FS) incuba-
ion with IgE correspond to the concentration of IgE.
igure 3 shows the calibration curve, in which the

requency changes versus IgE concentration plot is
inear from 5 to 300 IU/ml with r 2 5 0.998 and a
etermination limit of 5 IU/ml. In this case, the detec-

TAB

Reproducibility for the SAM-Coated

Crystal No.

Thioctic acid method

Anti-IgE
binding

100
IgE

1 310
2 319
3 293
4 279
5 375
6 411
7 341
8 316
9 340

Average 6 SD 331.5 6 13.7 130
RSD (%) 4.1
FIG. 3. Calibration curve obtained
ion limit is taken to be three times the standard de-
iation at low levels. Saturation is encountered with
ore than 300 IU/ml human IgE due to complete bind-

ng of all the coated antibodies. To investigate the
eproducibility for the whole antigen concentration
ange, at least five duplicate experiments were per-
ormed on five separate coated Pz crystals for each IgE
oncentration. Results illustrated in Fig. 3 show that
he standard deviation of frequency changes obtained
or the thioctic acid-coated crystal method for the de-
ection of human IgE is less than 8%. This results
ndicated that the SAM-based Pz immunosensor can
rovide reproducible determination in the whole con-

2

Sensor (Frequency Change in Hz)

Cysteamine method

/ml
ding

Anti-IgE
binding

100 IU/ml
IgE binding

3 342 108
4 346 134
8 301 129
0 403 135
5 335 97
0 278

397
385
302

7.5 342.8 6 15.2 120.8 6 7.7
4.4 6.3
LE

Pz

IU
bin

12
15
13
15
13
11

.1 6
for thioctic acid-coated PZ sensor.
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71PIEZOELECTRIC CRYSTAL-BASED IMMUNOGLOBULIN E IMMUNOSENSOR
entration range. The cysteamine-coating method of-
ered a similar linear range, sensitivity, and reproduc-
bility for the detection of IgE (data not shown).

For the analysis of actual test samples, 5 ml each of
uman serum was applied on both sides of the crystal
or 45 min. After thorough rinsing with PBS and dis-
illed water, the crystal was air-dried and the resonant
requency was obtained. Total IgE in the serum was
alculated from DF(FR 2 FS) with reference to the
tandard curve. A total of 28 clinical samples were
etected for total IgE using the SAM-based Pz immu-
osensor and commercially available testing methods.
o investigate the correlation of Pz immunosensor with
he currently used methods, cross-comparisons for the
etection results using FAST, CAP, and Pz immu-
osensor were made. The regression lines obtained for
AST versus Pz sensor was y 5 9.6354 1 0.9725x,
nd for CAP versus Pz sensor was y 5 14.1356 1
.0298x. The correlation coefficients correspondingly
re 0.94 and 0.90, respectively. These results indicate
hat it is feasible to apply the proposed Pz sensor to
etect human IgE in clinical diagnostics.

stimation of Binding Ratio of Antibody and Antigen

The frequency changes caused by anti-IgE immobi-
ization (DFAb) and those caused by saturated occupa-
ion of IgE antigen with antibody-coated surface (DFAg)
an be used to estimate the interaction ratio of anti-IgE
nd IgE by using the Eq. [1]. Because the molecule
eights of anti-IgE antibody and human IgE antigen
re 150,000 and 190,000, respectively, the ratio of total
mount of antibody immobilized onto the crystal (NAb,
ol) to the saturated amount of antigen bound (NAg,
ol) to the coated antibody can be obtained using Eq.

3]:

NAb

NAg
5

190,000
150,000 3

DFAb

DFAg
[3]

he results indicated that when IgE antigen reached
00 IU/ml, the antigen binding caused by the Ab–Ag
nteraction reached a maximum, corresponding to a
requency change of about 395.3 Hz. Considering that
he average anti-IgE binding amount is 331.5 Hz, the
atio of NAb to NAg is (190,000/150,000) 3 (331.5/
95.3) ' 1.0, which indicates that one molecule of
uman IgE can bind with one molecule of coated anti-
gE antibody.

omparison of Nonspecific Adsorption and
Regeneration Ability

In addition to reproducibility, the use of SAM to
mmobilize antibody offers other advantages such as
inimal nonspecific adsorption and ease of regenera- m
ion of the antibody-coated crystal. To demonstrate the
dvantages of the SAM coating method with other
ethods, several anti-IgE-immobilized crystals were

repared using conventional method based on
-APTES (15) or PEI (16), both of which form random
olymer meshes adsorbed on the surface of the elec-
rode rather than an orderly, covalently coupled SAM.
n these methods, the cleaned crystals were first mod-
fied by dipping in 5% g-APTES acetone solution or 2%
EI ethanol solution for 1 h. Anti-IgE was then cross-

inked using 2.5% GA in PBS as described under Ma-
erials and Methods. This was followed by blocking of
onspecific sites with 5% BSA as described under Ma-
erials and Methods. The resonant frequencies of each
rystal before and after the BSA blocking step were
etermined. In another experiment, 5 ml of 1 mg/ml
rotein A, which has a well-known affinity for certain
lasses of immunoglobulins, was adsorbed onto the
urface of the gold electrodes of the crystal. The protein

was dried at 37°C in an oven for 40 min before
nti-IgE was added for binding with protein A. After
ntibody coating, 5% BSA was used to block nonspecific
esidues. The changes in frequency caused by BSA
dsorption for different immobilization methods are
isted in Table 3. These results show that conventional
oating methods give approximately three to five times
ore nonspecific binding sites than the SAM methods.
he data shown in Table 3 are mean values from at

east five duplicated measurements.
After analysis had been performed, a wash with de-

aturing reagents to disrupt the anti-IgE/IgE immu-
ocomplex was performed. After regeneration of the
rystal, total IgE testing was then repeated. Results
ndicate that cross-linking via thioctic acid SAM pro-
ide superior activity after multiple regeneration cy-
les compared to IgE cross-linking via APTES and
dsorbed protein A. Anti-IgE immobilized by the SAM
ethod retains more than 90% of its activity after five

egeneration cycles, and still retains 65% of its activity
fter six cycles. For the g-APTES method and protein A

TABLE 3

Comparison of Nonspecific Adsorption of BSA
on Anti-IgE-Coated Surface

Methods

Frequency change
caused by BSA

adsorption (Hz)a

BSA
bound

(pmol/side)

EI 130 0.99
PTES 164 1.25
rotein A 208 1.60
hioctic acid 48 0.37
ysteamine 34 0.26

a Average of at least five results.
ethod, activity of the modified surface reduce to ap-
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72 SU, CHEW, AND LI
roximately 60% and 40%, respectively, of the original
fter three regeneration cycles (data not shown).

ONCLUSION

The SAM-based Pz sensor coated with an anti-hu-
an IgE layer can be used to quantitatively detect

otal human IgE from serum samples. The well-con-
rolled surface structure offered by SAM provides
any advantages for the sensor performance, such as

he reproducibility of the assay, the ease of regenera-
ion of the sensor, as well as prevention of nonspecific
dsorption. The fabricated sensor can detect total hu-
an IgE in the range of 5–300 IU/ml with CV less than

%. The detection results for the real serum samples
re in good agreement with currently used clinical
ethods.
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