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| NVENTI ON _ The present invention is related to the apparat usfasd
met hod for perform ng i mmunoassay. |In particular, the present
invention is related to a 5 diagnostic tool in allergy testing.
BACKGROUND OF THE | NVENTI ON The use of piezoelectric (Pz)
oscillator, such as quartz crystal microbal ances (CMs) as a
potential chem cal sensor is based on the reI ationship of the
frequency change and the mass_| oadi ng on face of 10 the crystal
described by the Sauerbrey PHEEQERKE TRIC 'MMUNOSENSOR

[err] where AF is the neasured frequency shift, F[err] is the
fundanment al frgguenc oated Pz crystal Ais the area
coated, AMis Fie- éfcmﬁgwﬁggﬁtlgw surface dep03|t|on [err] is the
den5|ty of the quartz crystal (2. 64890n{err]) and [err] I's the shear
modul us (2. 947x10fHy 63r8§é’ﬂte'ir‘i\]e‘-i'ﬁi8hr}s frefatéd - féU&hél%ﬁa?raﬁst% shethme for

frequency which can nmeasured after nass change i's known as

resonance freqﬂsnsmﬁp '*g‘ Gﬁéaé?fag” lrﬁgagﬁata?dtﬁ&ﬁesehgtrﬁféhﬁahhy ré&ftwqc a

materi al s such as antbody, anti enzynes may be used as a coating

20 on Pz ys as a Pz crystal coating was first
dem)nstratgb{j begéﬁgﬁtygotdf%aﬂ%@qgh%d Mater. Res. Vol. 6, pp565-70,

1972). In the experinments described in this prior art, the antigen-coated
BACKGROUND OF THE INVENTION

The use of piezoelectric (Pz) oscillator, such as quartz crystal
microbalances (QCM's) as a potential chemical sensor is based on the
relationship of the frequency change and the mass loading on the surface of

10  the crystal described by the Sauerbrey equation :

AF = -2F02Am
Alpgy)'”?

where AF is the measured frequency shift, F, is the fundamental frequency of
the ungdated Pz crystal, A is the area coated, AM is the mass change due to

15  surface deposition, p,is the density of the quartz crystal (2.648gcm™) and p,

is the shear modulus (2.947x10"'gecm™'s? for AT-cut quartz crystals). The
frequency which can be measured after mass change is known as the
resonance frequencies. It has been suggested that biologically active
materials such as antibody, antigen and enzymes may be used as a coating
20 on Pz crystals. The use of antigen as a Pz crystal coating was first
demonstrated by Shons et al. (J. Biomed. Mater. Res. Vol. 6, pp565-70,
1972). In the experiments described in this prior art, the antigen-coated

crystal was exposed to unknown amounts of antibody solution. The



crystal was expdsed to unknown amounts of antibody sol ution. The

2 | mmunor eacti on between anti body and anti gen-coated crystal resulted
in the i mmunobi ndi ng of the antibody. Frequency shift caused by nass
| oading is proportional to the concentration of the specific antibody
i n sol ution. U S. Patent No. 4,242,096 discloses a conpetitive

I mmuunoassay for 5 detecting an antigen inpa liquid sanple, in which an
antigen was adsor bed onto a crystal having a polymer nonol ayer such
as pol y(2- hydr owmpuBoreaction hibtweeh \dndibody-ahddaritigearcoated beystaimesulted inl the
antigen conpetes wth the antigen in the test sanple to react with a
speci fi c anti badmunbobiriding ofdbe @ntibody. Frequbecy shift causeldeby Thassaloading 08
free antigen can then be deternmined by the 10 change of resonance
frequency of t peopstionadlabitbe copetrtnation ofetherspecifictantivody in sok#tisndar d curve.

The use of a polyner primng surface foll owed by adsorption of the
antigen are also disclosed in U S Patent No. 4,236,893 and
4,314,821, anong Y&hePatent No. 4,242,096 rdiselasesi? compalitiyes immiinogssay ofor
met hod of protein immbilization 15 wusing a cr%_stal with a surface
nodi fi ed t o5f odetestingyan aotigen linaaiquie siagme, in whichvan entigen twas adsorbed
i mobi lizes proteins through am de |inkages. The patent further
suggest ed t hat optataeianystak bapingora golymeermpoolayer ssuchic lasapolyidihiydraxy-3-
pol yacryl am de polymers may al so be used. Such net hods, however, are
based on randosimethyleamined! .gdiuiame)s, Théi ioimabilized santigerc cgrhpetess miths the
antigen in the test sample to react with a specific antibody which is added to
the test sample. The amount of free antigen can then be determined by the
10 change of resonance frequency of the oscillation system by reference to a
standard curve. The use of a polymer priming surface followed by adsorption
of the antigen are also disclosed in U.S. Patent No. 4,236,893 and

4,314,821, among others.

US. Patent No. 4,735,906 discloses a method of protein immobilization

15 using a crystal with a surface modified to form a layer of siloxane polymer
which in turn immobilizes proteins through amide linkages. The patent
further suggested that protein adsorption on other polymers such as modified
polyacrylamide polymers may also be used. Such methods, however, are
based on randomly oriented polymers, which affects the coupling sites

20 available to the antibody/antigen used in the coating procedure. In addition,
such polymers also interact with the crystal surface through physical
adsorption, and therefore are also highly sensitive to washing and

regeneration conditions.

Rickert et.al. in Biosensors & Bioelectronic 11:591, 1996 described a

25 method of covalently coupling a synthetic peptide onto the gold surface of an



20 available to the antibody/antigen used in the coating procedure. In

addi ti on, such polyners also interact wwth the crystal surface
t hrough physi cal adsorption, and therefore are also highly sensitive
to_washi ng and regeneration conditions. Rickert et.al. in

Bi osensors & Bioelectronic 11:591, 1996 described a 25 nethod of
covalently coupling a synthetic peptide onto the gold surface of an

3 oscillator using self-assenbled thiols as selective nonol ayer coating
for bi oaf bsoilldtyr asirigy self-assembid thivkp@st edlectiee ravnalayet hcazdingl dort
coupl i ng, sensitivity was reduced to approximately 70% of the initial
val ue after thpieeffinity analgsiseriaiti theycsaposied thét even |withincatatént! icouplifggE)
is a glycoprotein (M err]=190000, S[err]=8.2) containing a |large
amount of car bednsitivitiyewdd t8duced to approximately W0% of the initizivalee aftevthiezavy
chains and two |light chains. IgE is present in human serum and has

di agnosti c f ungigeperation éymegjet ection of allergies. Several
i mmunoassays have been reported for the determ nation of total IgEin 10

human serum | munoassay procedures such as radi oi nmunoassay,

f I uor oi mmunpas s aymnaurgisbulinn ke d(IgBuiso sordipctprateiny Ma190000, uSg, 0E=8.2)
I on-sel ective el ectrodes are the nost widely used nethods in '
I mmunochem str

test (Fluor escé‘?mgi"i[l'vgﬂe%; ksébrabgqclr{m?@E%ﬁé%ﬁgﬁaléféﬂimﬁg I ;gt@uy ? Fu"]lf ET
comprises two heavy chains and two light chains. IgE is present in human
serum and has diagnostic functions in the detection of allergies. Several
immunoassays have been reported for the determination of total IgE in
10  human serum. Immunoassay procedures such as radioimmunoassay,
fluoroimmunoassay, enzyme linked immunosorbent assays and the use of
ion-selective electrodes are the most widely used methods in
immunochemistry. BioWhittaker, Inc. of Maryland, USA, has a Total IgE FAST
test (Fluorescence Allergor-sorbent Test) which uses immobilized anti-IgE
15 antibody in a microtiter format, and is based on the conventional
fluorescence enzyme immunoassay technique. Pharmacia of Sweden has a |
CAP-fluorescence system which uses an antibody-coated 3-dimensional
porous matrix as a reaction carrier. Its principle of detection is also based on
the fluorescence reaction between the enzyme-labeled antibody its specific
20 substrate. These conventional diagnostic methods, however, suffer from
drawbacks such as requiring skilled personnel and using potentially
hazardous and expensive reagents. In addition, the test procedures and

instrumentation are complex and time-consuming.



15 antibody in a mcrotiter format, and is based on the conventi onal

f1 uorescence enzyne i nmunoassay techni que. Pharnmaci a of Sweden has a
CAP-f | uorescence system whi ch uses an anti body-coated 3-di nensi onal
porous matrix as a reaction carrier. Its principle of detection is also

based on the fluorescence reaction between the enzyne-| abel ed
anti body its specific 20 substrate. Thesg conventional diagnostic
nmet hods, however, suffer from dr awbacks such as requiring skilled

per sonnel and i o] lall azardous and expensive reagents. In
addition, the 5@3@5?0@%3&& é‘h‘ﬂﬁ""on I nstrunmentation are conpl ex and
ti me-consum ng.
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i nvention to provi p or ‘anti I'ng

obj cct of ¢ no. e gafeR GEERGY (BEhg, mhich, WBKEme g icklems d8ETRY,
It

nmet hod for al I$ testing. i s anot her object to provide a
nmet hod of alle %@Y ‘'esting at reduced costs. SUMVARY OF THE | NVENTI ON
The present invention provides a nethod for the detection and quantitation

of 10 antg gen, 1EgdasHtREr %lé%.t fo?rthg ré S8t iAdehtith %@gﬂ?oviaee%%ﬁgggﬁ%d‘%nd

according to one aspect I ncludes an i Mmunosens whi ¢
metal - coat ed  ghortened method for allergy testing.

It is another object to provide a method of allergy testing at reduced costs.
SUMMARY OF THE INVENTION

The present invention provides a method for the detection and quantitation of
10  antigen, and apparatus for performing the same. The apparatus according to
one aspect includes an immunosensor which uses a metal-coated
piezoelectric (Pz) crystal microbalance with a self-assembled monolayer
(SAM). According to another aspect, an antigen-specific antibody is
covalently coupled to the electrodes of the crystal. In one embodiment, the
15 antigen is human IgE which may be detected using the immunosensor
having a Quartz Crystal Microbalance (QCM). The anti-IgE antibody is
immobilized onto the crystal via the SAM. In one preferred embodiment, the
gold-coated surface of the crystal is first modified with thioctic acid to form an
SAM. Using the coupling reagent 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
20 imid (EDC), anti-IgE antibody is then covalently coupled on the SAM. In
another preferred embodiment, cysteamine is used to form the SAM, and
glutaraldehyde (GA) is used to cross-link the antibody to the SAM. The highly

ordered SAM results in very uniform amounts of antibody binding.



pi ezoel ectric (Pz) crystal mcrobal ance with a self-assenbl ed nonol ayer
(SAM . According to another aspect, an antigen-specific antibody is
covalently coupled to the el ectrodes of the crystal. In one enbodi nent, the
15 :antigen is human IgE which may be detected using the imunosensor
having a Quartz Crystal M crobal ance (QCM. The anti-IgE antibody is

i mmobilized onto the crystal via the SAM | p one preferred enbodi nent, the
gol d-coated surface of the crystal is first nodified with thioctic acid to
form an SAM héldg B gletdutionanpthoddneledgs iicubation of the test sample with the
-et hyl - 3-(3-di met hyl am nopropyl )carbodi- 20 imd (EDC), anti-IgE antibody
i's then coval erintivodpephtstl enystilcfobidicated time. Th@OfrBQGerﬁkf)Bfoﬂfrthédantlbod
enbodi ment, cysteanmne is used to formthe SAM and gl ut ar al dehyde

(GA) is used t @oatens srystalkistreasuedbbetsrd aridhaft& \hcubatioRi Withyantigen. The
ordered SAMresults in very uniformanounts of anti body binding.

5 The Ichanget sictheohiedidnitydisi rtatade® 'dh@CaHh@UhPBf %tlgaﬁ Bcﬁmd G RE e
with the ant | body-coated crystal for indicated tine. frequency of
the antibody- coated 68@tetdafd the AmbEntSRIYE 8an MRS uEnEHKY %&tferf foRBH @t 4 on
wi th antigen. The change of the frequency is reI at ed e amount of
anti gen bound tsgardid cupveoated crystal, and the anmount of |IgE can be
gquantified by reference to a standard curve. The QCM
produced according to the present invention has a stable protein

| ayer which is rebhetQOM peoducpd assordira)ito dhenpresht Ngedlition has a stable
protein layer which is resistant to rigorous washing and stringent

regeneration methods. As a result non-specific adsorption is minimized, and

10 immunoassays provided according the present invention are highly
reproducible. Furthermore, the assay method is simple, not only in respect of

procedure and duration, but also in respect of reagents required. Since no

secondary signaling molecules such as radiolabel or enzyme and substrates

are necessary, costs can also be kept very low.

15



regeneration nethods. As a result non-specific adsorption is mnimzed, and
10 imunoassays provi ded according the present invention are highly
reproduci bl e. Furthernore, the assay nethod is sinple, not only in respect
of . procedure and duration, but also in respect of reagents required.
Since no secondary signaling nol ecul es such as radi ol abel or enzyne
and substrates are necessary, costs cg@an also be kept very low. 15

6 BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1 is a diagramto

show a QCM Fiqure 2A i | agram t e sel f-assenbl ed
nonol ayers of BRIES ﬁ;{EgCRIPTiQﬁd%}]%gTHE ﬁ?é%&grode surface of the
crystal. 5 Figure 2Bis a diagram to show the self-assenbl ed nonol ayers

of cyst egg’hﬁlg 1qga}5‘gpﬂag‘l\g%§b§\§y®w_surface of the crystal.

Fi gure 3A diagr o Show y rnmobilization procedure using an
SAM of thioctic acid. Figure 3B is a standard curve obtai ned by QCM

anal ysi s of vaFiqutg ZAwat giagtdm t6f sHuWaRe |s@lf-assieRtbléd rhbielagerse optisiectid t h
nonocl onal anti-1gE via an SAM of thioctic acid. Figure 4A

di agram t o showcidéh e §SlaBlectroiRPEUfacR! bidReRtadur e using an SAM of
cyst eam ne.
5 Figure 2B is a diagram to show the self-assembled monolayers of

cysteamine on the gold electrode surface of the crystal.

Figure 3A diagram to show the antibody immobilization procedure using an

SAM of thioctic acid.

Figure 3B is a standard curve obtained by QCM analysis of various amounts
10 of human IgE using an crystal coated with monoclonal anti-IgE via an SAM of

thioctic acid.

Figure 4A diagram to show the antibody immobilization procedure using an

SAM of cysteamine.

Figure 4B is a standard curve obtained by QCM analysis of various amounts
15 of human IgE using an crystal coated with polycional anti-Igk via an SAM of

cysteamine.

Figure 5 is a graph to show the change in frequency at various steps of the

immunoassay.

Figure 6 is a graph to show the sensitivity of the assay after various cycles of

20 regeneration.



Figure 4B is a standard curve obtained by QCM analysis of various anpunts
15 of human I gE using an crystal coated with polyclonal anti-IgE via an

SAM of cyst eam ne. Figure 5 is a graph to show the change in
frequency at various steps of the I mmunoassay. Figure 6 is a
graph to show the sensitivity of the assay after various cycles of 20
regeneration. 7 7

DESCRI PTI ON OF THE | NVENTI ON Figure 1 shows a conventional QCM

[ i ' ' [ | d el ectrode 22
gg;salogint \(,amdt gnaeiﬁéﬁiﬁaﬁoﬁg%O!NVﬁélﬁ%"j]aV:Ng?e?. g'(I)'hesg te\fvor gl gct rodes

are connected to an oscillation circuit 24 and a 5 frequency counter 25
case of descript1 biSUrereohdfs e ANl A fodtdn wih 4, 6B28ERGH olystal
System o andarsd RVIEELY 4t o8RO 3 FokSaT anoRetlr 18 h8siges of the
Cont ai ni ng” two WAL cEeRs el PR Prndafe Fodtdie el baaliin et Rgnd A
be used for thefrel ectrodes ?r?)!%h as_silver ﬁ%l atinum chrom um

d .
stainless © TrRQUeLcYy Gquot hioT Renstaiing and defegling resenange g’%ﬁyﬁaplqsne

f Lieggt 2} ieg{] r ggertggS%gtMeEys I?(lgj{aéészé otfh&es%%glici)r?,ameor(]:o(r)r%cbirwcf ovs%h}a?igﬁ Bﬁ(t:wte,etrr]le
frequency counter and power supply will be referred to as the oscillation
system. Standard methods, such as described in Shons et al. J Biomed
mater. Res. 565-570, 1997, uses a thin disk of AT-cut quartz crystal

10  containing two plated gold electrodes on both sides. Other metals may also
be used for the electrodes, such as silver, platinum, chromium and stainless
steel. Due to the piezoelectric properties and crystalline orientation of the
quartz, the application of the voltage between these electrodes results in a
shear deformation of the crystal. The two electrodes are used to induce an

15 oscillating electric field perpendicular to the surface of the quartz wafer. The
oscillating field produces a mechanical oscillation or standing wave in the
bulk of the quartz wafer. A resonance oscillation is achieved by including the

“crystal in an oscillation circuit 24, where the electric and mechanical
oscillations are close to the fundamental frequency of the crystal. The

20 oscillation circuit and frequency counter (such as HP5213A from Hewlett
packard, USA) are well known in the art, and are described in detail by
Bruckenstein and Shay in Electronchim. Acta, 30:1295, 1985. The
fundamental frequency (F,) depends on the thickness of the wafer, its

chemical structure, shape and mass, and can be determined using a

25 universal counter. In the preferred embodiment, the crystal is an AT-cut



shear deformation of the crystal. The two el ectrodes are used to induce an
15 oscillating electric field perpendicular to the surface of the quartz

waf er. The oscillating field produces a nmechanical oscillation or
standi ng wave in the bul k of the quartz wafer. A resonance
oscillation is achieved by including the crystal in an oscillation
circuit 24, where the electric and nechani cal oscillations are close

to the fundanent al frequency of the crystal Thqgf) r%scml I atlo CI I‘CL1 d.

and frequency cMierQuare Wafer gbstHam fiametas.a ﬁ'él'&sér

wel | known in the art, .and are described ip detail K Br uy kens;eyI
and Shay in El &ectEdeisnSImmain dipmeles ancygé)Onim, dhick. The gﬁ Rpgot the
frequency (F[err]) depends on the thickness of the wafer, %

chenmi cal ~ st r uctale@rodsh isalsenwellddowny iy the rarhesusky ag ﬁeHsQqu nygl vaeuum

uni versal counter. In the preferred enbodi nent, the crystal is an AT_C(Sj

8 10VHz Q@mltm arapsr qenﬁﬁltmrhraadeelaﬂf@cbemrﬁaltmame@% nicked @@i
el ectrode is 5Inmmin dianeter and 100nmthick. The de SI tion of th
el ectrode i § alchsomim, tiiapium iand: sitvesr it wosild beagpprrei byrong gwllefadndhe

deposition, vapor deposition and el ectrochem cal plating of nickel, gold,

e

5 chromium tiararthaimtbedpesisentrinventionunay bbe apiactisedit ésingy other dypas eof i n

t he art that the present invention may be practised using other types
of pi ez ogliezdeléctriainsicodilanoess sushiab sasfasardcaustiawavetdayicasy e

devi ces. The nol ecul es useful for producing the SAM i ncI ude

al kanet hi ol s whi ch n functional term nhal group

i mobi |i zati on puﬂ'bgg@glecg;egn%@gl for producing the SAM include alkanethlols which
contain functional terminal groups for immobilization purposes. Examples

10 include carboxylic acid- and amine-terminated alkanethiol molecules. Other

examples, such as hydroxyl-terminated alkanethiols are described by Mittler-

Neher et al in Biosensors and Bioelectronics 10 (1995), 903-916. Thioctic

acid and cysteamines are the specific molecules used in the examples

described below.

15 Figures 2A and 3A show the coupling of thioctic acid 26 and cysteamine
28 respectively to the gold electrode 22. Due to the terminal position of the
thiol group on the aliphatic chain, the resultant structure is an ordered array
of a self-assemble monolayer, with the carboxyl or amino reactive group

exposed on the surface of the monolayer and available for cross-linking.

20 In order to cross-link a desired protein to the SAM, cross-linkers which
can react with the appropriate functional groups is provided. Useful linkers
include glutaraldehyde (GA), N-ethyl-N’-(3-dimetylaminopropyl)carbo-
diimide EDC, N-hydroxysuccinimide (NHS) and partially oxidized dextrin.
Hermanson et al. in Immobilized Affinity Ligand Techniques, Academic

25 Press, 1992 describe other available crosslinkers and their uses such as for



10 _include carboxylic acid- and am ne-term nated al kanet hi ol nol ecul es.

O her exanpl es, such as hydroxyl-term nated al kanethiols are
described by Mttler- Neher et al in Biosensors and Bioel ectronics 10
(1995), 903-916. Thioctic acid and cysteam nes are the specific

nol ecul es used in the exanples descri bed below. 15 Fi gures 2A
and 3A show the coupling of thioctic acid 26 and cysteam ne 28
respectively to the gold electrode 22. Due to the term nal position of the
t hi ol group onthehspedifipregplicatidraiof, antibodye Bunbbilizatiom.u&igure 8A shows daresd

array of a self-assenble nonolayer, with the carboxyl or am no
reactive groupembodimenpipswhichnEDQeissusddaineamfintehaediate st forathe ecapliredp! e
for cross-linking. 20 In order to cross-link a desired protein to the
SAM cross- | i netvieerhitied thioctic atidi-cogpletl vhystalt3@ apgr apramtibddyudqt | BDG
groups is provided. Useful Iinkers i nclude gl utaral dehyde (GA)
N-ethyl - N - (3- eaated Withtheeartsuxyl groupluithe thiocticaditite forPen intermediate 32,
N-hydr oxysucci ni m de (NHS) and partially oxidized dextrin. Her manson
et al. in lgmo@hidhziaduid feadtts Withltwaﬁ]iﬁ@gmumyeme ANSIRIY 84, Psultiiich 6 the 992
describe other available crosslinkers and their uses such as for

9 t he spefhinobilBfidn SRtHe Bnfibody 36 BAE)thé TERALE i0f Ahé P8dudedEDE.3A shows
one enbodi ment in which EDC is used in an internediate step for the
coupling bet ween the thioctic acid-coupled crystal 30 and an anti body
34. EDC r ek psefeiret linker dzetween | cygteaminef andhea phiteint isc ghutarhldehyds m

an internedi ate 32,
(GA). Figure 4A shows another embodiment of one aspect of the present

invention in which GA reacts with the amino group of immobilized
10  cysteamine 40 to form intermediate 42. The amino group of the antibody 4 4

is then cross-linked to the immobilized cysteamine monolayer 46.

An optimal amount of antibody is required for immobilization in order to
give the maximum cross-linking while minimizing costs. A useful range of
antibody concentration for cross-linking is 0.5-5mg/mL. A preferred ranged is

15  0.5-1.0mg/mL. To evaluate the progress of immobilization, the resonance
frequency of dried crystal is determined after all reaction steps and the

amount of bound material calculated according to Sauerbrey’s equation.

After antibody immobilization, the gold surface is preferably further
incubated with a blocking agent such as a non-reactive protein or peptide to

20 block any residual non-specific adsorption sites. A useful blocking agent is
bovine serum albumin (BSA). The antibody-immobilized crystal is then used

for the analysis of the specific reactive antigen.

For analysis, the test solution may contain known or unknown

concentrations of the specific reactive antigen, which may be a patient’s



5 which in turn reacts with the amno group of the antibody 34, resulting
in the I mobi | i zati on of the antibody 36 and the rel ease of the
reduced EDC. A preferred |inker between cysteam ne and a protein
i s gl ut aral dehyde (GA). Figure 4A shows anot her enbodi nent of one
aspect of the present I nvention in which GA reacts with the am no
group of immobilized 10 cysteam ne 40 toqforminternediate 42. The am no
group of the antibody 4 4 is then cross-linked to the i mmbilized
cyst eam ne nonséraywerardnknown solutiodor @psdlutidn efrknown ahtigen icondgntratiorsg Wl r ed
for immbilization in order to gi ve the maxi mum cross-1linking while
m ni m zi ng cosinethadl fsredilgrgy aestingodccording tarthi lprdgentoingentiormtdonmprises the
cross-linking is 0.5-5mg/nL. A preferred ranged is 15 0.5-1.0ng/nL. To
eval uate the pfdugm@gssmpsi;mmbi lization, the resonance frequency of
dried crystal is determned after all reaction steps and the anount
of bound material cal cul ated according to Sauerbrey's equation.

Af ter anti bodya) rkiBining the msonanee fenuercy oilhe reectiveerystadl y f urt her

i ncubated with a bl ocki ng agent such as a non-reactive protein or peptide

t 20 bl ock id - i fi d ' ites. A f yl bl ocki
agent s 5 BhiureRREg maruon wipgie SRBlrode ob i feashyBrStel cryst al
is then used for the analysis of the specific reactive antigen.

For anal ysi s, 5%?"’%%@"%3% t&:%bdmy;g&%iﬁ@i gnown or unknown

concentrations pecrfic reactive antigen, which may be a patient's
10

d) checking the resonance frequency of the reactive crystal.

The amount of material bound to the electrode of the crystal can be
determined using Sauerbrey’s equation using the frequency shift determined

10 by steps (a) and (d). To determine the antigen concentration in an unknown
test sample e.g. patent’s serum, a standard curve is first constructed using
solutions of known antigen concentrations. If the antigen is an antibody, it will

be referred to as the second antibody, in order to distinguish it from the
covalently immobilized antibody. For test solutions such as serum, the serum

15 may be incubated with the antibody-coated crystal without prior treatment.
The incubation time can range from 30-120 minutes, but longer incubation
periods may be used without affecting results. The preferred incubation time

is 30-45 minutes in order to shorten the protocol time. Washing may be
performed .using many conventional buffers for biological samples at

20 physiological pH, for example phosphate-buffered saline, pH7.4. Low
concentrations of mild detergents may also be used for washing to reduce

non-specific adsorption, such as TritonX-100 and Tween 20.

The specific preferred embodiment for the apparatus and method for

allergy testing using anti-IgE as the antibody and IgE as the antigen will be



serum an unknown solution or a solution of known antigen concentrations. A
met hod for allergy testing according to the present invention conprises the

foll ow ng steps: a) Obtaining the resonance frequency of the reactive
crystal; 5 b) Incubating the test solution with the el ectrode of the
reactive crystal; c) washi ng away unbound proteins; and d)
checki ng the resonance frequency of the reggtive crystal. The

anount of material bound to the el ectrode of the crystal can be

det er mi ned usidescebedr by e exampes shows bglame These axanyplesi illusttriesriiened
10 by steps (a) and (d). To determ ne the antigen concentration in an
unknown variguss feghiireseoly thep dnvention apd utine somparatived resuitse with fothest
constructed using sol utions of known antigen concentrations. |If the
antigen i s an corivientidgal methvadd. These example$.ehowever ans nméantsfec diustration
antibody, in order to distinguish it fromthe covalently inmobilized
anti body. For ¢yl andlshduichhos wehtakensas Uimitdtion e then préSentnimyvehtion.ndtuisat ed
with the anti body-coated crystal w thout prior treatnent. The

i ncubati on g i ngortemplated ahétr vsing Qhd 28achingd eescilbdd herganany vakiations and
periods may be used without affecting results. The preferred incubation

time I s peditatibieiteh be Pisthy by opBObLE &dinafy PSION diAOlthd | dre. wildelt ng
may be performed using many conventional buffers for biological

sanpl es at  20degdiing HoRdtreaspiftand e Whﬁ%ﬁﬁ&hﬁiﬁd@&ﬁr%ﬁed sal i ne,
pH7. 4. Low concentratlons of mld detergents may al so be used for
washing to reduce non- speC|f|c adsorptlon such as TrltonX- 100 and
Tween 20.° EXAMPItE 1s;de ' E and
met hod for al | ergy testing using antl-IgE as the anti body and IgE as

t he antigen wi THIQETIC ACID SAM

10 10Mhz AT-cut mounted crystals with gold electrodes ( from International
Crystal Manufacturing Co. Inc., Oklahoma, USA) were cleaned with hot
Piranha solution (30% H,0,:H,S0,=1:3). The Piranha solution was spread
on the gold surface for 5 minutes, after which the electrode surface was
thoroughly rinsed with distilled water. This is followed by rinsing first with

15 95% ethanol and then with distilléd water again. This procedure was
repeated twice. The surface was then finally blown dry with a stream of

nitrogen gas and the resonance frequency (F,) determined.

To prepare the crystal for covalent binding of the antibody, the surface of

gold electrode on the crystal was first modified by thioctic acid. This was

20 achieved by dipping the freshly cleaned crystal immediately into 0.2%
solution of thiotic acid in ethanol for 24 hours at room temperature. After
washing in ethanol and distilled water, the thioctic acid modified crystal can

then be reacted with EDC by dipping in a solution of 2.1% EDC in ethanol for

1 hour. This is followed by rinsing with ethanol and distilled water again.

25  Then 5ul of anti-IgE antibody was added on both sides of the crystal to cover



described in the exanpl es shown bel ow. These exanples illustrates the
various features of the invention and the conparative results with other
conventional nethods. These exanpl es, however, are neant for illustration
only, and should not be taken as limtation to the present invention. It is
5 contenpl ated that using the teachings described here, many variati ons and
nodi fi cati ons can be nade by one of ordinang skill in the art w thout
departing fromthe spirit and the scope of the invention described.

EXAVPLE 1: PREsrentirersutfacersfding goldeleattodgy fan 4minytge alreom tempergfureT

ACID SAM 10 10Whz AT-cut nounted crystals with gold el ectrodes from
| nternati onal The res@yaneeairequaneyaeft theiaiystabwas fleternaiped radayerysigp gkthe

cl eaned with hot . Piranha sol ution (30%

H err] g err] : HPe@paragreprgcedun to megitpr peagiassol uti on was spread on

the gold surface for 5 mnutes, after which the el ectrode surface was
thoroughly rinseq¢with.distilled. water. This,is fall. Vi =l RS NGLL] T St
wth 95 Y g5os et Hiatorikied, amoREARGH. ol BrtyBSaT ok B3 Sbhie
i ce., AL hen finally bl d ith.

streamof 'S oefipuohen 4SOk IS AT anfcprbEfna g Rbaia ok Mifh
det er m ned. ., lo prepare,the stal, for co \ndi t he
ant body. 1§ he BarXiRaseoponuBate" sirabbS Ieaalodnd  AeEr) sy Tdbd upe
e oyt Skl Seseyann i hepronits” PGy lothoREn 15,58 T
cl eaned crysta | n : o] I cYa [
et hanol for 24 hours at roomtenperature. After o

experiment to evaluate the saturation amount of protein binding to crystal

was performed. This was done by coating diluted amounts of antibodies
10 (between 5mg/mL and 0.3mg/mL) onto different crystals untii maximum
frequency shift was obtained. At each concentration, at least § replicates
were used to obtain the results. Separate Bio-Rad protein assays indicated
that the concentration of the undiluted monoclonal and polyclonal antibodies
had protein concentrations 5.0 and 4.5mg/mL respectively. In addition, a
15 standard inhibition test (Jones et al. Ann Allergy 222-225, 1986) was
performed to examine the amount of antibodies needed to inhibit the antigen
(IgE) at a concentration of 300 IU/mL, which is the highest concentration
needed to constuct the standard curve. The inhibition experiments indicated
that concentrations of 0.img/mL of the monoclonal antibody (i.e. 1/50
20 dilution) and 0.45 mg/mL of the polyclonal antibody (i.e. 1/10 dilution) were
active enough to recognize at least 300 1U/mL of IgE antigen. The results
also suggested that crystals coated at the saturation point may be able to

read concentrations of IgE greater than 300IU/mL (results not shown).

Considering the two factors, 5ul of 1/10 and 1/5 dilutions of the monoclonal



washing in ethanol and distilled water, the thioctic acid nodified crystal
can then be reacted wth EDC by dipping in a solution of 2. 1% EDC in
et hanol for 1 hour. This is followed by rinsing with ethanol and
distilled water again. 25 Then 5[ err] of anti-IgE anti body was added on
both sides of the crystal to cover

12 the entire surface of the gold eleggrode for 45 mnutes at room

t enper at ur e. The resonance frequency of the crystal was determ ned at
every step of ahe polyclongirantivoaiiesoin phospliie doufferedsatioe (PBR)reldg.4) were
For anti body i mmbilization, nonoclonal anti-human IgE from Sigma 5

[catal og no. 1sélébied foMide ineiob)lization pedgeduwraal anti - human I gE with

per oxi dase conjugate fromrabbits [catal og no. A-9667] (MN 190,000) were
used. To ascertain the appropriate anti body concentration to use, an
experiment to evaAftentatiowing Sl wf antibodyiroPBS ¢ ajrr diyeomtobthedelegtrodes; s al
was perfornmed. This was done by coating diluted amounts of antibodies 10

(bet veen ST/l ST il Sh LSy S i B .
vor e used 0 RbRT Nend i bl PR RS B e TS, bR od
ontt b es g oB S S 53b0 B B QoA ot S BSpSahbih

ﬁggaggi Oliggﬁi) W}‘\'fcl:?l[ iﬁéhgﬁuggﬁ{g%ﬁe oq trtlg a(ra‘r%(o%% %?p%oqginacr{)%%%d.m anti bodi es

10 IlgE ASSAY PROCEDURE

Frequency shift in Hz (AF)
Crystal No. Thioctic acid Monocional Polyclonal
modified crystal | antibody coated | antibody coated
crystal crystal
1 277 310 417
2 240 319 403
3 278 293 445
4 351 279 487
5 281 375 335
6 214 411 491
7 294 341 476
8 279 316 381
9 271 340 514
Averaget SD 276.1+12.4 331.5+13.7 438.8+19.6
RSD (%) 4.5% 4.1% 4.5%
TABLE 1

To avoid non-specific adsorption, the antibody-coupled crystals were

incubated with 5% bovine serum albumin (BSA) before exposure to antigen.

For quantitation, a standard curve was obtained. To build the standard curve,




(Ige) at a concentration of 300 IU L, which is the highest concentration
needed to constuct the standard curve. The inhibition experinents indicated
that concentrations of 0.1ng/nL of the nonoclonal antibody (i.e. 1/50 20
dilution) and 0.45 ng/nL of the polyclonal antibody (i.e. 1/10 dilution)

wer e active enough to recognize at least 300 U nL of IgE antigen.
The results al so suggested that crystgls coated at the saturation
point may be able to read concentrations of IgE greater than 3001U nL

(results not shoswries of standdionkEdesncentiations weerbastitained By dilufidénsofrofn e and
1/5 dilutions of the nonocl onal

13 and pol Y@t&b@ llaPA ST okbst Kiti firorpFBisphittakehuiht cThel vaaling @ohEBRtratibfis 4)
wer e selected for the imobilization procedure. Af ter

al I owi ng 5[ errbf IgE wete bpcybate RRB hordciondl yantiticuyt lwatdd cénysidds fot a5
el ectrodes were i medi ately washed three tines with PBS and distilled 5

wat er to renpvenigites! ThedWaquenty clrigest 6f e | B6d Yorgstab rietoreD apide after
Tabl e 1 bel ow shows the frequency shift of the QCM after anti body coupling

which is the gypjubating With AintigeR eemwestonRiing 1Otk 'toneoRlratibn of the IgE are
Frequency shift in Hzﬁg(AF) 5 Crystal l@g Thioctic acid g

Monocl onal jisidal ikCT4Bl@!2. To investigate the reproducibiRy dfitRE riéthatalat |@ayti Hody
coat ed anti body coated

crystal t : Y/
417 dgpﬁééié t-:&lpenments &vzﬁse p]erformed on5 s??fgr@lé QCM crystals fczlrO %é“éﬁ
IgE concentration. Results in Table 2 show that the relative standard
deviation of this method was less than 8%. The corresponding standard

10  curve is shown in Figure 3B.

Concentration of AF (Hz) Standard Relative
Standard deviation Standard
IgE(IU/mL) mean value Deviation (%)

0 0 0 0
50 65.0 +2.8 4.3
100 130.1 1+7.5 5.8
150 177.0 49.4 5.3
200 249.0 +18.3 7.3
300 381.3 127.5 7.2

TABLE 2

For the analysis of actual test samples, 5yl human serum was applied on

both sides of the coated crystal for 45 minutes. After thoroughly rinsing with
PBS and distilled water, the crystal was air dried and resonance frequencies
15 were obtained. The concentration of total IgE in the human serum test
samples can then be calculated according to the frequency change with

reference to the standard curve. Results are shown in Table 3. These results



3 . 278 293 445 4

351 279 487 5 281

375 335 6 214 411

491 . 7 294 341 476

8 279 316 381 9

271 340 514 15 Average SD 276.112. 4
331.513.7 438.819.6 RSD (% 4. 5% 4. 1%
4. 5% are in good agreement with valueSAiitéined using dhe AFBW tEENKIGOERES

To avoi d non-specific adsorption, the antibody-coupled crystals were
i ncubat ed wi t h sbsatvoini codureerdicf Balderd.n ( BSA) before exposure to antigen.
For quantitation, a standard curve was obtained. To build the standard

curve, Concentration of | Concentration of Relative> °'
standard | gE qoncentrations \\er geoby @omd b Uriré R IFA t h&standard Tot
| gE 11 FAST Tdst Ki't*ffom Bi pwisehsarkieVmL) nc hodf YAy co cRaViaIN OPS

of IgE were if octomat—armtTb
m nutes. The flrequendy chana¢s of #1B8 coate
I ncubating w tfh anti gen corrospon%a% toth

| i sted in Tablfe—2—Fo—Avestigate e-p4'-9
| east 5 qupl i catze experi nents;ow@re per ormed-;@ns 5 sepaf at e g;M
crystals for dgach TOE CQNCentrati om. SUtrts—TIT Tapte strowthat—tHe
relative standqard 4 deviafion @18his nmefhod ve0S.1ess than 8%1.3he
correspondi ng st andarsd 10 ¢urve 2i46 oshown n Fi A6 3B. 08

6 227.0 204.5 53

7 323.3 299.1 3.9

8 115.5 102.5 0.5

9 2315 206.1 5.5

TABLE 3

5 EXAMPLE 2 : ANTI-IgE IMMOBILIZATION ON CRYSTAL VIA CYSTEAMINE
SAM

As shown in Figure 2B, the thiol group strongly reacts with the gold
surface to form a covalent bond. As a result, the amino-terminal groups of the
cysteamine formed a highly ordered monolayer. In preparation for

10 immobilization, 10 Mhz AT-cut crystals with gold electrodes were cleaned as
described in example 1. After cleaning, the crystals were modified by
soaking in 0.1% cysteamine solution in distilled water overnight (approx. 20
hrs) at room temperature to form a stable SAM on the surface of the gold
electrode. Then the crystal was then washed in distilled water before being

15 soaked in 2.5% GA in PBS, pH7.4 for 1 hour. The GA was then washed away



Concentration of AF (Hz) St andar d Rel ative

St andard devi ati on St andard

| gE(I U/ m) mean val ue deviation (% 0

0 . 0 0 50 65. 0
2.8 4.3 100 130.1

[err]7.5 5.8 150 16 177.0 9.4
5.3 200 249.0 18. 3 7.3
300 in PB8lfollowed by washing| ier dis@llecowater. The anti-)E used for coating
TABLE 2 For the analysis of actual test sanples, 5 err]l human

serum was appl arfnmoclonal obﬁbrycﬁjr@anﬁﬁaoduée andathedvorkireg abnéenitratioris ars es.
After thoroughly rinsing wt PBS and distilled water, the crystal

was air dried medsdrAé @aduseribed i ERGinple 11Fhe W@tiBodiesavaS thciliied with the
concentration of total IgE in the human serumtest sanpl es can then

be cal cul at ed g@CHELicUBIbErddES fof %Wﬁﬁnﬁt@i&r&ﬁom bing washé@faQ\FaSnmePBS the
standard curve. Results are shown in Table 3. These résults :

15 are; | ”aﬁ@%tr’ﬂ% SRITBATHY &ﬁhﬁ@ Wﬁeg@ér%w&%ééé%d ftr dathTstep and

techni que, as shown 1 n colu

Co trat
| ggcgg gél\/: on Qﬁovgr;/ ﬁgmérﬁelétn Jti.amégta%akg gedbSélhléﬂ is shown jn Fl%ne 4B.
sensor (11U ) met hod (1 U nl) Deviation (%

113. 3 116. 1 1.3 2 219. 2
211.0 1.9
Relative Standard Binding Capacity
Step AF (Hz) Deviation (%) (nmol/side)
Cysteamine 4651+24.5 5.3 2.143
GA 170.7£14.5 8.5 0.888
Polyclonal 477.2427.6 58 0.00128
Antibody
BSA blocking 34.215.0 145 0.000261
Standard IgE O 0 0
IU/mL
Standard IgE 50 65.313.5 54
1U/mL
Standard IgE 120.817.7 6.3
100 IU/mL
Standard IgE 185.7+10.7 5.8
150 IU/mL
Standard IgE 250.1+12.0 4.8
200 1U/mL
Standard IgE 349.24+11.5 3.3
300 IU/mL
TABLE 4

10

After blocking with BSA, the coated crystal was exposed to human serum for
45 minutes. The frequency changes before and after incubating with human

serum were measured. The concentration of total IgE in human serum can



3

211. 3

244. 3

5. 3.

8

231.5

TABLE 3

SAM

the gold

am no-termnm na
nonol ayer. In
with gold ele
cl eani ng, the
solutionind
tenperature t

el ectrode. Th
15 soaked in
16 in PBS
coating

concentration
was i ncubat ed

10

15

104.0 102.5 0.7 4
206. 1 1.3 5 240.0
0.8 6 227.0 204.5

7 323. 3 299.1 3.9

115.5 102.5 0.5 9

206. 1 5.5

5 EXAI\/PLE_ 2: ANTI -1 gE | MMOBI L!%ATI ON ON CRYSTAL VI A CYSTEAM NE
Abesditttilaidd WithUrefertBcet foe thid istindaird Ugureé r 881 ghpwhe ire tfablé t5h
surface to forma coval ent bond. As a result,

| bglgwips of the
preparation for

t he
cysteam ne forned a highly ordered

10 immbilization, 10 Mz AT-cut crystals

f .
crysSahsnwer e | q4E 1 %E‘gyi n 0. 1% Srs¥eam ne
stilled water PPrOX=A hls) at room

e sur d

» form a stabl e

ng

our. JgesCGA wag t hengwpshed agay

Fed—water. Thejant-TgE used fjor

nti botige$ and f§he woi3kl ng

ed 1n Exanple 1. The anti bodi ¢s
45.6 7.1

| pH7241or 1 1

ST g T arsti

br pol3856onal 3

sane as descrilg
52.7

dre nondcl onal
b are t he
with the

4

210.5 206.2 1.0

TABLE 5

EXAMPLE 3 : COMPARISON OF NON-SPECIFIC ADSORPTION BETWEEN
CONVENTIONAL METHODS of IMMOBILIZATION AND THE PRESENT

SAM METHQOD

Besides reproducibility, the use of SAM to immobilize antibody offers
other advantages such as minimal non-specific adsorption and ease of
regeneration of the antibody coated crystal. To demonstrate the advantages

of SAM with other methods, several anti-IlgE immobilized crystals were
prepared using the conventional y-aminopropyltriethoxysilane (y-APTES) or
polyethylenimine (PEIl), both of which form random polymer meshes

adsorbed on the surface of the electrode rather than an orderly, covalently

coupled SAM. In these methods, the cleaned crystals were first modified by
dipping in 5% Yy-APTES acetone solution or 2% PEI ethanol solution for 1
hour. Anti-IgE antibody was then cross-linked using 2.5% GA in PBS as

described in Example 2. This was followed by blocking of non-specific sites

with 5% BSA as described in Example 1. The resonance frequency of each



GA-treated el ectrodes for 45-60 m nutes before being washed away in PBS 5
and distilled water. The change in frequency is measured for each step and
shown in Table 4. The standard curve obtained is shown in Figure 4B.

Rel ati ve Standard Bi ndi ng Capacity Step [err]F (Hz)
Deviation (% (nmol / si de) Cyst eam ne 46524.5

5.3 2.143 GA 18 170.714.5 8.5

0. 888 Pol ycl onal 477.227.6 5.8 0. 00128
Ant i body tBﬁétabWaslob@ned beforélbniﬁaftbr the BSA blodking step as descriBe80p261
Standard IgE O I U nmL Standard | gE
50 65. 33. 5 Example 2. 5.4 I U niL Standard |gE

120.87.7 6.3 100 1 U/ m St andard | gE 185. 710. 7
5.8 150 U nL St andard | gE 250.112.0 4.8

200 1 U nL Irbanoither dxpeiment, 534%f Ahig/mL protein A, whicB has a well-RR8wn

I U/ mL TABLE 4 10 After bl ocking

e v AN S R SR B ey it
serumwere rgeas&rtﬁg ol BISHER"Sf k' Hstdl. Tr BrotbfiTa wad ded it % 4RE 3en
for 40 minutes before anti-IgE was added for binding with the protein A. After

antibody coating, 5% BSA was used to block non-specific residues. The

changes in frequency caused by BSA adsorption are in Table 6, which also

contains results of BSA adsoprtion using the various immobilization

10 methods. These results show that prior art methods of immobilization onto

the AT-crystal give approximately 3-5 times more non-specific binding sites

than SAM methods. The data shown in Figure 5 are mean values from at

least 5 different crystals.

Method Frequency shift caused Binding capacities
by BSA (Hz) (pmol/side)

PEI 130 0.99

v-APTES 164 1.25

Protein A 208 1.60

Thioctic acid 48 0.37
Cysteamine 34 0.26

TABLE 6
15 Tests were also performed to determine the effect of multiple wash cycles

on the IgE assay using the conventional Adsorbed Protein A method and the

SAM coupling method of the present invention. For the Protein A method, the

Sul of img/mL Protein A was adsorbed onto the crystals and oven dried at



17 be calculated with reference to the standard curve as shown in Tabl e

5 bel ow. Serum Concentration of Concentration of
total |gE by total |gE by Sr % Pz

bi osensor FAST net hod (1 n) (1 n)
1 241.0 204.5 8.1 2

123.5 116. 1 3.1 19 3 52.7

45. 6 7.1 4 210.5 206. 2

1.0 37°C for 40 minutes. The crystalsTABle= then washEXAWeréughly GERiPABSON

OF NON- SPECI FI C ADSORPTI ON BETWEEN 5 CONVENTI ONAL METHODS of

| MMOBI LI ZATI : i [ i

r epr oduci bi | %AM&%%Q{)BEP%E}&I){% '?%%Wpﬁh??%oWJ'uo ?e?gfwas a%%lheedr
advant ages such as m ni mal non-specific adsaorption and ease of

regener ati on 0@ heh sidespfdipr d5aminvies jnaubationothecpiystals yaret washed dhregyes
10 of SAMw th other nethods, several anti-|gE immobilized crystals were
prepar ed usi ngtimes with?BS: befare S7ESA wasi amilegptwhl@cplenneaqpmf@nedwpﬂprnES)
or - polyethyl enimne (PEl), both of which formrandom pol ymer neshes
adsor bed orb t hEinally f thee aoti-igh ecoated crysials rwenecexposad im homas isgruraovalghnt | y
coupled SAM In these nethods, the cleaned crystals were first nodified by
15 di ppi ng i nstatdpeds: | FaPTHS athioctie aciut immobilized, Rnti-tgkhacoystals) uthen

for 1 hour. Anti-IgE anti body was then cross-linked using 2.5% GA in
PBS as deimembbitidation Exatquod Was Tthessame a9|desoesbedyirbloamplg df The
non-specific sites with 5% BSA as described in Exanple 1. The

resonance freqgfreqgeency chande was monitored for each step of the two methods, and
results are shown in Figure 5. For the thioctic acid method, no loss of
10 antibody was detectable after 3 washes, whereas the Protein A method

showed 10-15% loss of antibody after 3 washes.

EXAMPLE 4 : COMPARISON OF ANALYSIS RESULTS BETWEEN THE

SAM-QCM METHOD, FAST METHOD AND THE CAP METHOD

15 Twenty six human serum test samples were analyzed for total IgE using
the SAM-QCM method and the conventional FAST (BioWhittiker) and CAP
(Pharmacia) Tests. The FAST and CAP tests were performed according to
manufacturer’s instructions. For the SAM-QCM method, the human test
serum were incubated with the crystal coated with anti-IgE via thioc‘ﬁc acid

20 SAM for 45 minutes. All tests were performed according to the method
described in Examples 1. The frequency changes before and after
incubating with the test serum were measured. The concentration of total Ig.E
in human serum can be calculated with reference to the standard curve

shown in Figure 3B. Results are listed in Table 7.
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changes in fr

| was obtained before and after the BSA bl ocking step as

Exanpl e 2.

1mg/ mL protein A, which has a well-known
L. munogl obul i ns was adsorbed onto the surface
The Protein A was dried in a 37[err] C oven
bi ndizgg with the protein A After
bl ock non-specific residues. The

n 5% BSA was

| n anot her
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used to

experi nment,
affinity for certain classes
of the gold el ectrode

5 [err]l

for 40

quency caused py BSA adsor pigE@@ongestrdtion flolmhle 6, whi ch al so

cont ai ns r esullTSgBRUMPROAUSOPT {1 ORCM! NJ

€ VargAgys | Mo

b1 1 zagapn 10

of

nmet hods. Thes¢Tesut {5 STTOW nat @Sor art [METoggg 0t 1 mTpDIT |z§4§ onm omnt
t he AT-cryst afb—eg+vre—approxttptety }@J treg—Tore r=—spectfit U:§ dtng—st] es
t han SAM net h shovwR—-A—Fi-gue+45—are- Hes—oH-at
| east 5 diffefent crstals. 230 Mit hod 271 requﬁ?ﬁv shi
caused Bi n§i ng cafpacities 235 240 2y _BSA (Hz)
(pnol / si de) 5 PE 166 19630 224
0.99 Lergl - APl 185 lb4 149 175 1.2p
Protein A 8 —160
Thi octic acid L 48— 33 24 5 37 16
Cyst eani ne 8 34 107 123 g o5 158
TABLE 6 15 Test® were al so pe?Bor ned tlo_det @0&i ne t he ef f ed®4 of
mul ti pl e wash]cycl edo oph the 24yE assayl usi n@i8he conyenti og20 Adsor ped
Protein A net jod ang4t he 148 148 207

12 130 158 113

13 105 89 95

14 126 136 125

15 302 281 339

16 127 176 238

17 240 225 257

18 122 116 not tested

19 225 205 not tested

20 238 244 not tested

21 104 102 not tested

22 217 205 not tested

23 85 50 not tested

. 24 224 206 not tested
25 72 103 not tested
26 123 98 not tested

TABLE 7

After analysis has been performed, the crystal may be regenerated by

washing with denaturing agents to disrupt the antibody-antigen complex.

Each regeneration cycle involves incubating the electrode of the crystal in

8M urea for 30 minutes to remove the antigen, and then rinsing three times

with 0.2M glycine-HCI (pH2.2). Finally, the crystals were washed with

distilled water and air dried. Total IgE testing was then repeated on the

regenerated crystal. At least 5 replicate crystal was performed for each

method. Results as shown in Figure 6 indicate that cross-linking via Thioctic



SAM coupling nethod of the present invention. For the Protein A nethod, the
5(err]L of 1ng/nL Protein A was adsorbed onto the crystals and oven dried
at 19 37[err]C for 40
m nutes. The crystals were then washed thoroughly with PBS, pH7. 4
before 5[err]L of polychlonal anti-IgE antibody (dilution 1/5) was applied
on both sides. After 45 m nutes incubation, { he crystals were washed three
times with PBS before 5%BSA was applied to B ock non- speci fi ¢ adsorpti on.

5 Finally, theckntSANMIfupRA ey p?é\)iéé@'s‘éllp\_éﬁbﬁ UGS Aftef %HHF@ régénksvation! 9E
standards. For the thioctic acid- imobilized anti-1gE crystals, the

i mobi |'i zati on (o) SET | i T,
frequency changcga%és&dr%oﬂ%{\%oﬁr{eog O&%g-giﬁk@ge? g-?\ %Eeé]t(mgg)wné%%oégg %&%%orbed
results are shown in Figure 5. For the thioctic acid nethod, no loss of 10
anti body was ddtreteinif cuaye 64). Anthlgieknmobilized according tot ierprasant nvention
showed 10-15% 1| oss of antibody after 3 washes. EXAVPLE 4:
COVPARI SON OF Apiaines] sireStam L Ee TofEENaTtidty after 5 SayeqpardtivRTediles, Faed still
METHOD AND THE CAP METHOD 15 Twenty six human serumtest sanples were
anal yzed fob t agetdined)E5u% ofgits activityt after \idycies! et Hoel ARTES haethmaly andi theal
FAST (Biowiitti ker) and CAP (Pharmaci a) Tests. The FAST and CAP tests
wer e perf or med proteim A mgthonl, activity ofethefamtibodgwas redated td iappsoxifately l80%
SAM @CM nret hod, the human test

and 40% respectively of the original after 3 regeneration cycles.



serumwere incubated with the crystal coated wth anti-IgE via thioctic
acid 20 SAMfor 45 mnutes. Al tests were perfornmed according to the

met hod described in Exanples 1. The frequency changes before and
after i ncubating with the test serumwere neasured. The concentration
of total IgE i n human serum can be calculated with reference to the
standard curve shown in Figure 3B. %glts are listed in Table 7.

20 ncentration (IU m) SERUM
NO. SCM FAST CAP 1

278 LAIMS 345 2 43

49 58 3 230 271

256

—

5 14 - 166P system for de%ggti%%nd quantifying a\2n4 gnté'%p comprising : 62315
185 149 175 7 53

24 2 18)  an immuforeactive piezoelecthif’ crystal with electrob&® on
158 9 ) 206 P 202ry 194
10 247 __— : - _

146 3 148 opposing mde%%yd electrodes C](_)ftgd?qwth a self ass%ingled

158 113 3eai 1 ;
95 4 44 monolayfﬂz'Gsald self assembledl%nolayer covalentlylgigkmg
15 302 . . . . . 339 16
127 5 176 @n antibody s&%@c for said antiggn; 540
225 257 18 122 116
not testedg b) 19 an osc:llatlon syste?35electncally coupled 48%aid electrodes fofOt
tested 20 not tested
21 7 104 eneratm and]&@ectm resonanc@‘ﬁe@@'ﬁb%% 22
217 205 g g g 85
50 not tested 24 224 206
not tested1 2. A system for detecting and quantifying antigen according to claim 1

2 wherein the piezoelectric crystal is a quartz crystal.

1 3. A system for detecting and quantifying antigen according to claim 1

2 wherein the piezoelectric crystal is an AT-cut quartz crystal with gold

3 electrodes.

1 4. A system for detecting and quantifying antigen according to claim 1

2 wherein the antigen is a second antibody.

1 5. A system for detecting and quantifying antigen according to claim 1

2 wherein the antigen is IgE.

1 6. A system for detecting and quantifying antigen according to claim 1

2 wherein the antigen is human IgE.
1 7. A system for detecting and quantifying antigen according to claim 1
2 wherein the antibody is polyclonal or monoclonal anti-IgE.
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25 72 103 not tested 26

123 98 not tested

TABLE 7 After analysis has been perforned, the crystal may be
regener ated by washing with denaturing agents to disrupt the

ant i body-anti gen conpl ex. Each regeneration cycle involves incubating
the el ectrode of the crystal in 5 8M ure§3for 30 mnutes to renove the
antigen, and then rinsing three tines with 0.2M gl ycine-HC (pH2.2).
Finally, the crystals were washed with distilled water and air dried.
Total 1gE testBng wAssystem foegdetaciingoand iiantifying agtigen acserdingstoaglaimy 1
least 5 replicate crystal was performed for each nmet hod. Results as

shown in Figure 6 i mhereindhe self-assembled mronejayencamprses calkanethlols with a
21 acid SAM (curve 50) provides superior activity after multip

regenerati od cycl efurmtiopalle dactive | tlgEminad sgroupnisiardy fuocianaily- AW\ES teovninad
52) and adsorbed Protein A (curve 54). Anti-IgE imobilized according to
the present4inventi group etedécted fmamethehdine OP@upf consisting i ofi carkxixyic &cid,
regeneration cycles, and still retained 65 %of its activity after 6
cycl es. Forst he APTESinetadehysledandhalcopobt ein A net hod, activity of the
anti body was reduced to approximately 60% and 40% respectively of the

original after 3 re%eneratlon cycl es
1 system for detecting and quantifying antigen according to claim 1

2 ~wherein the self assembled monolayer is thioctic acid.

1 10. A system for detecting and quantifying antigen according to claim 1

2 wherein the self assembled monolayer is cysteamine.

1 11. A system for detecting and quantifying antigen according to claim 10
2 wherein glutaraldehyde is the cross-linker for the covalent linking of

3 the cysteamine to the antibody.

1 12. A system for detecting and quantifying antigen according to any one of
2 the preceding claims wherein non-specific binding sites are blocked

3 by a non-reactive molecule.

1 183. A system for detecting and quantifying antigen according to claim 12

2 wherein said non-reactive molecule is bovine serum albumin.

1 14, A method for detecting and quantifying an antigen using a

2 piezoelectric crystal microbalance; said piezoelectric crystal
3 microbalance having a piezoelectric crystal with electrodes on
4 opposing sides, said electrodes electrically coupled to an oscillation
5 system and coated with a self-assembled monolayer; said monolayer
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22 CLAIMS 1) A system for detecting and quantifying serum | gE

conpri si ng: a) an i mmunoreactive piezoelectric crystal with

el ectrodes on opposi ng sides, said electrode coated with a

sel f-- assenbl ed nonol ayer; said self-assenbl ed nonol ayer
covalently linked to an anti-1gE anti body; and b) an
oscillation system electrically coupled te4said el ectrodes for

generating and detecting resonance frequenci es; said system further

capabl e of §enerati €§valentydinkinanan anjibpdy sgecific for said eqtigan] saichnfathed

| gE concentrations of between 0-3001U m. 2) A nethod for detecting and
quanti fyi ng71 gE usi §§MPrising-bel teps pk: cryst al m cr obal ance: said

m crobal ance having a piezoelectric crystal with el ectrodes on
opposi ng siges, said,el ectrodes ectrically coupled to .

osci | | ati ongsyst em &d ¢ qaésa‘r\pvpﬁheémé%h rF-s’gé%%‘fﬁ)Frgﬂ”WoSﬂ%# crysiply

nonol ayer covalently |linking an anti-IgE anti body, said system

producing aglinear ) equeqdinatip igéidai:?’s(%i_ ﬁ/ﬁﬁcsnfe%?téoﬂmohetd%%pﬂ\f%%igi al

U m, said method cOnprising the step a) neasuring

resonance jequency of Séhﬂg«gl? Yc%"‘fita?r%thqigirent amoht bf"ﬁﬁgé?o'tr)lrﬁ% %lﬁitia?ﬁ rtX%iﬁt{j @ th

serum for sufficient anpunt ndirngto occ

c) washi ngqyaway the unbo . d) neasuring final resonance
frequency o? the crystal ?{%?ﬁ%WMt hod according to claim2 wherein

non-specific binding sites on t he el ectrodes and the nonol ayer are
bl ocked by1za non-reefti vevashing away the unbound test solution;

13 d) measuring the final resonance frequency of the crystal.

1 15, A method for detecting and quantifying an antigen according to claim
2 14 wherein an extra step of drying said crystal is performed after step

3 (c).

1 16. A method for detecting and quantifying an antigen according to claim
2 14 or 15 wherein the difference between the initial and final

3 resonance frequencies is compared to a standard curve.

1 17. A method for detecting and quantifying an antigen according to claim
2 14 or 15 wherein non-specific binding sites on the electrodes and the

3 monolayer are blocked by a non-reactive molecule.

1 18. A method for detecting and quantifying an antigen according to claim

2 17 wherein the non-reactive molecule is bovine serum albumin.

1 19. A method for detecting and quantifying an antigen according to blaim

2 14 or 15 wherein the antigen is a second antibody.
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nol ecul e. 23 4) A met hod of

produci ng a system for detecting and quantifying serum | gE, said
system cont ai ni ng an i rmunor eacti ve piezoel ectric crystal and an
oscid lation system said crystal coated with el ectrodes on opposi ng

sides said oscillation systemcoupled to said el ectrode for
generating and detecting resonance frequenagses, -said system capabl e
of detecting 0-3001UmM of IgE in a |inear manner; said nethod

i ses; | de with a self-assenbled
ronol ayer. 1 20+ i ERFSRr BicesRg e RESnlihind niiniogR Siorebe, o daimi o

nonol ayer S coval.ent "ro s: | inker., and C) renoving
un-1inked afti-I gE a!lrz}t rB%dgyhegsm th%\aﬁt %6 a%'rtl &Fﬁ ng to claim4 further
conpri sing incubating said crystal with non-reactive bl ocking agent
after step {C) 21, Amethod for detecting and quantifying an antigen according to claim

2 14 or 15 wherein the antigen is human IgE.

1 22. A method for detecting and quantifying an antigen according to claim

2 10 wherein the test solution is human serum.
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