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(57) ABSTRACT 

The present invention concerns a novel means by Which 
chemical preparations can be made. Reactions can be accel 
erated on special cartridges using microwave energy. The 
chips contain materials that ef?ciently absorb microWave 
energy causing chemical reaction rate increases. The inven 
tion is important in many chemical transformations includ 
ing those used in protein chemistry, in nucleic acid chem 
istry, in analytical chemistry, and in the polymerase chain 
reaction. 



Patent Application Publication Oct. 21, 2004 Sheet 1 0f 12 US 2004/0209303 A1 

Figure 1A 

I /' / l‘ 

1. Dielectric Surface 

2. Surface-bound reactants 

Figure 1B 

1. reagent capture membrane (upper layer) 

2. underlying inert support (optional middle layer) 

3. dielectric layer (lower layer) 

Figure 1C 

1. reagent capture membrane 

\ 2. underlying support (optional) 

/ 

/ 
3. dielectric platform (instrument component) 



Patent Application Publication Oct. 21, 2004 Sheet 2 0f 12 US 2004/0209303 A1 

Figure 2 
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Figure 3 
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Figure 4 
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Figure 6 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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METHODS AND COMPOSITIONS FOR DIRECTED 
MICROWAVE CHEMISTRY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 10/234,092 (?led on Sep. 5, 
2002), Which application is a continuation in part of US. 
patent application Ser. No. 09/968,517 (?led on Oct. 2, 
2001), Which application claims priority to US. patent 
application Ser. No. 60/237192 (?led on Oct. 3, 2000, noW 
abandoned), all of Which applications are herein incorpo 
rated by reference in their entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the ?eld of micro 
Wave chemistry. It also relates to the ?eld of biotechnology, 
speci?cally microplate- and array chip-based preparative 
and analytical chemistry. 

BACKGROUND OF THE INVENTION 

[0003] Until noW, no one has performed chemical trans 
formations as disclosed herein. Devices are used that emit 
radiofrequency/microwave energy. The energy is directed to 
a target object, for example, a microarray chip or a microtiter 
plate that contains one or more material(s) that absorb(s) 
microWave energy. The microWave-generated heat energy 
accelerates a desired chemical reaction on or near the surface 

of the targeted object. 

[0004] MicroWave Chemistry 

[0005] MicroWaves (including radiofrequency or RF elec 
tromagnetic radiation) are commonly used in Wireless com 
munication devices. Advances in microWave transmission 
have improved along With tremendous recent technological 
improvements in the satellite and communications industry 
(for example, in cell phones and Wireless internet). 

[0006] MicroWaves are also Well knoWn in common 
kitchen appliances. MicroWave ovens heat Water-containing 
food rapidly because Water is ef?cient at converting micro 
Wave energy to thermal energy. Kitchen microWave ovens 
emit microWaves at a frequency of 2.45 GHZ, Which is Well 
Within the microWave absorption spectrum of Water. Fre 
quencies outside of the absorption spectrum of Water Would 
not heat food as Well. 

[0007] Another use for microWave heating is in chemical 
reaction applications (Bose et al., 1997; Bradley, 2001; 
Wathey et al., 2002; LeW et al., 2002). MicroWave chemistry 
refers to the use of microWaves to accelerate chemical 
reactions. Reactions are usually carried out using microWave 
radiation to heat bulk solutions that contain the reactants 
(Mingos & Baghurst, 1991; ZlotorZynski, 1995). Often these 
reactions are performed in non-aqueous solvents. Micro 
Wave ovens speci?cally designed for use in carrying out 
microWave chemistry of bulk reaction solutions are com 
mercially available (CEM Corporation (MatheWs, N.C.), 
Milestone, Inc. (Monroe, Conn.), Personal Chemistry AB 
(Uppsala, SWeden), PerkinElmer Instruments (Shelton, 
Conn.)). 
[0008] MicroWave accelerated reactions are sometimes 
run on solvent-free supports such as alumina and silica 
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(Varma, 2001; Bose, 1997; Bram et al., 1990). The supports 
can be doped With reagents, for example in detoxifying 
Waste. The supports are chosen because they are inexpensive 
and recyclable agents Which non-speci?cally adsorb/extract 
the reagent of interest. No speci?c binding, such as by 
antibodies or nucleic acids, is used to capture reagents. 

[0009] Another example of the application of microWaves 
to accelerate chemical reactions is the use of microWave 
absorbing particles to enhance the heating of a bulk solution 
(HolWorth et al., 1998). In this case, dispersed cobalt and 
magnetite nanoparticles Were used as microWave (2.45 
GHZ) absorbers to heat a bulk xylene solution. Xylene is a 
non-polar solvent not appreciably heated by microWaves at 
2.45 GHZ. In one such case, microWaves Were used to 
accelerate the rate of an enZyme-catalyZed reaction (KidWai 
et al., 1998). In another case, Milestone, Inc. (Monroe, 
Conn.) sells microWave-absorbing/heating composites of 
PTFE and graphite Which are designed to be dropped into 
test tubes to accelerate microWave heating of solutions 
during chemical syntheses. HoWever, in these cases the 
microWaves are not directed to heat a surface, but used to 
heat the bulk solution. 

[0010] In another application, microWaves have been used 
to heat the bulk solvent during solid-phase combinatorial 
chemistry (Kappe, 2001; Bradley, 2001; Lidstrom et al., 
2001; Blackwell, 2003). In these cases, conventional resins 
(polystyrene, for example) function as solid scaffolds for 
chemistry. The bulk solution Was the target of the microWave 
heating. 

[0011] In another case, microWaves Were used to acceler 
ate a chromogenic reaction betWeen noble metals and chro 
mogenic reagents. This analytical reaction Was performed in 
solution by How injection analysis (FIA) (Jin et al., 1999). 
The reaction depended on bulk solvent heating rather than 
targeted dielectric material heating. 

[0012] In yet another case, microWaves Were used to 
enhance the solution phase formation of a ?uorescent com 
plex of aluminum (Kubrakova, 2000). The ?uorescence 
intensity could be used to measure aluminum ions in solu 
tion. Again, the reaction depended on bulk heating of 
solvent. 

[0013] In yet other cases, microWave heating has been 
used in biochemistry applications. MicroWave heating has 
been used to assisted in protein staining (Nesatyy et al., 
2002; Jain, 2002). Bulk microWave heating of samples has 
been used to accelerate antibody-antigen binding reactions 
in immunoassays, immunohistochemical assays, and DNA 
in-situ hybridiZation assays (Leong & Milios, 1986; Hjerpe 
et al., 1988; van den Kant et al., 1988; Boon & Kok, 1989; 
Kok & Boon, 1990; van den Brink et al., 1990; Slap 2003). 
In another example, microWaves Were used to accelerate the 
enZymatic synthesis of oligosaccharides (Maugard et al., 
2003). In another instance, microWaves Were used as a heat 
source during PCR (Fermer et al., 2003). In none of these 
instances Was microWave heating directed to a solid surface, 
but rather microWave heating Was applied to heat a bulk 
aqueous target. 

[0014] The present invention discloses a novel means of 
using microWave energy to accelerate speci?c chemical 
reactions on or near a microWave susceptible material. 
Reaction speci?city comes from the fact that the reactants 
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(or molecules that form the reactants) are biomolecules 
capable of biospeci?c interactions. Microwave irradiation 
causes a temperature increase in the microWave susceptible 
material, Which consequently causes a reaction rate increase 
of the reactants to form products. 

OBJECTS OF THE INVENTION 

[0015] The invention is directed toWard an improved 
process and apparatus for accelerating the rate of speci?c 
chemical reactions. It is another objective of the invention 
that the accelerated reactions be highly controllable, so that 
they can be selectively turned on or off, or be modulated, by 
a user at Will. It is yet another objective of this invention to 
ef?ciently direct microWave heating to the surfaces of bio 
analytical array chips and microtiter plates to accelerate 
preparative and analytical reactions. A further objective of 
the invention is to provide such improved reaction rates and 
speci?city to a diverse number and type of analytical and 
preparative chemical reactions. It is yet another objective of 
this invention to accelerate biospeci?c binding interactions, 
such antibody-antigen binding and hybridiZation of nucleic 
acids. It is yet another objective of this invention to perform 
polymerase chain reaction (PCR) ampli?cation of nucleic 
acids. 

BRIEF DESCRIPTION OF THE FIGURES 

[0016] FIGS. 1a-1c: Planar surfaces for directed micro 
Wave chemistry (e.g., on a microarray chip or in the Well of 
a microtiter plate). The surface on Which the reaction occurs 
may contain the dielectric as shoWn in FIG. 1a or be 
adjacent to the dielectric, as shoWn in FIG. 1b and FIG. 1c. 
The dielectric can be a part of a disposable reaction cartridge 
(e.g., part of an array chip or microtiter plate) as in FIGS. 
1a and lb, or the dielectric may be a permanent part of the 
microWave-generating instrument as in FIG. 1c. 

[0017] FIG. 2: A MicroWave Accelerated Targeted Trig 
gered Reaction (“MATTR”) instrument. The components of 
the instrument are a microWave generator (such as a mag 
netron), a reaction cavity (e.g., oven or Waveguide) With a 
built-in holder for MATTR disposable chips. The instrument 
may also include features such as temperature monitor 
(thermocouple or IR thermometer) and a light sensor such as 
a PMT or a CCD camera. MicroWave generation (poWer, 
time, pulsing, etc.) can be controlled by computer. The 
computer can also be used to control/monitor temperature 
and record and analyZe light acquisition. 

[0018] FIG. 3: Structures of MATTR Chemiluminescent 
Compounds. 
[0019] FIG. 4: MicroWave components of a Waveguide 
based MATTR instrument. The ?gure includes the micro 
Wave generator and Waveguide. 

[0020] FIG. 5: MicroWave components of the MATTR 
instrument shoWn in FIG. 4. The ?gure includes a close-up 
of the Waveguide. 

[0021] FIG. 6: MATTR-based sandWich immunoassays 
for TNFot. Upon microWave irradiation, light is emitted 
from; (A) CL labels indirectly bound to the analyte, TNFot, 
or (B) from enZyme-generated CL labels. 

[0022] FIG. 7: MicroWave-accelerated protein adsorption 
to microWell plates. 
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[0023] FIG. 8: MicroWave-accelerated speci?c antibody 
antigen binding (microWave-induced chemiluminescence 
detection). 
[0024] FIG. 9: MicroWave-accelerated speci?c antibody 
antigen binding (?uorescence detection). 
[0025] FIG. 10: A typical nucleic acid assay. 

[0026] FIG. 11: MicroWave-accelerated speci?c nucleic 
acid hybridiZation used in an assay for Human Actin mRNA: 
1. Actin mRNA, 10 min, 65° C. Water bath; 2. Actin mRNA, 
60 min, 65° C. Water bath; 3. Actin mRNA, 10 min, 
microWave; 4. Control Cox-2 mRNA, 60 min, 65° C. Water 
bath; 5. Control Cox-2 mRNA, 10 min, microWave; 6. 
Control no mRNA, 60 min, 65° C. Water bath; 7. Control no 
mRNA, 10 min, microWave. 

[0027] FIG. 12: Polymerase Chain Reaction (PCR). 

SUMMARY OF THE INVENTION 

[0028] The invention describes a means in Which chemical 
reactions (catalytic or stoichiometric) can be accelerated by 
targeted microWaves. The invention has been given the 
acronym “MAT TR”, Which stands for MicroWave Acceler 
ated Targeted Triggered Reactions. The reactions preferably 
occur on or near solid surfaces (hereinafter collectively 
referred to as “solid supports”). Suitable solid supports 
contain a microWave absorbing material, Which heats upon 
absorbing microWaves. Reactants may be covalently or 
non-covalently attached to the surface, or they may be 
Within thermal proximity of the microWave absorber, but not 
attached to the surface. For eXample, the reactants may be on 
the surface of a microchip or in the Well of microtiter plates 
used for bioanalytical reactions. The microWave instrument 
poWer, frequency, and duration of the microWave emission 
are pre-determined in the laboratory. FolloWing microWave 
heating, a change in the reagent may be noted by a physico 
chemical change that takes place in the formation of prod 
uct(s) from reactant(s). The speci?c chemical rate accelera 
tion can be used for preparative and/or analytical 
applications. In analytical applications, the reaction may 
optionally be monitored and/or quantitated, for eXample in 
medical diagnostics, by an accompanied observable 
physico-chemical change (color change, for example). In 
preparative applications, the presence of a microWave-di 
electric layer can assist in surface chemistry to prepare the 
solid support for subsequent analytical reactions or be used 
to accelerate heat-dependent molecular binding and ampli 
?cation reactions. 

[0029] In detail, the invention provides a method for 
accelerating a chemical reaction involving one or more 

reactant(s) and a carrier ?uid, the method comprising: 

[0030] (a) providing a composite material to the reac 
tant(s) and carrier ?uid, the composite material comprising 
a solid material susceptible to dielectric heating, 

[0031] (b) applying an electromagnetic ?eld to the com 
posite material, the electromagnetic ?eld being suf?cient to 
result in dielectric heating of the solid material, and 

[0032] (c) alloWing the composite material to transfer heat 
to the reactant(s); 

[0033] (d) Whereby product is formed from the reactant(s), 
thereby accelerating the chemical reaction. 
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[0034] The invention further concerns the embodiments of 
such method Wherein the chemical reaction comprises a 
biospeci?c binding reaction. 

[0035] The invention further concerns the embodiments of 
such methods Wherein one or more the reactant(s) is a 
protein molecule, or an antibody or a fragment of an 
antibody that retains the biospeci?c binding speci?city of 
the antibody or a nucleic acid molecule. 

[0036] The invention further concerns the embodiments of 
such methods Wherein the chemical reaction is betWeen an 
antibody and its antigen. 

[0037] The invention further concerns the embodiments of 
such methods Wherein the reaction comprises annealing tWo 
nucleic acid molecules to one another. The invention further 
concerns the embodiments of such methods Wherein the 
chemical reaction comprises a nucleic acid ampli?cation 
reaction (especially a polymerase chain reaction). 

[0038] The invention further concerns the embodiments of 
such methods further comprising the step of measuring the 
eXtent or rate of the chemical reaction. 

[0039] The invention further concerns the embodiments of 
such methods further comprising the steps of: 

[0040] (e) contacting the composite With one or more 
reactant(s) capable of participating in a biospeci?c interac 
tion With a reactant (a), or a product produced as a conse 
quence of a chemical reaction involving a reactant (a), 

[0041] alloWing the additional reactant(s) to react in the 
biospeci?c interaction, and 

[0042] (g) measuring the eXtent or rate of the biospeci?c 
interaction. 

[0043] The invention further concerns the embodiments of 
such methods further comprising the acceleration of one or 
more additional reactions, the method comprising the addi 
tional steps of: 

[0044] (e) contacting the composite With one or more 
additional reactant(s), Wherein the reactant(s) are capable of 
participating in one or more further chemical reactions 
involving a reactant (a), or a product produced as a conse 
quence of a chemical reaction involving a reactant (a), 

[0045] applying an electromagnetic ?eld to the com 
posite, the electromagnetic ?eld being suf?cient to result in 
dielectric heating of the solid material, the additional reac 
tant(s) being heated by heat transfer from the heated solid 
material, and 

[0046] (g) alloWing the heated additional reactant(s) to 
react With either a reactant (a), or a product produced as a 
consequence of a chemical reaction involving a reactant (a), 
thereby accelerating the one or more additional chemical 
reactions. 

[0047] The invention further concerns the embodiments of 
such methods further comprising the step of measuring the 
eXtent or rate of the chemical reaction. 

[0048] The invention further concerns the embodiments of 
such methods Wherein the one or more additional reaction(s) 
comprises the annealing of tWo nucleic acid molecules. The 
invention further concerns the embodiments of such meth 
ods Wherein such one or more additional reaction(s) com 
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prises a nucleic acid ampli?cation reaction (especially a 
polymerase chain reaction (PCR). 

[0049] The invention further concerns the embodiments of 
such methods Wherein the Wavelength of the applied ?eld is 
betWeen 1 cm and 100 m. 

[0050] The invention further concerns a composite com 
prising a solid material responsive to dielectric heating 
having a surface molecule capable of biospeci?c interaction 
With a reactant molecule. 

[0051] The invention further concerns the embodiments of 
such composite Wherein the surface molecule is bound or 
immobiliZed to the surface via a noncovalent adsorption 
reaction. 

[0052] The invention further concerns the embodiments of 
such composite Wherein the surface is capable of a covalent 
conjugation reaction With the reactant molecule. 

[0053] The invention further concerns the embodiments of 
such composite Wherein the surface is selected from the 
group consisting of a microarray chip, a macroarray chip, a 
test tube, a Petri dish, and a microtiter plate. 

[0054] The invention further concerns an instrument that 
emits electromagnetic radiation suf?cient to accelerate a 
chemical reaction, Wherein the chemical reaction involves 

[0055] (a) providing a composite material to the reac 
tant(s) and carrier ?uid, the composite material comprising 
a solid material susceptible to dielectric heating, 

[0056] (b) applying an electromagnetic ?eld to the com 
posite material, the electromagnetic ?eld being suf?cient to 
result in dielectric heating of the solid material, and 

[0057] (c) alloWing the composite material to transfer heat 
to the reactant(s); 

[0058] (d) Whereby product is formed from the reactant(s), 
thereby accelerating the chemical reaction. 

[0059] The invention further concerns the embodiments of 
such instrument Wherein the chemical reaction comprises 
the annealing of tWo nucleic acid molecules. 

[0060] De?nitions 

[0061] Accelerate: To increase the rate of a chemical 
reaction, preferably by at least 10%, more preferably by at 
least 50%, and most preferably by at least 100% or more. 

[0062] Aqueous Solution: A liquid medium that is more 
than 50% Water by volume. 

[0063] Biospeci?c Binding Reaction (Biospeci?c Interac 
tion): The contact of a biological molecule to a biological or 
non-biological molecule via three or more spatially distinct 
physical interactions. The interactions are typically van der 
Waals interactions, hydrogen bonds, and ionic interactions. 
Biospeci?c interactions may also involve covalent bonds. 

[0064] Cartridge: A vessel or device in Which a reaction 
takes place. The cartridge may be coated With a dielectric. 
Examples of cartridges are microarray chips and microtiter 
plates. 

[0065] Chemical Reaction: The chemical transformation 
of one or more molecules (reactant(s)) to form one or more 
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molecules (product(s)). The de?nition includes covalent 
(such as hydrolysis) and noncovalent (such as binding 
events) transformations. 

[0066] Chip: An essentially planar object that has one or 
more Zones on its surface for desired chemical reactions to 
take place. A chip is preferably small enough and light 
enough to be held in one hand. If biological molecules are 
involved in the reactions, the chip is also knoWn as a 
biochip. 
[0067] Composite: A solid made of tWo or more distinct 
types of materials or molecules. If a composite is made of 
multiple materials, the materials may be blended or physi 
cally distinct. If physically distinct, the materials may be 
irreversibly joined (e.g., glued together) or reversibly joined 
(e.g., snapped together). 
[0068] DNA: DeoXyribonucleic acid, usually 2‘-deoXy-5‘ 
ribonucleic acid. The sequence of nucleotide residues of 
DNA can comprise genes that can encode proteins. Cells 
possess the capability to read this code to form proteins. 

[0069] Dielectric Heating: Heating of a dielectric (electri 
cally-insulating) material by electromagnetic radiation in the 
Wavelengths betWeen approximately 5 cm and 100 m. 

[0070] Hybridization: Coming together (annealing) of 
single-stranded nucleic acid sequences by hydrogen bonding 
of complementary bases to form double-stranded molecules; 
this process is the basis for molecular biological techniques 
in Which a labeled probe oligonucleotide is used to detect a 
polynucleotide or oligonucleotide possessing the identical or 
similar sequence (e.g., Southern hybridiZation, Northern 
hybridiZation). HybridiZation is also critical in PCR ampli 
?cation of nucleic acids. 

[0071] Lossy Material: A (dielectric) material that loses 
absorbed microWave energy in the form of heat. 

[0072] Macroarray: Apanel of a plurality of reaction Zones 
on a chip ranging from 1 to 1000 Zones. 

[0073] MAT TR: “Microwave-Accelerated Targeted Trig 
gered Reaction” technology. 

[0074] Microarray: A panel of reaction Zones on a chip 
numbering greater than 1000. 

[0075] Microtiter plate: An object commonly used in 
biomedical laboratories containing an array of multiple 
reaction Wells. Typically, microtiter plates are disposable, 
made of clear acrylic, and have 24 (arranged in a 4x6 array), 
96 (8x12 array), 384 (16x24 array), or 1536 (32x48 array) 
Wells. 

[0076] MicroWave: Electromagnetic radiation in the range 
of 3><102 to 3><104 MHZ (Wavelengths of 1 m to 1 cm). 
Dielectric heating occurs in this range, but also occurs at 
longer (radio) Wavelengths (up to 100 m), Which could be 
alternatively used. Overall, microWave heating (herein 
de?ned to include radiofrequency dielectric heating) fre 
quencies span Wavelengths of about 1 cm to 100 m. 

[0077] MicroWave Oven: A device that emits microWave 
radiation at a pre-determined Wavelength into an internal 
chamber. The chamber is typically closed to limit the escape 
of microWaves. 

[0078] Molecular Imprinting: A process Whereby speci?c 
binding sites to a chosen target (imprint) molecule are 
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introduced into synthetic materials. The binding material is 
usually an organic polymer. Typically, functional and cross 
linking monomers are co-polymeriZed in the presence of the 
imprint molecule, Which acts as a molecular template. 
Subsequent removal of the template molecule reveals bind 
ing sites that are complementary in shape and siZe to the 
imprint molecule. In this Way, molecular memory is intro 
duced into the polymer, enabling it to re-bind the imprint 
molecule With high speci?city. 

[0079] Nucleic Acid: A large polymer molecule composed 
of nucleotide monomers. 

[0080] Organic Solution: A liquid medium that is more 
than 50% organic solvent by volume. 

[0081] Oligonucleotide: A nucleic acid molecule having 
99 or feWer nucleotide residues. 

[0082] Polymerase Chain Reaction (PCR): A method for 
amplifying speci?c DNA segments. The method ampli?es 
speci?c DNA segments by cycles of template denaturation; 
primer addition; primer annealing and replication using 
thermostable DNA polymerase. The degree of ampli?cation 
achieved is a theoretical maXimum of 2N, Where N is the 
number of cycles, eg 20 cycles gives a theoretical 1,048, 
576-fold ampli?cation (see, US. Pat. Nos. 4,683,195 and 
4,683,202). 
[0083] Polynucleotide: A nucleic acid molecule having 
more than 99 nucleotide residues. 

[0084] Porous: A solid material containing channels 
through Which Water and other liquid molecules can pass. 

[0085] RNA: A usually single-stranded nucleic acid simi 
lar to DNA but having ribose sugar rather than deoXyribose 
sugar and uracil rather than thymine as one of the pyrimidine 
bases. 

[0086] Thermal Proximity: The situation in Which one 
substance is close enough to a second substance to permit 
substantial heat transfer to occur betWeen them. 

[0087] Thermocouple: A sensor for measuring tempera 
ture consisting of tWo dissimilar metals, joined together at 
one end. The metals produce a small unique voltage at a 
given temperature. The voltage is measured and interpreted 
by a thermocouple thermometer. 

[0088] Waveguide: A structure that causes a Wave to 
propagate in a chosen direction. It is accomplished by an 
intimate connection betWeen the Waves and the currents and 
charges on the boundaries, or by some condition of re?ec 
tion at the boundary. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0089] Directed MicroWave Heating 

[0090] Dielectric materials are good at absorbing micro 
Waves. Dielectrics have unique spectral characteristics of 
frequency versus heating ability, With different substances 
heating more effectively at different frequencies (Gabriel et 
al., 1998). Although dielectric heating is referred to here as 
microWave heating, dielectric heating can also occur at radio 
frequencies. This invention is intended to include those 
effects. 
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[0091] Dielectric heating depends on a number of factors 
including the frequency of the microwave irradiation and the 
absorption properties of the dielectric at that frequency. All 
dielectric materials have characteristic absorption spectra 
(frequency vs. heating ability). For example, in a conven 
tional kitchen microWave oven, the microWave frequency 
(2.45 GHZ) is very good for heating Water, but not good for 
heating other materials (for example, a cup that holds the 
Water). If the frequency of the microWave emission Would be 
changed, in theory one could heat the cup but not the Water 
(depending on the relative dielectric absorption characteris 
tics of Water and the cup). 

[0092] In this invention, microWaves heat materials that 
are especially good at absorbing microWaves. The micro 
Wave-active materials are in thermal proximity to biological 
molecules. Heat from the microWaved materials accelerate 
reactions associated With the biological molecules to give a 
rapid desired result, such as a biological binding event or a 
signal indicated the presence of an unknoWn biomolecule. 
Thus, heating of the biological molecules (and subsequent 
accelerated chemistry) is targeted by microWave heating 
because they are close to the microWave-susceptible mate 
rial. 

[0093] The invention has several advantages over other 
heating methods. These alternative methods include IR 
heating (using a lamp) and resistive heating. Resistive 
heating requires direct contact of the reaction surface With 
an electrical circuit and resistor, While the present invention 
obviates the need for direct contact. IR heating, although 
non-contact, is less efficient in rapidly heating a surface than 
is microWave heating. Also, some reactants are photosensi 
tive and damaged by IR light. Finally, although it is 
extremely dif?cult to shine a IR light beam in a sharp 
pattern, the present invention alloWs patterned microWave 
absorption by high resolution patterning of microWave 
absorbing dielectrics. 

[0094] Physical Components of a Preferred Embodiment 
of the Invention 

[0095] The physical components of a preferred embodi 
ment of the invention are: 

[0096] 1) The instrument. The instrument (illustrated by 
reference to a preferred embodiment shoWn in FIG. 2) 
contains; (a) a microWave source and (b) one or more 
reaction chamber(s). The instrument also optionally con 
tains; (c) a means of controlling the reaction temperature in 
real time and (d) one or more detection system(s) to measure 
physiochemical changes in the sample (e.g., light emission 
and temperature). Each of these Will be considered sepa 
rately here. 

[0097] a. MicroWave source. MicroWaves can be 
generated by various devices including a magnetron, 
a solid-state device (such as a Bluetooth or Wi-Fi 
(IEEE 811.b)), a klystron, a cross-?eld ampli?er, a 
traveling Wave tube, a backWard-Wave oscillator, or 
any combination thereof. The microWave emission is 
in the frequency range of 300 to 30,000 MHZ (Wave 
lengths of 1 m to 1 cm). Dielectric heating also 
occurs at loWer (radio) frequencies of doWn to 3 
MHZ (Wavelengths of up to 100 m), Which can be 
alternatively used. Overall, microWave/dielectric 
heating frequencies span Wavelengths of about 1 cm 
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to 100 m. Electromagnetic heating throughout this 
range is considered part of this invention. The ideal 
frequency used depends on factors including the 
identity of the dielectric material to be heated. As 
described above, there are many devices that gener 
ate microWaves—most notable for the present inven 
tion are magnetrons and solid-state devices. LoW 
poWer magnetrons (500-1200 W) commonly found 
in kitchen microWave ovens are suf?cient for the 
invention. Alternatively, solid-state devices, such as 
Bluetooth or Wi-Fi chips, are commonly used in 
Wireless communication devices. They emit loW 
poWer (<1 W) microWaves at the same frequency as 
kitchen microWave ovens (2.45 GHZ). These 
devices, Which are roughly the siZe of a house key, 
are much smaller than light-bulb-siZed magnetrons. 
Hence, solid-state devices can generate microWave 
poWer in a handheld device. The loW poWer levels 
are suf?cient for use in this invention, especially if 
the dielectric heats Well and if the sample to be 
heated is placed in a Waveguide (see beloW). 

[0098] Attractive frequencies for this invention include 
0.915 GHZ, 2.45 GHZ, 5.85 GHZ, and 22.125 GHZ. The US. 
Government currently approves these frequencies for use for 
industrial, scienti?c, and medical uses (Boon & Kok, 1989). 
Other frequencies may also be attractive provided that the 
emission Within the microWave chamber is suf?ciently 
shielded (to prevent interference With communications uses 
of microwaves). Of the above-listed frequencies, 2.45 GHZ 
is attractive because it is a Widely accepted frequency used 
in numerous existing devices such as domestic microWave 
ovens and many Wireless communications devices (Wi-Fi 
and Bluetooth). Because of Widespread use of these devices, 
design and manufacturing knoW-hoW of 2.45 GHZ emitters 
including magnetrons and solid-state devices are Well 
knoWn. A frequency of 0.915 GHZ is also an attractive 
frequency for aqueous applications because Water is least 
susceptible to dielectric heating at this frequency (Laslo, 
1980). 

[0099] b. Reaction chamber. The reactions may be 
carried out Within an open cavity, such as a micro 
Wave oven or a Waveguide. Both microWave ovens 

and Waveguides are Well knoWn in the art and readily 
adaptable to directed microWave chemistry. 

[0100] In the case of an oven cavity, it is preferable for the 
microWaves to be “homogenized” to prevent uneven heat 
ing/reactivity. This can be accomplished through the use of 
a rotating sample carousel or through the use of irregularities 
or de?ectors in the oven, Which Would mix the microWaves. 

[0101] A preferable chamber Would be a Waveguide (for 
example, sold by Coleman MicroWave Company (Edinburg, 
Va.) and Gerling Applied Engineering, Inc., Modesto, 
Calif.). MicroWaves Within a Waveguide are very uniform. 
Moreover, the interior of a Waveguide is small Which can be 
readily used With correspondingly small chips and plates. 
One or more holes can be introduced into the Waveguide for 
practical purposes, such as a slot for plate or chip insertion 
and an ori?ce for light or temperature measurement. 
Waveguides are Widely available commercially and can also 
be custom designed based on knoWn microWave algorithms. 

[0102] The dielectric, Which is targeted by microWaves, 
may either be permanently incorporated into the Wall of the 
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reaction chamber or be a part of the disposable sample 
support (e.g., a microarray chip or microtiter plate). In the 
former case, the sample (a conventional chip or plate) Would 
be placed on the dielectric in the reactor chamber. In the later 
case, the chip or plate Would be modi?ed to include a 
dielectric layer. 

[0103] An alternative reaction chamber to those described 
above is one that is outside of a microWave oven or 
Waveguide, yet abuts a microWave chamber. When this type 
of reaction chamber is used, the sample Would heat, but not 
come in direct contact With microWave irradiation. The 
sample Would be placed in contact With a dielectric material 
that is physically built into the Wall of the Waveguide/oven 
cavity. The Wall dielectric Would heat from the interior 
microWave bath, and heat from the dielectric Would ther 
mally transfer to the outside surface Where it Would contact 
the sample. The advantage of this format is that microWaves 
Would not directly contact the sample to be heated. Thus, 
materials incompatible With microWaves could be more 
easily used. For example, a metal thermocouple used to 
measure sample temperature might spark on the inside of a 
microWave oven. 

[0104] c. Temperature Controller. It is generally 
desirable to control the reaction temperature in real 
time. A thermocouple can be used to measure the 
temperature of the dielectric provided that the dielec 
tric is structurally amenable (for example a chip 
based dielectric. One example is if the dielectric is 
coated on a disposable chip (i.e., a microscope slide). 
A thermocouple could be used to contact the chip 
and monitor the temperature during heating. More 
over, thermocouple temperature measurement could 
be used to control the temperature by controlling the 
poWer of the microWave oven. If the dielectric tem 
perature reached a certain level, say 95° C., the 
microWave could be automatically shut off. When 
the temperature dropped, to say 77° C., the thermo 
couple Would cause the microWave to begin heating 
again. Such thermocouple-based temperature control 
is Well knoWn art (Huhmer and Landers, 2000; 
ASTM, 1993; Kreider, 1989). Alternatively, tem 
perature can be measured using non-contact spectro 
scopic techniques (Boon & Kok, 1989; Slyanev et 
al., 2001). Both thermocouples and spectroscopic 
methods have been used to measure microchip tem 
peratures (Huhmer and Landers, 2000; Slyanev et al. 
2001). 

[0105] d. Detection System(s). Detection is an attrac 
tive (but non-essential) embodiment of this inven 
tion. Detection may be by a number of means such 
as ?uorescence, absorbance, or chemiluminescence. 
In accordance With the principles of preferred 
embodiments of the present invention, surface-di 
rected microWave heating can preferentially enhance 
numerous chemical reactions, including reactions 
that are accompanied by measurable physicochemi 
cal changes, such as chemiluminescence. These 
observable reactions are useful in microWave-based 
molecular analyses. For analytical applications, the 
reaction Will be chosen depending on the preferred 
detection method (a change in color, luminescence, 
etc.). The detector is positioned opposing the reac 
tion, for example on a microtiter plate. It may be 
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Within the reaction chamber, but Will preferably not 
interfere With reaction. For example, if light emis 
sion or transmission is to be measured, a suitable 
detector (PMT, CCD camera, human eye, ?lm, or 
photodiode array) Will be positioned to read signal. 
In some cases, such as ?uorescence and UV absor 
bance, the microWave induced physicochemical 
change might only be observable upon external 
excitation. In these cases, the instrument Would 
require both an excitation source and a detector. 
Examples of common excitation sources are lasers, 
tungsten lamps, and White light bulbs. 

[0106] 2) The MicroWave-Absorbing Material. Numerous 
solid materials absorb microWaves and consequently heat 
rapidly. These materials are either pure or composites With 
other materials, such as silicone or plastics. There are many 
materials that could Work in this invention to absorb micro 
Waves and heat such that the heat is transferred to accelerate 
a chemical or biochemical reaction. 

[0107] One material With a high dielectric constant is 
barium titanate (BaTiO3). The dielectric constant is 200-16, 
000 (compared With 80 for Water). Barium titanate can be 
formed into ?lms and has been used in analytical devices 
(EWart et al, U.S. Pat. No. 5,922,537). Moreover, in addition 
to barium titanate, methods for forming thin and thick ?lms 
of other ferroelectric materials at loW temperature have 
improved steadily. KnoWn high dielectric constant inorganic 
titanates, niobates, and ferroelectric polymers can be formed 
by many processes including loW temperature chemical 
vapor deposition, laser photo-ablation deposition, sol-gel 
processes, RF magnetron sputtering, screen printing and 
?ring, (in the case of the polymer) spin coating, and other 
methods (Yang et al., 1998). 

[0108] Natural clay can also be used as a moldable dielec 
tric. In addition, a 1:1 W/W mixture of alumina-magnetite 
(Al2O3-Fe3O4) can be used as a dielectric support that heats 
strongly (Bram et al., 1991). Magnetite (Fe3O4) particles 
heat Well under microWave irradiation. 

[0109] Another material that could be used is carbon. 
Forms of carbon include carbon black, activated charcoal, 
graphite, carbon nanotubes and nanospheres (such as C60 
and C70). 

[0110] Many additional dielectric materials can be identi 
?ed by screening dielectrics for their ability to heat during 
microWave irradiation. Class I dielectrics (dielectric con 
stants typically less than 150) and Class II dielectrics 
(dielectric constants typically in the range of 600-18,000) 
can be used (technical brochure, Novacap, Inc., Valencia 
Calif.). Other suitable materials include organic polymers, 
aluminum-epoxy composites, and silicon oxides. The micro 
Wave frequency can be varied as Well. This simple screening 
procedure Would yield conditions (frequency and material) 
that Would direct heating toWard the dielectric material. 

[0111] Still other materials that heat substantially under 
RF irradiation include ferrites and ferroelectrics. In addition 
to BaTiO3, described above, other Perovskites (minerals of 
the chemistry ABX3) such as NaNbO3, LaCoO3, LaSrO3, 
LaMnO3, and LaFeO3 heat Well in a microWave ?eld. Other 
materials that heat ef?ciently in a microWave and Which 
could be used in the invention include SiC, AlN, ZnO, 
MgO—SiC, A1203, and AlN—SiC. 
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[0112] Other types of materials that are Well known to heat 
dramatically under microwave irradiation are various 
ceramics; oxides (A1203, for example), non-oxides (CrB and 
Fe2B, for example), and composites (SiC/SiO2, for example) 
Numerous materials are processed (sintered, etc.) by exploit 
ing their microWave heating characteristics. 

[0113] MicroWaves can heat composite materials. For 
example, materials that are normally transparent to micro 
Waves can be heated by adding polar liquids or conducting 
particles. Refractory oxides such as alumina, mullite, Zircon, 
MgO, or Si3N4 have been made to couple effectively With 
microWaves by the addition of electroconductive particles of 
SiC, Si, Mg, FeSi, and Cr2O3. Oxides including A1203, 
SiO2, and MgO have been effectively heated by the addition 
of lossy materials such as Fe3O4, MnO2, NiO, and calcium 
aluminate. Indium tin oxide (ITO) could also be used. 
Mixtures of conducting poWders, such as Nb, TaC, SiC, 
MoSi2, Cu, and Fe, and insulators such as ZrO2, Y2O3, and 
A1203, have coupled Well With microWaves. Various mate 
rials in solution (Zirconium oxynitrate, aluminum nitrate, 
and yttrium nitrate) that are good couplers have also been 
added to enhance microWave absorption of poWdered insu 
lating oxides. AmicroWave absorbing heating mantle is sold 
by Milestone, Inc. made from a composite of graphitic 
carbon and Te?on. MicroWave-absorbing materials are also 
sold by Emerson & Cuming MicroWave Products, Inc. 
(Randolph, Mass.) . These include ECCOSORB®, Which 
are made from microWave-absorbing materials (carbon, 
iron, magnetically, or ferrite loaded) composited in a poly 
meric matrix such as silicone, vinyl or polyurethane. 
ECCOSORB® can be purchased in sheets of various siZes 
and thicknesses, With or Without adhesive backing. 

[0114] Addition of conductive materials in various shapes 
including poWder, ?ake, sphere, needle, chip, or ?ber, Would 
cause the heating of loW loss materials. For example carbon 
black or metal pieces With siZes ranging from 0.1-100 pm 
can increase the heating properties When used as inclusions. 
The nature and concentration of such materials can be 
optimiZed Without undue experimentation (Committee on 
MicroWave Processing of Materials et al., 1994). 

[0115] The microWave-absorbing material can be an inte 
gral part of the microWave-generating instrument, or it can 
be an accessory thereof. In this case, the material Would be 
situated in thermal proximity to the reaction surface. Alter 
natively, the microWave absorber can be incorporated into or 
applied to the bottom of a disposable reaction vessel such as 
a microarray chip of 96-Well plate. Numerous application 
methods are available including painting (as an ink, such as 
carbon ink, or in a binder such as aqueous polyvinyl acetate 
(PVAc), screen printing (such as SiC in terpineol), or by 
adhesive attachment of a polymer composite (such as 
ECCOSORB®, Emerson & Cuming) 

[0116] 3) The Chemical Reaction. In the broadest terms, 
the reaction can be any organic or inorganic reaction that is 
accelerated by heat. The reaction Will either be: (1) a 
reaction that involves biospeci?c binding or, (2) a reaction 
that is part of a sequence of reactions, one of Which is a 
biospeci?c reaction. The biospeci?c reaction typically 
involves a protein or nucleic acid molecule (e.g., enZyme, 
antibody-antigen, and nucleic acid-hybridiZation reactions). 
An example of a sequential reaction involving a biospeci?c 
interaction is enZyme catalysis to form a product, Which then 
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further reacts to form a second product. Another example of 
a sequential reaction is peptide synthesis folloWed by anti 
body binding to the synthesiZed peptide. 

[0117] The biospeci?c binding molecule can be any mol 
ecule that is capable of speci?cally interacting the 
reagent(s). The molecule may be loW or high molecule 
Weight, natural or synthetic. Typical binding molecules 
could be antibodies, enZymes, receptors, nucleic acids, 
molecularly imprinted polymers, and Zeolites. These mol 
ecules have speci?c binding pockets or crevices. 

[0118] Reactions run Without a bulk solution are useful in 
analytical applications (for example in medical diagnostics). 
In diagnostics, the reactant solution might contain a biologi 
cal ?uid from a patient. MicroWaves may facilitate the 
capture and detection of a molecule of interest. 

[0119] The folloWing shoWs typical directed microWave 
reactions covered by this invention: 

[0120] 
[0121] 1. Non-speci?c adsorption (e.g., a protein 

binding to plastic) 

i. Preparative Reactions 

[0122] 2. Small molecule synthesis (e.g., peptide 
combinatorial chemistry) 

[0123] ii. Binding Reactions 

[0124] 1. Biospeci?c Protein Binding 

[0125] 
[0126] b. Receptor-Peptide Binding 

[0127] 2. Biospeci?c Nucleic Acid Hybridization 

[0128] a. PCR 

[0129] b. RNA detection 

[0130] iii. Analytical Reactions 

[0131] 1. Chemiluminescent 

[0132] 2. Fluorescent 

[0133] 3. Colorimetric 

[0134] 
[0135] 4) Formats of Reactions. The support may 

have any of a variety of geometries. It may be a 
planar surface. A suitable planar dielectric may be 
part of a chip, such as a multi-analyte disposable 
biological assay chip (protein chip or DNA chip) or 
part of a microtiter plate. Such apparatus may com 
monly either possess the dielectric material as one or 
more spots on their surface, or may comprise a 
continuous layer. Alternatively, the dielectric mate 
rial could be in suspension in the form of a particle, 
such as a bead or quantum dot. Similar use of 
dielectric material can be used in reaction vessels 
commonly used in biology such as microarray chips/ 
slides, microtiter plates, test tubes, Petri dishes, and 
centrifuge tubes. 

a. Immunoassays 

iv. Post-Analysis Heat Decontamination 

[0136] Microtiter plates are in common use to perform 
biological analyses (Johnson, 1999). They typically have 96 
Wells in an 8x12 array, but can also have other con?gura 
tions and numbers of Wells including 24, 384, and 1536. 
They are (usually) disposable devices made of acrylic or 




































