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no more visibly appears until oscillations commence. As the system
begins to oscillate, white polymer precipitate is observed. However,
small amounts of polymer do form, as can be seen from Figure
la in which the transmittance slowly decreases during the in-
hibition period.

The polymerization does not occur continuously but rather in
a stepwise manner, in phase with the oscillations in the cerium(IV)
concentration. Figure 1b shows that the polymer appears as the
cerium(IV) is reduced, but while the cerium is being oxidized,
the amount of polymer remains constant. This observation is
consistent with experiments which indicate that radical inter-
mediates’ concentrations oscillate. Forsterling et al. measured
oscillations in [BrO,’] on the micromolar level.'* Venkataraman
and Sorensen'® measured oscillations in the malonyl radical
concentrations on the nanomolar level.

To eliminate the possibility that the precipitation process is itself
periodic, acrylonitrile polymerization was initiated by cerium-
(IV)/H,SO, and malonic acid. Figure 2 shows that the polymer
appears monotonically as the cerium is reduced. This experiment
also indicates that malonyl radicals formed by the oxidation of
malonic acid'*'® can initiate polymerization. The same experiment
was performed using bromomalonic acid synthesized according
to the procedure of Forsterling et al.? Polymer formed, but much
more slowly than with malonic acid.

We determined that the initiation is not from BrO," radicals
formed during the oxidation of cerium. Using cerium(IIT)/H,SO,
and bromate solution of the same concentrations as with the
Ce(IV) experiments, acrylonitrile did not polymerize. Also,
cerium(IV) does not react at a significant rate with acrylonitrile.

The inhibition period is proportional to the amount of acrylo-
nitrile initially present in the system up to 1.0 mL, and then it
reaches a plateau. The addition of bromide or bromomalonic acid
shortens the inhibition period. If acrylonitrile is added after 21
min, no inhibition period occurs. This suggests that acrylonitrile
is scavenging bromomalonyl radical, interfering with the pro-
duction of bromide, and preventing the system from switching
to the reduced state. After 21 min, enough bromomalonic acid
has accumulated that scavenging by acrylonitrile does not prevent
bromide release.

The central problem is why little polymer is observed after the
initial burst even though Ce(IV) is present with malonic acid. We
believe that polymerization is started initially by malonyl radicals
formed as the Ce(IV) is reduced. The Ce(III) is reoxidized in
an autocatalytic process involving HBrO, and BrO,"*! The BrO,"
radical can terminate growing polymer chains via disporpor-
tionation, thus stopping the polymer from growing to a sufficient
length to precipitate while regenerating HBrO,. The rate of
disproportionation is much greater than the rate of polymer chain
termination because the concentration of BrO,* (~10%M)isa
thousand times greater than the polymer chain concentration
(~10" M, assuming all of the malonyl radicals initiate polym-
erization). Support for this scenario was provided by adding
acrylonitrile 1.6 min after the cerium was added, when BrO,*
would be present. No polymer was observed.

The appearance of polymer while oscillations continue in the
standard BZ reaction is not a general property of vinyl monomers.
The addition of other monomers such as methyl methacrylate and
styrene stops oscillations completely unless the [H,SO,}, = 3 M,
but butyl acrylate behaves similarly to acrylonitrile.
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Current methods of gene analysis are dependent upon the ability
to detect specific DNA sequences in a heterogeneous mixture. The
immobilization of DNA on a solid support has been used to
separate complementary DNAs from solution by procedures such
as the affinity capture method®* and the sandwich hybridization
method* using radioisotope-labeled or hapten-labeled DNA. These
conventional methodologies have some difficulties: (i) pre- and
posttreatments are required to modify DNAs with probes or
proteins and to analyze hybridizations, respectively; (ii) it takes
a relatively long time to analyze the results; and (iii) it is difficult
to detect quantitatively the absolute amount and the time course
of hybridization.

In this communication, we propose a new methodology to detect
in situ, quantitatively, the one-to-one hybridization between the
oligonucleotides immobilized on Au electrodes of a quartz crystal
microbalance (QCM) and target M13 phage DNAs in aqueous
solutions from the frequency changes of the QCM. QCMs are
known to provide very sensitive mass measuring devices because
their resonance frequency decreases upon the increase of a given
mass on the QCM on a nanogram level >
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The QCM employed is a crystal of commercially available
9-MHz, AT-cut quartz on which Au electrodes were deposited
on both sides (area: 16 mm? X 2). The QCM was connected to

(1) (a) Tokyo Institute of Technology. (b) Kyoto Institute of Technology.

(2) Meinkoth, J.; Wahl, G. Anal. Biochem. 1984, 138, 267.

(3) Syvdnen, A.-C.; Laaksonen, M.; Soderlund, H. Nucleic Acids Res.
1986, 14, 5037.

(4) (a) Dunn, A. R.; Hassel, J. A. Cell 1977, 12, 23. (b) Keller, G. H.;
Cumming, C. U.; Huang, D.-P.; Manak, M. M.; Ting, R. Anal. Biochem.
1988, 170, 441. (c) Ebersole, R. C.; Miller, J. A.; Moran, J. R.; Ward, M.
D. J. Am. Chem. Soc. 1990, 112, 3239.

(5) Sauerbrey, G. Z. Phys. 1959, 155, 206.

(6) (a) Okahata, Y.; Ebato, H. Anal. Chem. 1989, 61, 2185; 1991, 63, 203.
(b) Okahata, Y.; Ebato, H. J. Chem. Soc., Perkin Trans. 2 1991, 457. (c)
Okahata, Y.; Kimura, K.; Ariga, K. J. Am. Chem. Soc. 1989, 111, 9190. (d)
Okahata, Y.; Ebara, Y. J. Chem. Soc., Chem. Commun. 1992, 116.

© 1992 American Chemical Society



8300 J. Am. Chem. Soc. 1992, 114, 8300-8302

I R N J
: w 1°
| - 200
N 200 \!‘ 2
L 400l \0 - 400 E
T '\J @) S
600 - 600
J 1 1 1 L 1
0o 1 2 3 4 5

Time/h

Figure 1. Typical frequency changes of 10-mer nucleotide (106 ng, 35
pmol) immobilized QCM, responding to each addition (120 ng, 0.05
pmol) of (a) M13 phage DNA and (b) nonsite M13 phage DNA in a
10-mL aqueous solution at 50 °C.

a handmade oscillator designed to drive the quartz at its resonance
frequency in aqueous solutions.®” The frequency changes were
followed by universal frequency counter (Iwatsu Co., Tokyo,
Japan, Model SC 7201) attached to a microcomputer system
(NEC Co., Tokyo, Japan, Model PC 9801). Calibration showed
that a frequency decrease of 1 Hz corresponded to a mass increase
of 1.05 ng on the QCM electrode (16 mm?) both in aqueous
solutions and in air.%’

We have prepared the 10-mer deoxynucleotide having a mer-
captopropyl group at the 5’-phosphate end by the phosphoramidite
method® as a probe DNA, whose sequence was complementary
with the EcoRI binding site of single-stranded M13 phage DNAs
(7249 base pairs, MW = 2.4 X 10°). Nonsite phage M13 DNAs
(7239 base pairs) were also prepared in which the complementary
10 nucleotides were removed. The QCM was immersed in an
aqueous solution of the probe DNA with an SH group (1500 ng
in 5 mL) for 20 min at 25 °C.° The amount of the probe
nucleotide immobilized was calculated to be 106 & 10 ng (35
pmol) on both sides (16 mm? X 2) of the electrodes. This value
was calculated to be ca. 8% coating coverage of the Au electrode
surface of the QCM.

Figure 1 shows typical time courses of frequency changes of
the probe nucleotide-immobilized QCM responding to each ad-
dition of M13 phage DNA or nonsite M13 DNA as a target DNA
to distilled water (10 mL) at 50 °C. In the case of the comple-
mentary M13 DNA, the frequency decreased with time, re-
sponding to each addition, and it was saturated at —AF = 560 %
10 Hz (mass increase of 590 £ 10 ng) at a concentration of 600
ng (0.25 pmol) in 10 mL.. At the saturation point, all DNAs added
in the solution bound to the probe nucleotide on the QCM, and
an M13 phage DNA was calculated to hybridize with ca. 0.5 mol
% of probe nucleotides on the QCM. The minimum concentration
needed to detect M13 phage DNA was observed to be 1 pM (25
ng in 10 mL) in the solution. The nonsite M13 phage DNA hardly
interacted with the probe DNA on the QCM at 50 °C (see curve
b in Figure 1).

After the hybridization of the probe nucleotide on the QCM
with M13 phage DNA at 20 °C, the temperature of the solution
was increased gradually at the rate of 10 °C/min. The frequency
of ~AF = 560 £ 10 Hz due to the hybridization increased dis-
continuously between 55 and 65 °C and reverted to the original
value of the probe-immobilized QCM (AF = 0 Hz) above 70 °C.
This phenomenon occurred reversibly when the temperature was
decreased to 20 °C. These results indicate that the hybridization
on the QCM was melted (separated) with increasing temperature
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Table I. Hybridization Amounts between the Probe-Immobilized
QCM and Various 10-mer Nucleotides in Solution at 25 °C

nucleotides® Am/ng % hybridization®
YdCCCTTAAGCAY 380 10 100
YdCCCTTAAGGG? 350 10 92
YdTGCTTAAGCAY 350+ 10 92
YdCCCTAAAGCAY 125 £ 10 31
YdCCCTGAAGCAY 100 £ 10 26
¥4CTGCTACGGG® 0 0
YdAGCCGTACCCY 0 0

¢The probe nucleotide of HS-"PAGGGAATTCGTY was immobi-
lized on the QCM with a relatively large amount (847 ng, 280 pmol,
ca. 65% coating coverage of electrodes) in order to get high sensitivity
for the detection of low molecular weight oligonucleotides, compared
with M13 phage DNA. ¢Concentration: 400 ng (130 pmol) in 10 mL.
The complementary sequences with the probe are shown with under-
lines. ¢Indicates how much of the nucleotide in the solution bound to
the probe on the QCM.

in the range 55-65 °C, and T, of the hybridization was deter-
mined to be 60 °C.

The QCM technique could be applied for the detection of
hybridization with various 10-mer oligonucleotides as target
DNAs. Hybridization amounts obtained from frequency changes
are summarized in Table I. In the case of the totally comple-
mentary 10-mer nucleotide, all target nucleotides added in the
solution bound and hybridized on the QCM. The oligonucleotides
having more than eight continuous complementary base pairs could
also bind with the probe on the QCM. This hybridization was
not stable, since the frequency reverted to the original value when
the QCM moved to the new aqueous solution. Oligonucleotides
having five continuous and complementary base pairs partially
bound with the probe, but the hybridization was not stable.

In summary, the oligonucleotide-immobilized QCM will become
a new useful tool to detect specific DNAs by the weight of the
direct hybridization in solutions without any pre- or posttreatments
and without nonspecific bindings of DNAs and proteins, We
emphasize that this method is also useful to study molecular level
kinetic understanding of base-pair hybridizations in oligo-
nucleotides.
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In comparison to numerous reports relating the structures of
drugs to their interactions with natural recognition sites,!? there
are relatively few examples of the complexation of drugs (e.g.,
barbiturates) by synthetic receptors.> Benzamidine groups are
attractive targets for complexation studies because they are found
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