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ABSTRACT from these control reactions to that generated from an unknown
sample (reviewed iB). Later versions of this method used an
‘internal control’, i.e. a target nucleic acid added to the PCR that
should amplify at the same rate as the unknown but which could
be distinguished from it by virtue of a small sequence difference
(e.g. a small insertion or deletion or a change that led to the gain
or loss of a restriction site or reactivity with a special hybridiza-
tion probe) 4,5). These methods have the disadvantage that slight
differences in amplification efficiency between the control and
experimental nucleic acids can lead to large differences in the
amounts of their products after the million-fold amplification
characteristic of PCR and it is difficult to determine relative
amplification rates accurately. Newer quantitative PCR methods
use the number of cycles needed to reach a threshold amount of
PCR product as a measure of the initial concentration of target
nucleic acid, with ethidium bromidé)(or TagMan assays,8)
INTRODUCTION used to follow the amount of PCR product accumulated in real
While PCR has had a major impact on molecular biolog{ime. However, these assays also require assumptions about
research, its application to clinical diagnostics has been slow, digéative amplification efficiency in different samples during the
in part to: (i) labor intensiveness of methods for detecting PC&ponential phase of PCR.
product; (i) susceptibility of PCR to ‘carry-over contamination’, i.e. An alternative method of quantitation is to determine the
false positives due to contamination of a sample with moleculég1allestamount of sample that yields PCR product, relying on the
amplified in a previous PCR; (iii) difficulty using PCR to fact that PCR can detect a single template molecule. However, to
quantitate the number of target nucleic acid molecules in a samggihieve single molecule sensitivity, two or more sequential PCRs
Recently, significant progress has been made on these probleiagally have to be performed, often using nested sets of primers,
with the introduction of the ‘TagMan’ fluorescence energyand this accentuates problems with carry-over contamination.
transfer assayl1(2). This assay uses a nucleic acid probe We reasoned that the sensitivity of the TagMan assay could be
complementary to an internal segment of the target DNA. THeproved to enable detection of single starting molecules if
probe is labeled with two fluorescent moieties with the propertigaction volumes were reduced. The TagMan assay requires nea
that the emission spectrum of one overlaps the excitatig@turating amounts of PCR product to detect enhanced fluor-
spectrum of the other; as a result the emission of the firgscence (see below). PCRs normally saturaf@ @t product
fluorophore is largely quenched by the second. The probe riaoleculesil, due in part to rapid reannealing of product strands.
present during PCR and if PCR product is made, the prode reach this concentration of product after 30 cycles iruBPAOR
becomes susceptible to degradation viaraublease activity of requires at least #@tarting template molecules ¢2028910ul =
Taq polymerase that is specific for DNA hybridized to templatd0t/ul). Somewhat less than this number of starting molecules
(‘TagMan’ activity). Nucleolytic degradation of the probe allowscan be detected by increasing the number of cycles and in special
the two fluorophores to separate in solution, which reduce&drcumstances even single starting molecules may be detectable
guenching and increases the intensity of emitted light. Becau&®, but this strategy usually fails before getting to the limit of
this assay involves fluorescence measurements that can dsgecting single starting molecules due to the appearance of
performed without opening the PCR tube, the risk of carry-ovartifactual amplicons derived from the primers (so called ‘primer
contamination is greatly reduced. The TagMan assay is not lalmbmers’). However, if the PCR volume were reduced to 10 nl, then
intensive and is easily automated. a single target molecule might suffice to generate a saturating
The TagMan assay has also provided a method for quantitatiomncentration of PCR product affé80 cycles (1x 23910 nl =
of target nucleic acids. Early methods of quantitative PCR religkdl®/nl = 104/pl). Fluorescence changes in the TagMan assay can
on setting up PCRs with known numbers of target nucleic acltk detected in small volumes using a fluorescence microscope.
molecules and comparing the amount of PCR product generafBdkerefore, we investigated whether volume reductions would

We monitored PCR in volumes of the order of 10 nl in
glass microcapillaries using a fluorescence energy
transfer assay in which fluorescence increases if
product is made due to template-dependent nucleolytic
degradation of an internally quenched probe (TagMan
assay). This assay detected single starting template
molecules in dilutions of genomic DNA. The results
suggest that it may be feasible to determine the
number of template molecules in a sample by counting
the number of positive PCRs in a set of replicate
reactions using terminally diluted sample. Since the
assay system is closed and potentially automatable, it
has promise for clinical applications.
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allow detection of PCR products generated from single target,
molecules using the TagMan fluorescence energy transfer system

MATERIALS AND METHODS

1

Molecular biology reagents

We used a TagMan kit from Applied Biosystems (Foster City|
CA). This kit contains human DNA at 10 ph/forward and
reverse primers (5FfCACCCACACTGTGCCCATCTACGA-3
and 5CAGCGGAACCGCTCATTGCCAATGG-3respectively)
that amplify a 295 bp segment of the hurfaactin gene and a ., i . . ; .
dual fluorophore-labeled probé-fB-carboxyfluorescein)-ATG- Figure 1. Schematic diagram of microcapillary PCR sample holding device.
CCC-(6-carboxytetramethylrhodamine)-CCCCCATGCCATC-
CTGCGT-3] that is complementary to bases 31-56 of the PC
product. (For simplicity, we refer to 6-carboxyfluorescein a
‘fluorescein’ and 6-carboxytetramethylrhodamine as ‘rhodamine’z

We used Tag polymerase from Boehringer Mannheim (Indianapolbcf a Rapidcvcler air oven (Idaho Technologies. Idaho Falls. ID
IN) and anti-Taq antibody from Clontech (Palo Alto, CA). PCRs, 4 cycrl)ed t¥1rough or for(5 s, 5AC for 5 5,972(': for 15 s for )

contained 10 mM Tris—HCI, pH 8.3, 50 mM KCI, 0.01% gelatin i ; o :
500 pg/mh—5 mg/ml bovine serum albumin (BSA), 3.5 mIv|140 cycles; this cycling protocol takg30 min in the Rapidcycler.

MgCly, 0.2 mM each dATP, dCTP, dGTP and dUTP, M8
forward and reverse primers, i dual fluorophore-labeled
probe, 0.5 U Taq polymerasefliPCR mixture, 0.l anti-Taq  Fluorescence of samples in glass capillaries was measured with
antibody/10pul PCR mixture and varyingnzounts of template a Zeiss axiovert 410 laser scanning microscope using a
DNA. The specific activity of Tag polymerase w850 000 U/mg,  20X-0.5NA objective, 15 mW external argon lag& of the
which, at a molecular weight of 100 kDa, translate§It®  power of which was focused to a spot sizejofi#, and bandpass
moleculegdl. Sincep actin is a single copy gene, we estimatedilters of 515-565 nm for fluorescein and SYBRGreen and

one copy op actin template/3 pg human genomic DNA. In some-590 nm for rhodamine (power loss and spot size estimates
PCRs the dual fluorophore-labeled probe was replaced with theovided by the manufacturer). Average pixel intensity was
fluorescent, DNA staining dye SYBR Green | (product no. measured in regions &R0 x 50 um overlying the capillary
S-7567; Molecular Probes, Eugene, OR) used athdlidtion  image. Fluorescence intensity was examined visually along the

uv glue micro-capillaries

iece of opaque paper over the center section of the capillary
ring UV exposure. For structural support, one or two hematocrit

apillary tubes were glued to the cover slips. This sample holding

evice was then attached with Scéttdpe to the sample holder

Fluorescence detection

from the stock supplied by the manufacturer. length of 2.5 cm capillary tubes by manually translating the stage;
guantitative measurements were made every 2-5 mm, or more
PCR apparatus often if variability in the fluorescence signal was observed.

Conventional PCRs were performed in 0.2 ml polypropylengegyiTs
tubes in a model 9600 thermocycler from Perkin Elmer using
92°C for 15 s, 54C for 15 s, 72C for 15 s for 40 cycles. When PCRs were performed inj20/olumes in Ependorf tubes
Capillary PCR was performed in quartz glass microcapillarieis a model 9600 Thermocycler (Perkin Elmer, Norwalk, CT), the
from Polymicro Technologies (Phoenix, AZ). These capillarieg actin primers amplified amB00 bp segment from human DNA
had inner diameters of 20—{Bn and outer diameters of as expected. PCRs performed in the presence of the TagMan
250-375pum. The capillaries come with either a polyimide orprobe were transferred to capillary tubes and analyzed by
teflon external coating to make them flexible. Because thiorescence microscopy. Typical values for average pixel intensity
polyimide coating is opaque and fluorescent, it had to be removegre[1130 relative fluorescence units (RFU) for fluorescein and
before use. This was done by flaming a segment of polyimidé0 RFU for rhodamine, with background emission from empty
capillary with a Bunson burner for several seconds and theapillariesT20 RFU at both wavelengths. In different experiments
gently wiping off the burned coating; this was repeated abe fluorescein:rhodamine (F/R) ratio varied friain0 to 2.0 in
necessary until the capillary was clear. The resulting basamples containing PCR product. For negative control PCRs
capillaries are quite fragile. We found that the teflon-coatedontaining no template DNA, no Taq polymerase or no reverse
capillaries were easier to work with, since the optically clear amatimer, the rhodamine emission was about the saBeRFU),
non-fluorescent teflon coating did not need to be removed. Botthile the fluorescein emission was reduced3d RFU, giving
types of capillaries gave equivalent results in PCR. a F/R ratio of(D.5. The absolute values of fluorescein and
Capillaries were filled by touching an open end to a drop ahodamine emission varied between experiments and with small
PCR solution which wicked in by capillary action. Capillarieschanges in machine settings (laser power, attenuation, brightness,
were sealed and supported by gluing each end to a differemntrast), whereas the F/R ratio was fairly constant; therefore the
coverslip, leaving an unsupported segment in the middle tatter was used as a measure of whethe inetin product had
minimize thermal mass (see Fij. The glue (optical adhesive been amplified.
no. 81; Norland Products, New Brunswick, NJ) was cured by We estimated the yield of PCR product in conventional
exposure to 366 nm UV light with a UV lamp (model UVL-21;reactions in polypropylene tubes by ethidium bromide staining of
UVP Inc., San Gabriel, CA) heldl cm from the sample for 30 s. product in agarose gels and by adding a known amount of
The PCR mixture was shielded from UV light by laying a small32P]dCTP to a PCR and counting radioactivity in the purified
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Figure 2. Histogram of maximum F/R values in capillaries containing negative control PCRs (black bars) and PCRs with terminal dilutions of human genomic DI
(gray bars).

PCR product. Both methods gave an estimafél@¥ product  nadir of the experimental sample distribution occurred at an F/R
moleculegil PCR. This corresponds to a product concentratioratio of (11, we chose this value as a ‘cut-off’ to distinguish
of [0.16uM, which implies that about half of the PCR primerspositive from negative samples. This ‘cut-off’ is consistent with
were converted to product. the F/R values of 1-2 in PCRs carried out in conventional
To assess the extent of degradation of the TagMan prolelumes in Ependorf tubes.
following PCR, we examined the effect of mung bean nucleaseUsing a ‘cut-off’ of F/R= 1, we estimated the sensitivity of our
on the F/R ratio. Treatment of the probe with mung bean nucleadetection system by mixing exonuclease-digested probe with
for 10 min at 37C raised the F/R ratio from 0.5 to 5. This undegraded probe. An F/R raticdfwas obtained whex®.02uM
presumably represents complete degradation, since further incubegraded probe was mixed with Qi undegraded probe. This
tion did not increase the ratio. An F/R ratio of 1.5, characteristitorresponds ta110°® molecules of degraded probe in a 10 nl
of positive PCRs, therefore suggests ffi2@% of probe was volume. Using the confocal feature of the microscope, we found
degraded. This corresponds to a concentration of degraded priti the signal decreased rapidly when the depth of field dropped
of 0.06uM and implies that about one third of the probe that couldelow 20um. Thus, an estimate of the lower limit of detection for
have hybridized to PCR product was degraded. this system i§1.0° molecules of degraded probe in a volume of
When PCRs were performed in small diameter glass capillarieX) x 20x 20 um = 10 pl.
the volume of the reaction was too small to detect PCR productAs has been noted by others performing PCR in glass tubes
by standard gel electrophoresis. While products might have be@r?), it was essential to include BSA in the PCRs, presumably to
detected by capillary electrophoredi8, (1), we were interested block non-specific adsorption of DNA to glass. When BSA was
to see if the TagMan assay could be used as an alternative. Tio¢included, the F/R ratio waB.5. We generally used 58/ml
F/R ratio wagD.5 in negative control reactions (no template, ndinal concentration of BSA in the PCRs, although for some
enzyme or no reverse primer) and was usually >1 in samplbatches of BSA we had to increase the concentration to 5 mg/ml.
where product was expected. In capillaries containing terminalHuman DNA was diluted so that PCRs contained 0—14 haploid
dilutions of genomic DNA template, the ratio sometimes variedenome equivalents (0—42 pg)/capillary. Reactions were scored
with position along the capillary, which we attributed to localizeés positive if the maximum F/R ratio along the tubex¢&® The
accumulation of degraded probe (see below). In these casesrasults for a series of PCRs in capillaries with internal diameters
used the maximum recorded value of the F/R ratio in a capillaof 20—75um are shown in Tableand Figure.
as the measure of whether the target sequence had been amplifie@apillaries containing >1 haploid genome equivalent generally
A histogram of the maximum values of the F/R ratio in over 10Bad F/R ratios >1. In capillaries containing <1 haploid genome
capillary reactions of terminally diluted genomic DNA is showrequivalent, the fraction of capillaries with F/R ratkls was
in Figure 2, along with the corresponding values for negativeoughly proportional to the fraction of capillaries expected to
control reactions. The negative controls had a mean ratio of Ocgntain one or more template molecules. This fraction was
with a range of 0.4—0.9. The experimental samples had a bimodalculated from the Poisson distribution as 1weheremis the
distribution, with one arm of the distribution paralleling that of themount of DNA/capillary/3 pg. These results provide strong
negative control samples. This suggests that the experimergapport for the hypothesis that the method is sensitive to a single
samples consisted of positive and negative samples. Since #t&rting template molecule.
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Table 1.Replicate PCRs in microcapillaries with terminal dilutions of genomic DNA

Capillary diameter ~ Haploid genome Probability of>1 Fraction of capillaries No. of
() equivalents/capillarynf)  template/capillary with max F/R >1 capillaries
20 0 0.00 0.00 2
0.2 0.18 0.10 10
0.5 0.39 0.33 15
25 0 0.00 0.00 4
0.4 0.33 0.28 18
0.8 0.55 0.50 8
15 0.78 1.00 3
3 0.95 1.00 3
30 0 0.00 0.00 8
0.5 0.39 0.52 23
1 0.63 0.92 13
15 0.78 1.00 10
4 0.98 1.00 3
50 0 0.00 0.00 13
0.4 0.33 0.00 3
0.8 0.55 0.67 27
15 0.78 0.82 28
3 0.95 1.00 2
6 1.00 0.89 9
13 1.00 1.00 7
75 0 0.00 0.00 7
0.8 0.55 0.50 6
1.7 0.82 0.67 12
3.4 0.97 1.00 9
7 1.00 1.00 5
14 1.00 1.00 6

Haploid genome equivalents per capillarywas calculated by dividing the amount of DNA/capillary (in pg) by 3 pg/haploid
genome equivalent. The probability=if template/capillary was calculated from the Poisson distribution as™ Aleout one

sixth of the PCRs contained low melt agarose at 0.2—0.8%; as the agarose had no detectable effect (see text), the data from capil-
laries with and without agarose were pooled.

Similar results were obtained with another preparation of humahe highest power, with 10 scans reducing the fluorescein signal
genomic DNA obtained from Promega: at 8 haploid genomgl0%; however, only one or two scans at this power were
equivalents (24 pg)/capillary, four of four capillaries gave maximurperformed at any one location when collecting data, so this does
F/R ratios=1; at 0.7 haploid genome equivalents (2 pg)/capillannot explain the inhomogeneities. To see if convection after PCR
three of four capillaries were positive; at 0.1 haploid genommight be broadening the peaks, we added 0.2-0.8% low-melt
equivalents (0.4 pg)/capillary, none of four capillaries were positivagarose to some PCRs, but no effect of the agarose was noted. A

The inhomogeneity of F/R ratio along the length of capillariefew of the capillaries fortuitously contained air bubbles that
containing[1l template molecule suggested that we might bdivided the sample into two or more segments. In several of these
seeing residual localization of degraded probe as a result adses, the F/R ratio wa& on one side of the bubble and 0.5 on
localized accumulation of PCR product. To investigate thithe other side, consistent with blocked diffusion of degraded probe.
possibility, we performed amplifications in 2.5 cm capillaries To confirm the results of the TagMan assay, we substituted the
containingD.5 haploid genome equivalents/capillary. A plot offluorescent dye SYBR Green I for the TagMan probe. Because
F/R ratio along a few representative capillaries is shown ithe fluorescence of SYBR Green | increases many-fold in the
Figure3. Some capillaries have a single peak, others two peaksesence of double-stranded DNA, it can be used to detect
suggesting two areas where PCR product and degraded probe thauble-stranded PCR produt8), although it does not distinguish
accumulated. The half-widths of the peaks (measured at half-heigbpurious product, such as ‘primer dimer’, from desired product.
were 3—-6 mm. When capillaries were left overnight, th&he SYBRI Green | fluorescence assay has to be performed at
distributions broadened and flattened. Inhomogeneities in F&evated temperature to reduce background fluorescence from
ratio were not seen when capillaries were examined before P@Bn-specific annealing of primers. To do this we placed segments
or after PCR in capillaries containing no template DNA®S  of capillaries, after PCR, il ml mineral oil in a special 35 mm
initial template molecules. Representative experiments are shoRetri dish, the bottom of which was made of optically clear,
in Table2. These results argue that the inhomogeneities were raminducting glass coated with a thin layer of indium tin oxide
due to smudges blocking light transmission, thermal variatior{Bioptechs, Butler, PA). By applying 3—4 V across the bottom of
during PCR or photobleaching. We further checked that the 3@te dish, we raised the temperature in the @il C. Because
UV irradiation used to seal the ends of the capillaries did not altenly a portion of the bottom of the Petri dish was flat and
the F/R ratio. Photobleaching of the fluorescein (but not thaccessible in the microscope, we had to cut the capillaries after
rhodamine) signal was detectable with repeated laser scanning@R into[1L cm segments in order to image them.
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Table 2.High variability in F/R is specific for capillaries witfl target molecule and decreases with time

Group Haploid gene Time when fluorescence  No. of No. of capillaries  Average F/R S.D. of FIR
equivalents/capillary analysed capillaries with max F/R >1

A 0 1 h after PCR 9 0 0.5 0.05

B 75 1 h after PCR 10 10 1.75 0.10
C 1 (expt 1) before PCR 5 0 0.51 0.04
D 1 (expt 1) 1 h after PCR 5 4 0.83 0.46
E 1 (expt 1) 24 h after PCR 5 3 0.89 0.23
F 1 (expt 1) 48 h after PCR 5 1 0.82 0.23
G 1 (expt 2) before PCR 5 0 0.46 0.03
H 1 (expt 2) 1 h after PCR 5 5 1.22 0.43
| 1 (expt 2) 24 h after PCR 5 5 1.14 0.25
J 1 (expt 2) 48 h after PCR 5 5 1.11 0.21

F/R measurements were taken every 2-5 mm along 2.5 cm long capillaries as described in Materials and Methods. Measurements from different capillaries con
aliquots of the same sample were pooled for calculating standard deviation (S.D.).

derived from PCRs containing 0.3 haploid genome equivalents/cm
capillary, the fluorescence intensity varied from 49 to 136 RFU,

with four capillary segments having fluorescence intensity <73 RFU

at all tested positions along their lengths, two capillary segments
having fluorescence intensity >100 RFU at all positions and one
capillary having a fluorescence intensity of 68 RFU at one end

increasing to 122 RFU at the other end. These results provide
additional evidence that PCR products derived from single

molecules can be detected in small volumes.

FIR

position (mm) position (mm)

DISCUSSION

The results presented here show that the TagMan assay can detec
as little as 1 template molecule when the volume of the reaction
is of the order of 10 nl. For %0n inner diameter capillaries, the
reaction volume i$20 nl/cm capillary length. Using terminal
dilutions of two preparations of genomic DNA, we found a good
correlation between the number of capillaries giving positive
reactions and the number of capillaries calculated to carttain
template molecule. The inference of single molecule sensitivity
is further supported by the observation of peaks of elevated F/R
emission along the length of capillaries estimated to contain 1 or
2 template molecules. Presumably these peaks result from
localized accumulation of PCR product.

Is it reasonable to expect that PCR products and degraded
TagMan probe would remain localized on a scale of 5 mm for a
few hours after PCR (the time it took us to complete some of the

FIR

i

+
s
©

position (mm) position (mm)

F/IR
F/R

0 T b e fluorescence assays)? We suspect that the narrowness of the
R capillaries effectively eliminates convection, so that molecular
position (mm) position (mm)

movement is dominated by diffusion. Molecules the size of

_ _ , o . completely degraded probe (e.g. rhodamine-dGTP) have diffusion

Flgur(_e 3. Profile of F/_R values along representative capillaries containing <1constants dfB=5x 1076 cn/s in water at room temperatuitéfx.

haploid genome equivalent of genomic DNA. Positions along-éxés were . . . .

estimated by moving the microscope stage manually in approximately equaThe dlff_USIOr] ConSta_nt 'ncr_eases with _temp_eratu@ SkTm* .

increments and dividing the capillary length by the number of increments.  WhereT is measured in Kelvin amg the viscosity, decreases with
temperature 1(5). The viscosity of water decreadédfold as
temperature increases from 25 (298 K) td®g365 K) (L6); thus

Using this device we could detect PCR product derived from would increaséB.25-fold over this temperature range. The

single template molecules. For example, the fluorescence intensitypt mean square distance traveled by a molecule with diffusion

was 155-194 RFU in seven capillary segments derived fromcanstanD in timet is (2Dt)"2, or (-5 mm in 2 h for molecules

PCR containing 30 haploid genome equivalents/cm capillate size of completely degraded probe at temperatures between 2&

length, compared with a fluorescence intensity of 40-57 RFU and 92C. The PCR product, based on its molecular weight,

seven capillary segments containing no template DNA. Thehould have a diffusion constanf®t45x 10-6cné/s and should

variability in fluorescence at 2-3 mm intervals along thesdiffuse about three times less far than degraded probe in the same

capillaries wagP0%. In contrast, in seven capillary segmentgime. These ‘back of the envelope’ calculations indicate that the
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contains[R.5 pl. After spreading in one fiftieth of this volume 9 Gerard,C.J., Arboleda,M.J., Solar,G., Mule,J.J. and Kerr,W.G. (1996)
(CBO nl), the fluorescent signal we obtained from single starting Hum. Gene Ther7, 343-354. _
molecules in 5qm inner diameter capillaries was sometimes no I\Vl\g?r']'fuyfm&_?igfgﬁ;;@ﬁé;%ﬁ%ﬂﬂg&i Mathies,R.A. and
above the background (see Tahlaverage F/R at 24-48 h and 11 woolley,A.T. and Mathies,R.A. (199RJoc. Natl. Acad. Sci. USAL
number of capillaries in which maximum F/R > 1). Thus, PCR  11348-11352.
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important for our ability to detect single starting molecules ins Berg,H.C. (1983Random Walks in BiologPrinceton University Press,
capillaries, diffusion of reactants present in the original reaction Princeton, NJ, pp.10 and 49.
mixture is usually not limiting for PCR; for example, at thel® F?hgg“rcf;' Fé;_’brt]’%r ((1:96993”"bloon'aogahemi;;gla”d Physichemical
(Conventlo.nal) concentration of Taq polymerase us.ed here, ti'? Cl;]enZ,J.,quI]f)ﬁlngr,M?A., :\\/liir?ia,é.E.,7l<pr.icka,L.‘J. and Wilding,P. (1996)
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polymerase molecules (mol. Wt00 kDa) diffuse this distance 18 Burns,M.A., Mastrangelo,C.H., Sammarco,T.S., Man,F.P., Webster,J.R.,
in [0.01 s. Thus, all portions of the reaction should be sampled by Johnson,B.N., Foerster,B., Jones,D., Fields,Y., Kaiser,A.,R. and Burke,D.T.
a polymerase molecule many times each second. (1996)Proc. Natl. Acad. Sci. USAS, 5556-5561.

While we were able to confine PCRs to volumes of 3-60 nl by
using capillaries with small diameters and relying on thaPPENDIX
fortuitously slow rate of diffusion, more practical application of
these results will come from the development of a device féfollowing the derivation of the diffusion equation in one dimension
confining PCRs to small regions in three dimensions. Suddiven in Berg {5), pp. 9-10, suppose each of tHeCR product
devices could in theory be used to measure the number roblecules present at tirhduplicates and the daughter molecules
template molecules in a sample simply by counting the numberove a small distan@geither to the left or right, in the short time
of positive reactions in replicate PCRs containing terminal after duplication. Letting designate the displacement ofjthe
dilutions of sample. With the potential for automation and anolecule before duplication, the mean square displacement of the
closed system to prevent carry-over contamination, such a devige olecules at time+ 1 is <X2>t41 = (1/20) i[(Xj +3)2+
would have significant promise for clinical applications of PCR. i1
An assay base_d on presence versus absen_ce of PCR produgilgé)zl = (1h) i[sz + 23+ 3 = <> + &, where the sum
replicate reactions may be more robust with respect to smal v}
changes in amplification efficiency than quantitative competitivever thex 2x0 terms averages to zero, since + and — are equally
assays or time-to-reach-threshold level assays that requiesly. Thus, the mean square displacement increag@syme
assumptions about relative or absolute replication rates. Severalhich is exactly the result faindependent particles. Thus, the
groups have reported other approaches to miniaturization of P@kan square displacement of the ensemble of progeny molecules
chambers and instrumentation, including PCR chipsdevices derived from a single template is the same as that of the single
for combined amplification, electrophoresis and detectioh ( template or a large number of identical molecules starting at the
and chip-like devices capable of mixing reagents, thermocyclimpsition of the template. This analysis neglects the fact that
and detecting PCR products3]. To our knowledge, however, formation of a DNA—polymerase complex during replication
this is the first report of successful PCR on the nanoliter scalemay transiently decrease the rate of diffusion.



