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Abstract

A monochromic charged coupled device (CCD) is employed to obtain time evolved fluorescence images that are reflected from PCR mix
in a 20�L capillary during thermal cycling in the real-time polymerase chain reaction (real-time PCR). This fluorescence detection system
consists of a 470 nm light emitting diode (LED) as an excitation light source, a CCD camera, and a rotating disk with six optical filters to
provide six fluorescence detection channels at 530, 560, 610, 640, 670 and 710 nm for multiplex real-time PCR DNA quantification. In this
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tudy, the PCR mix that contains HBV SC 11 DNA template with SYBR Green I fluorescence labeling dye is tested to verify the
erformance. An adaptive image processing scheme based on a lower–upper–middle (LUM) filter algorithm is developed to elim
hile keeping the necessary information from recorded fluorescence images. The measured results obtained by the proposed imag
cheme illustrate that the real-time PCR prototype with CCD-based fluorimeter can achieve similar DNA quantification reproducib
ommercial machine even when the initial DNA copies,X, in the tested PCR mix is down to 103 copies/mL (0.01 fM).
2004 Elsevier B.V. All rights reserved.
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. Introduction

The PCR[1–3] process was first introduced in 1986 by
ullis and others to replicate the specified DNA fragments

n vitro. Since then, the PCR process has become one of the
ajor tools in genomic studies. There are three major steps

n a single thermal cycle of PCR that usually requires 20–30
hermal cycles. The first step is called “denaturation” during
hich the PCR mix in a tube is heated up to 95◦C and the
ouble-strand DNA breaks. The second step is called “an-
ealing” that occurs as the temperature of PCR mix drops
own to about 53◦C. Primers with an approximate length of
5–30 bp are jiggling around in the mix by Brownian motion
nd are attached to single-strand DNA with ionic bonds. The

∗ Corresponding author. Tel.: +886 928868885; fax: +886 227988272.
E-mail address:f11167@ntut.edu.tw (D.-S. Lee).

final step is called “elongation” that happens at an app
mate temperature of 72◦C. It is the ideal working temper
ture for the polymerase. Since the primers already have s
ionic bonding to the DNA template at specific position,
polymerase will add dNTP’s from 5′ to 3′ to the templat
by reading the template from 3′ to 5′ end. The specific DNA
sequence is amplified exponentially with thermal cycling

By integrating a fluorimeter with the thermal cycler, a re
time PCR machine was first introduced in 1997[4,5]. This
real-time PCR machine allows the detection of DNA a
plification through the detection of the fluorescence labe
dye in the PCR mix during the early phase of the reac
In addition, the concentration of target DNA fragment in
PCR mix before thermal cycling can be obtained from
time recorded history of the fluorescence intensity. The
time PCR machine has high sensitivity and consumes
time when compared to the traditional PCR machine. In
dition, there is no need to perform agarose gel electrop

925-4005/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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sis on PCR mix after thermal cycling from the real-time PCR
machine to ensure successful amplification on DNA template
that is inevitable for amplified PCR mix from the traditional
PCR machine.

The current commercial real-time PCR machine has three
discrete channels with photodiodes for detecting fluores-
cence emitted from the PCR mix. In order to separate differ-
ent fluorescence wavelengths, one set of narrow band filters
and dichromatic mirrors are used to allow fluorescence with
the required wavelength to reach the corresponding chan-
nel. Since the emitting dye fluorescence has to pass through
complicated optical path before it reaches the appropriate
channel, the intensity is decayed to 40–50% of the fluores-
cence intensity detected by the previous channel. Therefore,
it is impossible to have the capability to detect five different
dyes in one sample of the PCR mix due to significant optical
loss.

However, simultaneous detection of multiple target DNA
sequences becomes a trend in either virus or blood inspec-
tion. The detection of different viruses in one blood sample
is called multiplex real-time PCR. It has become the aim
for many researchers. Some approaches were proposed to
achieve multiplex PCR by using a biochip solution[6,7].
Some employed the multi-channels fluorescence detection
[8,9] to achieve the capability for multiplexing PCR. Wittwer
et al. [8] employed a spectrograph with continuous spectral
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PCR prototype with an inexpensive fluorescence detection
system. A CCD detector can offer a wide range of spectral
response that can be divided by a sliding interference optical
filter into fluorescence detection channels at 530, 560, 610,
640, 670 and 710 nm wavelengths by six interference filters
on the rotating holder. This kind of optical engine design is
simple and does not need the precision housing structure like
the one employed by commercial real-time PCR machine
or the miniature spectrometer used in our previous study. It
is an inexpensive and convenient solution provided that the
performance of the prototype should be comparable with the
commercial real-time PCR machine.

Since the design of this prototype fluorescence detection
system is different from our previous study, an analytical
model based on Beer-Lambert law[16–19] is developed to
predict the fluorescence intensity that increases with the am-
plification of DNA concentration during PCR thermal cycling
in this prototype. The predicted values can be used as a basis
for determining DNA initial copies in PCR mix and iden-
tifying the noise characters of the results that are obtained
through a signal filtering algorithm over fluorescence images
captured by the CCD detector. In this study, an adaptive filter
with LUM algorithm is employed to eliminate optical noise
in the captured fluorescence images due to the high noise
level of the CCD detector.

The key performance indices of real-time PCR ma-
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ispersion and a line CCD array detector to monitor the
rescence time history during thermal cycling of a real-t
CR machine. The spectrograph with a concave hologr
rating can normally achieve a 25–35% collection efficie

n 300–800 nm fluorescence wavelength. The line CCD
ay detector has to be cooled to−70◦C for achieving high
ensitivity on spectral distribution of the fluorescence. T
he whole system with the spectrograph is too big and
ensive. There is one commercial machine[9] with a photo
emultiplexer that can separate six optical wavelengths
ne fluorescence input towards the corresponding pho
de detector. Through this sequential optical separation
uorescence collection efficiency can exceed 70% for
ptical channel. With such a high signal level, the phot
de can be used as the optical detector. Although thi

ution can provide a multi-channel detection capability,
eliability of this kind of real-time PCR machine is still u
er evaluation as the photo demultiplexer is not a ma
roduct yet[10–14]. In addition, the cost of demultiplexer
xpensive.

Our previous study was to build up a real-time PCR
hine with a miniature spectrometer for spectral disper
f emissive fluorescence[15]. Test results show that the s

em provides comparable accuracy and reproducibility a
urrent commercial machine for DNA quantification and
ystem is compact comparing with the one suggested by
wer et al. However, this kind of solution is still expensive
aboratory usage.

In order to obtain a compact and inexpensive system
revalent application, this study aims to develop a real-
hine are DNA quantification sensitivity and reproduci
ty [20,21]. The DNA quantification sensitivity depends
nly on the machine itself but also on the selection of P
rimer and fluorescence labeling dye. In this study, the
hine performance is evaluated by using known initial D
emplate concentration in the PCR samples for DNA q
itative experiments in both the commercial real-time P
achine and the prototype. Single DNA template, HBV
1, with known concentrations and a single labeling
YBR green I, are used in PCR mix. A comparison wil
resented to show that similar sensitivity in DNA quantifi

ion is achieved in both machines.
By repetitive determinations of known concentration

NA template in the same run or in different runs in the r
ime PCR machine, the coefficient of variation (CV) of in
ssay for the same run or inter-assay for different runs
e determined, respectively. Since the uncertainty in hu
peration will affect the CV value of inter-assay meas
ents, the CV value of intra-assay runs is employed in

tudy to evaluate the real-time PCR prototype performa
lower CV value indicates higher reproducibility. The C

alues of intra-assay at different initial DNA copies are
ained for both the commercial real-time PCR machine
he prototype.

. Experimental apparatus

Two real-time PCR machines, the prototype and a c
ercial machine (Roche, Light Cycler, USA), were teste
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this study for quantitative measurements on the concentra-
tion of HBV SC 11, DNA fragment. The initial DNA copy
in PCR mix ranged from 103 to 109 copies/mL. LightCycler-
Fast Start DNA master with Cat No. 3003230 and SYBR
Green I labeling dye were employed as the PCR mix in
all runs. The test sample was loaded into a 20�l capillary
tube and sealed with a plastic plug. The inner diameter of
the capillary tube was 0.8 mm and the outer diameter was
1.15 mm. The prototype used in this study is similar to that
in the paper of Lee et al.[15] but the spectrometer in their
prototype was replaced with a CCD camera and a sliding fil-
ter in this study.Fig. 1 shows details of the thermal cycling
chamber. The thermal cycling condition is stated as follows:
It requires a 10 min incubation at 95◦C. After the incuba-

tion, each thermal cycle undergoes 3 s of 95◦C denaturation,
10 s of 53◦C annealing, and 16 s of 72◦C elongation to am-
plify the DNA fragment. The chamber temperature can be
maintained precisely with a variation of±0.6◦C at 94◦C,
a variation of±0.4◦C at 56◦C, and a variation of±0.6◦C
at 72◦C without any significant overshooting or undershoot-
ing of the chamber temperature. Since Lee et al.[15] pro-
vided a detailed description of the thermal cycling system
for both the commercial real-time PCR machine and the pro-
totype, here we only describe the design of our optical detec-
tor.

A monochromic CCD (Watec Inc., WAT-902H, JPN) was
used to measure a wide spectral response for fluorescence
intensity reflected from the PCR mix. The prototype has a

F
w

ig. 1. The thermal cycling system of the present prototype (a) schematic vie
ind duct with heater inside, DNA samples carousel and the fan for achievin
w, (b) the photograph of the system, (c) the air blower, (d) the arrangement of the
g uniformity in DNA samples temperature.
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Fig. 2. The fluorescence detection system (a) the schematic view, (b) the optical engine photograph, (c) the arrangement of the DNA sample capillary with
PCR mix, the excitation light source and the sliding filters.

capability of six detection channels at 530, 560, 610, 640,
670 and 710 nm by using six 1.0 in. diameter interference
filters (UNICE E-O Services Inc., Part No. CWL-F10-25.4,
TWN) with 10 nm cut off limit around the central wavelength.
A LED (UNICE E-O Services Inc., Part No. RL5-B2430,
TWN) was employed as the excitation light source with peak
emission at a wavelength of 470 nm and luminous intensity
of 2400 mcd. The fluorescence detection system is shown in
Fig. 2.

3. Model simulation and determination of initial
DNA copies in PCR mix

Since the design of optical sensing device for fluorescence
is different from the commercial real-time PCR machine and
our previous study, a new simulation model is introduced to
predict the reflected fluorescence from PCR mix with PCR
thermal cycling. Predicted fluorescence signals are obtained
and they are functions of initial DNA concentration in the
PCR mix and thermal cycling number of PCR. The model
simulation results are used to determine the initial copies

of target DNA before thermal cycling from the time history
of fluorescence intensity that increases with real-time PCR
thermal cycle.

3.1. Predicted emissive fluorescence intensity for the
real-time PCR prototype

A general expression for emissive fluorescence from a
PCR mix based on Beer-Lambert law can be given by

�F = Iλ(0)
∫ L

0

∫ 2π

0

∫ ϕ2(x,θ,ϕ)

ϕ1(x,θ,ϕ)
sinϕ

N∑
i=1

yiai,λci

(
Iλ(x)

Iλ(0)

)

×
(
Iλ′ (x)

Iλ′ (0)

)
dϕ dθ dx (1)

where�F denotes fluorescence signal intensity that is pro-
portional to multiplication ofIλ(0), excitation light intensity,
and labeling dye quantum yieldyiai,λ denotes molar extinc-
tion coefficient andci denotes DNA template concentration
at ith PCR thermal cycle. Two fractional terms (Iλ(x)/Iλ(0))
and (Iλ′ (L)/Iλ′ (0)) denote excitation light decay due to the
absorption of labeling dye and emissive fluorescence decay
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Fig. 3. Definitions of the core angle, the solid angle and the integration length
for the real-time PCR prototype with CCD-based fluorescence detection
system.

as excitation light and emissive fluorescence pass through the
DNA sample in a capillary tube with a sample length ofL.
Definitions of core angle, solid angle and integral length of
the real-time PCR prototype with a CCD-based fluorescence
detection system can be referred to inFig. 3. The integra-
tion is performed along the DNA sample length, around the
whole core angleθ from 0 to 2π, and over the solid angleϕ
from ϕ1 to ϕ2. Note that both upper and lower limits of solid
angle vary with the design of optical sensing device. The sum-
mation index,N, depends on the number of different DNA
labeling dyes in the PCR reagent. The model was verified
by a comparison between measured and predicted results of
the commercial real-time PCR machine with different initial
copies of HBV SC11 DNA in the PCR mix. The details can
be referred to in our previous study[15].Due to the different
arrangements in optical sensing device of the prototype and
the commercial one, the emissive fluorescence decay should
be revised as:(
Iλ′ (L)

Iλ′ (0)

)
= 1 − 0.75(−e−Lai,λci + 1) (2)

because fluorescence light directly transports through the
capillary tube wall and about one fourth of the light can be
collected by the detector.

Substituting Eq.(2) into Eq.(1),

�

T the
D n in
F
i

Fig. 4. Predicted signal gain (�F/Iλ(0)), its first and second derivatives with
initial 105 copies of DNA in 1 mL for the RT-PCR prototype.

3.2. Determination of initial DNA copies in PCR mix for
the real-time PCR prototype

Some important biomolecular information can be obtained
from signal processing on fluorescence intensity reflected
from the PCR mix. Such information includes the specificity
of target DNA, the initial copies of target DNA, etc. The aim
of this study is to determine the initial copies of target DNA
before thermal cycling from the time history of fluorescence
intensity that increases with real-time PCR thermal cycle. If
the PCR efficiency is assumed perfect at each cycle, the con-
centration of target DNA in the mix atith PCR cycle can be
expressed as the following:

ci = N

6.02× 1020
2i (5)

whereN denotes the initial DNA template copies/ml. When
divided by the constant, it can be expressed by the concen-
tration unit.

The predicted fluorescence intensity curve for the RT-PCR
prototype and its first and second derivatives versus thermal
cycle are shown inFig. 4. There are two local maximum
values in the second derivative of predicted fluorescence in-
tensity because the fluorescence intensity drops with thermal
cycle number after it reaches saturation. To avoid nonspe-
c mal
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F = 2πIλ(0)
∫ L

0

∫ π/12

0
sinϕyiai,λci e−xai,λci

× (1 − 0.75(−e−Lai,λci + 1) dϕ dx (3)

he core angleϕ′ is confined by the distance between
NA sample tube and the CCD collection lens, as show
ig. 3. The value of solid angle can be obtained asπ/12. The

ntegral can then be derived as:

�F

Iλ(0)
= 2π · 0.0102222(1− e−Lai,xci )

× (1 − 0.75(−e−Lai,xci + 1)) (4)
ific amplification of DNA caused by excessive PCR ther
ycles, the thermal cycle number corresponding to the
aximum value in the second derivative should be consid
s the critical cycle number for determination of the in
NA copies. Similar approach can be derived for the

otype to find a linear relationship between the recipro
f critical cycle number and the log value of initial DN
opies.

Replacingai,λci byCi in Eq.(3), it yields

F = const(1+ 2e−LCi − 3e−2LCi ) (6)

he second derivative of the fluorescence intensity rea
local maximum value when the third derivative of the

rescence intensity equals zero. The third derivative ca
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expressed as:

d3F

di3
= const

[
(2L2 e−LCi − 4L2 e−2LCi )

dCi

di

+ (−2Le−LCi + 2Le−2LCi )
d2Ci

di2

]
(7)

It equals zero only if

(2L2 e−LCi − 4L2 e−2LCi ) + (−2Le−LCi + 2Le−2LCi )

ln 2 = 0 (8)

The solution of Eq.(8) is given by

eLCi = 4L2 − 2L ln 2

2L2 − 2L ln 2
(9)

By taking log on both sides of Eq.(9) and substitutingCi ∝
N2i into Eq.(9), it yields

Cic = N2ic = 1

L
ln

(
4L2 − 2L ln 2

2L2 − 2L ln 2

)
= const (10)

whereic denotes the critical cycle number at which the second
derivative of fluorescence intensity first reaches its local max-
imum value. Note that the second derivative of fluorescence
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4.1. LUM filter

A filter algorithm, called lower–upper–middle (LUM) fil-
ter algorithm, is based on the comparison between lower order
statistics, middle order statistics and upper order statistics to
determine the signal intensity output. If optimal parameters
can be chosen, the LUM algorithm is good at eliminating
noise while keeping the useful information of the fluores-
cence image.

Considering the fluorescence image over the measured
area withM pixels, it requires a matrix of for processing the
grayscale of original image. The total number of elements,
k or l, in the matrix must be chosen as an odd number. The
matrix can be expressed as:




f1,1 f1,2 · · · · · · · · ·
· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · ·
.. .. .. fk,l−1 fk,l




(13)

wheref*,* is the grayscale at a specified pixel location that
r r the
m iven by

W
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ntensity reaches a local maximum value at two different t
al cycle number for the prototype.
Furthermore,

∝ const
1

2ic
= const

1

eic ln 2
(11)

nd

ogN ∝ Cc
1

ic
(12)

t indicates that a linear relationship exists between the
rocity of critical cycle number and the log value of init
NA copies. Based on the equation, the coefficient of lin
quation,Cc, can be determined from a set of PCR sam
ith known copies of target DNA. Once the coefficient is

ained, the unknown copies of target DNA in tested sam
an be determined from Eq.(12) for the prototype.

. Signal filtering scheme for fluorescence image
aptured by the CCD detector of the prototype

From the predicted results by the optical model for
rototype described above, the real-time PCR prototype
CD-based fluorimeter can be employed for determina
f initial DNA copies by recording the time history of flu
escence images of each cycle of PCR. However, poor im
uality with significant noise may reduce accuracy in de
ining initial copies of tested DNA. Therefore, an adap

ignal filtering scheme based on a LUM algorithm is in
uced to eliminate signal noise.
equired to be converted. The grayscale of the image ove
easured area can be expressed in sequence, and is g

= {f(1), f(2), . . . , f(M−1), f(M)} (14)

here f(1) < f(2) < · · · < f(M−1) < f(M).Before the con
erting process on grayscale of captured image, two
ameters,o and p, must be defined for determining t
ower order statistics and upper order statistics. In this s
< p < (M + 1)/2. The lower and upper order statistics
efined as

L = med{f(o), f∗, f(p)} (15)

U = med
{
f(M−o+1), f∗, f(M−p+1)

}
(16)

he med calculation algorithm is defined as

f f* < f(o) thenSL = f(o)
lse If f(M−o+1) < f* thenSL = f(M−o+1)
lse SL = f*

The upper statistics can be determined by the same
xpression as that for obtaining lower statistics.

After both lower and upper order statistics are obtai
he middle order statistics can be found by

M = 1
2(SL + SU ) (17)
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The algorithm for determining the grayscale at specified pixel
location of processed image is

g∗ =




f(o) if f∗ < f(o)

f(p) if f(o) < f∗ ≤ SM

f(M−p+1) if SM < f∗ < f(M−p+1)

f(M−o+1) if f(M−o+1) < f∗
f ∗ others

(18)

4.2. Adaptive signal processing scheme

The LUM filter algorithm introduces too many pixels
into calculations where no fluorescence signal appears. An
adaptive signal pre-processing scheme is proposed to choose
significant pixels to form the matrix before conversion on
grayscale from the original image into the processed image.
The image recognition scheme is based on the cross correla-
tion of pixel grayscales between two horizontal neighboring
lines. With respect to pixel grayscale on the first horizontal
line, the covariance can be calculated by

µj = 1

W

W∑
i=1

fi,j, σ2
j = 1

W

W∑
i=1

(fi,j − µj)
2 (19)

The covariance of pixel grayscale on the second horizontal
l
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Fig. 5. The comparison of the measured fluorescence intensity calculated
from the row fluorescence image with four different initial DNA copies
denoted in each curve and fluorescence modeling predicted values.

CCD detector was not good enough for DNA quantification
when the measured data were compared with the predicted
value from the proposed model. Therefore, an adaptive sig-
nal pre-processing approach based on the LUM filter scheme
was developed to enhance the fluorescence signal. The re-
producibility of DNA quantification for both the machines
was also compared by intra-assay as well as inter-assay meth-
ods. The comparison can prove whether the present prototype
can achieve similar performance as the commercial real-time
PCR machine or not.

Without applying the filtering scheme on captured fluo-
rescence images, the measured signal gains of fluorescence
intensity at four different initial DNA copies ofX= 109, 107,
105 and 103 order for the prototype are shown inFig. 5By the
DNA quantification described above, the initial DNA copies
of these four samples can be determined asXm= 8× 109,
2.4× 107, 2× 105 and 4× 103. As shown inFig. 5, a large
discrepancy is observed between the predicted and measured
fluorescence signal gains for all runs, particularly at the first
several cycles in which the fluorescence signal gain is ex-
pected to be low. This difference is attributed to the burst
noise embedded with the CCD camera. Therefore, an adap-
tive signal processing scheme is proposed to eliminate the
noise for obtaining better results.

Fig. 6 shows the effect of adaptive signal processing on
the fluorescence images in six critical cycles to determine
D and
p ignal
n gnal
p d by
t pre-
d ee
w PCR
p . The
a s is
u

ed by
t nd the
p ssing
ine is calculated by

j+1 = 1

W

W∑
i=1

fi,j+1,

2
j+1 = 1

W

W∑
i=1

(fi,j+1 − µj+1)2 (20)

he cross-correlation coefficient of pixel grayscale on
eighboring p lines can be determined by

ˆj,j+1 = (1/W)
∑W

i=1(fi,j − µj)(fi,j+1 − µj+1)

σjσj+1
(21)

f the cross-correlation coefficient is larger than a crit
alue, the grayscale values on the second horizontal line
e included into the matrix for the LUM filter algorithm.

. Results and discussions

The target DNA fragment, HBV SC 11, was employed
he DNA quantification measurements. The number of in
opies of target DNA ranged from 103 to 109/mL. Sample
ere prepared using the LightCycler-Fast Start DNA m

er with Cat No. 3003230 and SYBR Green I labeling
n all runs. The quantification experiments were perfor
n both the commercial real-time PCR machine and the

otype. The measured results were compared with the
icted fluorescence intensity by the proposed models. F
rototype, the fluorescence signal quality obtained from
NA quantification. Comparing the images of row data
rocessed images, it is obvious that the fluorescence s
oise can be eliminated effectively by the adaptive si
rocessing. The fluorescence signal gain plot obtaine

he method is compared with the fluorescence model
iction value inFig. 7. The model prediction values agr
ell with the measured data obtained by the real-time
rototype after the fluorescence images are processed
verage error with respect to different initial DNA copie
nder 6%.

The agreement between the measured data obtain
he adaptive image processing of fluorescence images a
redicted values indicates that the adaptive signal proce
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Fig. 6. Fluorescence images from 37th cycle to 42nd cycle at initial DNA copies of 105 (a) before image filtering process, (b) after image filtering process.

is an effective way to eliminate noise and achieve fidelity for
accurate DNA quantification.

The reproducibility of real-time PCR machine depends on
factors such as the fluorescence detection system accuracy
and the thermal cycling induced PCR efficiency discrepancy.
Coefficient of variation (CV) with percentage unit is usually
employed as an index and it is defined as:

CV = log10(
∑

CM/n) − log10(Cs)

log10(Cs)
100% (22)

F m the
fl opies
d

The CV value indicates discrepancy between the average of
several quantification results and the value of specified DNA
copies. A low CV value means high reproducibility of the
system and that all induced measurement errors are mini-
mized.

Fig. 8shows the CV value tested by intra-assay with three
replicates for different initial DNA copies in the present pro-
totype and the commercial real-time PCR system. Without
applying the filtering scheme to the captured images, the
quantitative CV results obtained from the prototype are worse
than that from the commercial machine.

However, with filtering scheme, the reproducibility of the
prototype can be significantly improved to similar CV val-
ues as those obtained from the commercial real-time PCR

F ercial
r s.
ig. 7. The comparison of the measured fluorescence intensity fro
uorescence images after processing with three different initial DNA c
enoted in each curve and fluorescence modeling predicted values.
ig. 8. Measured CV values of real-time PCR prototype and comm
eal-time PCR machine for tests with intra-assay using three replicate
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machine. It proves that a low cost CCD-based fluorescence
detection system can achieve good reproducibility in DNA
quantification if the captured fluorescence images are filtered
with the adaptive image processing scheme developed in this
study.

6. Conclusions

The following conclusions can be drawn from the mea-
sured results and analytical work on two different real-time
PCR machines.

1. The real-time PCR prototype with CCD-based fluorimeter
was successfully set up. It has a capacity to measure six
fluorescence wavelengths at 530, 560, 610, 640, 670 and
710 nm from the excited fluorescence light from the PCR
mix in 20�L volume glass capillary for quantifying initial
copies of target DNA in the PCR mix.

2. The analytic models based on Beer-Lambert law are pro-
posed to predict the time history of fluorescence intensity
that is measured by the optical sensing system for the pro-
posed prototype.

3. For the prototype, an adaptive image processing algorithm
ing
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