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(57) Abstract: The present invention relates to an
optical system, and particularly to a compact optic-
al system, for detecting fluorescent or luminescent
signals of at least two samples. It is the object of
the invention to provide a compact optical system,
which allows the manufacture of a small, inexpens-
ive and portable (handheld) real-time PCR system.
The object for an optical system for detecting fluor-
escent or luminescent signals of at least two
samples, comprising for each detection system a
light source for generating excitation light, an ex-
citation filter, whereby said excitation filter trans-
mits the excitation light from the light source to a
dichroic mirror, whereby said dichroic mirror re-
flects said excitation light transmitted by said excit-
ation filter to a fluorophore in a sample and
whereby the emitted light from each of the samples
passes through the dichroic mirror and through an
emission filter to a detector that detects said emit-
ted light, is met by placing only one excitation {fil-
ter in front of the at least two next to each other
situated light sources, whereby said excitation filter
transmits the excitation light beams of each light
source to only one dichroic mirror, whereby said
dichroic mirror reflects said excitation light beams
transmitted by the excitation filter to the fluoro-

phore in each sample and whereby the emitted light of each of the samples passes next to each other through the dichroic mirror and
through only one shared emission filter to at least one detector.
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An optical system for detecting fluorescent or luminescent signals of at least two

samples.

The present invention relates to an optical system, and particularly to a compact optical

system, for detecting fluorescent or luminescent signals of at least two samples.

Polymerase chain reaction (PCR) is a technology to amplify copies of specific
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) fragments in a reaction chamber.
Due to simple and easy application using repeated cycles of three steps, namely denaturation,
annealing and extension, the PCR technology has been proven to be highly efficient and
reliable. Hence, PCR technology has been extensively used in medicine, science, agriculture,
veterinary medicine, food science, environmental science as well as in molecular biology,

archacology and anthropology.

In recent years genetic analysis also became a commonly used technique for detecting the
presence and potential for disease. Blood or tissue samples, taken in a minimally invasive
manner from localized regions, can be used to perform DNA analysis via PCR. For
quantification, generally, the end-point PCR products are separated on a gel and the
approximate amount 1is estimated using spectrophotometers. However, an accurate
measurement of the amount of DNA is not achievable with this end-point method. Thus, to
overcome these problems, a real-time PCR method and a fluorescence detection method have
been introduced in which at each PCR cycle the accumulated PCR products are measured.
Using these two methods an amplification plot showing fluorescent intensities versus cycle

numbers can be obtained.

However, most of the analysis is carried out in laboratories, which use systems that are
designed for high-throughput analysis. The samples taken in the field are sent to these
laboratories, where the DNA is extracted and placed in a chamber with a so called PCR

cocktail, whereupon the analysis is run.

Having an easily portable real-time PCR instrument to immediately perform the DNA

analysis in the field is thus extremely valuable.
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Different detection techniques have been employed in these portable detection systems,
including mass flow, electrochemical and optical detection methods. Optical detection
methods, such as detection of fluorescent intensity or luminescent decay time, are used more

frequently due to robustness, high signal to noise ratio and sensitivity.

Optical systems for the detection of fluorescent signals typically consist of the following
components: a light source for emitting light at a suitable wavelength range, excitation filter
to eliminate unwanted light, dichroic mirror for the optical separation of excitation and

emission channels, emission filter, and a detector with electronics for signal processing.

In the last few years, fluorescence systems based on light emitting diodes (LED) became
popular for their low cost and long lifetime. LEDs are more than a thousand times cheaper
than alternative light sources and they are also superior to lasers and mercury lamps due to
their long lifetime. On the top of that, the LED’s light output as well as semiconductor lasers’
can be modulated. As the LEDs are only a few mm in diameter as well as in length, they can

be integrated into portable systems, such as a real-time PCR system.

The most popular detectors found in fluorescence detection systems are photo multiplier tubes
(PMTs), avalanche photodiodes, and photon counting modules (PCMs). Even though all these
methods and/or devices allow miniaturization up to a certain point, still each device is
regulated by its depending control system. This demands certain required dimensions which
increases the dimensions of the system. In addition, if they allow miniaturization, often these
devices are costly and/or require special operating conditions, such as operation in complete
darkness and/or being operated at a certain temperature, which is often below room

temperature.

It would therefore be of great benefit if a device for the direct quantification of PCR products
could be built, which is simple in design, compact and which overcomes or alleviates one or

more of the above problems.

It is the object of the invention to provide a compact optical system, which allows the

manufacture of a small, inexpensive and portable (handheld) real-time PCR system.
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The object for an optical system for detecting fluorescent or luminescent signals of at least
two samples, comprising for each detection system a light source for generating excitation
light, an excitation filter, whereby said excitation filter transmits the excitation light from the
light source to a dichroic mirror, whereby said dichroic mirror reflects said excitation light
transmitted by said excitation filter to a fluorophore in a sample and whereby the emitted light
from each of the samples passes through the dichroic mirror and through an emission filter to
a detector that detects said emitted light, is met by placing only one excitation filter in front of
the at least two next to ecach other situated light sources, whereby said excitation filter
transmits the excitation light beams of each light source to only one dichroic mirror, whereby
said dichroic mirror reflects said excitation light beams transmitted by the excitation filter to
the fluorophore in each sample and whereby the emitted light of each of the samples passes
next to each other through the dichroic mirror and through only one shared emission filter to

at least one detector.

It is within the scope of the invented method that two optical systems can be placed opposite
to each other, whereby there is only one excitation filter placed in front of the at least two
next to each other situated light sources of each optical system and whereby said excitation
filter transmits the excitation light beams of each light source to only one dichroic mirror for
cach optical system, whereby said dichroic mirrors reflect said excitation light beams
transmitted by the excitation filter to the fluorophore in each sample and whereby the emitted
light of each of the samples passes next to each other through the dichroic mirrors of both
optical systems and through only one, by both optical systems shared, emission filter to at

least one detector.

This design of the opposite placed optical systems allows space saving grouping of the sample
wells. Thus, the dimensions of the system can be minimized. However, it is also intended that
more than two sample wells are present per optical system. Thus, multiple samples can be
measured simultaneous. Even though one could extend each optical system separately, due to

sharing of filters it is preferable to extend the opposite placed optical systems simultaneous.

The detector could be a charge-coupled device (CCD) camera or sensor with optical fibers, an

avalanche photodiode (APD), a photodiode or a photomultiplier tube (PMT). However, for
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the preferred embodiment the detection unit may be a single-channeled or multi-channeled

fluorescent detector that detects the emitted fluorescent intensity or luminescence decay time.

In a preferred embodiment it is money-wise expedient and space-saving that the PCR system
utilizes a photodiode, in addition or preferentially instead of a CCD camera. The preferred
photodiode for the embodiment may hereby be a silicon photodiode as ¢.g. BPW21 from

Siemens, Inc.

It is further advantageous that the measurement is performed by means of multiple detectors,

the detectors being controlled individually during the measurements.

It is required that the light source that generates the excitation light has a wavelength

sufficient to excite a fluorophore in a sample.

Typical real-time quantitative PCR systems comprise a laser to induce fluorescence and in
order to read from all samples in a plate, the plate is moved, whereby the laser individually
addresses each and every well in the plate. However, a system such as this is bulky and

expensive.

To avoid above mentioned drawbacks it is thus advantageous that the measurement is
performed by means of affordable light sources that generate the excitation light with a

wavelength sufficient to excite a fluorophore in a sample.

Hereby the light source that generates excitation light can be a laser, a photodiode, a laser

diode or a lamp, such as blue or turquoise light emitting diodes (LEDs).

However, it is advantageous to have a light source which is small, reliable and able to excite
the dye, such as SYBR Green I, generally used for the real-time PCR method. It is further
advantageous that the transmitters are inexpensive. Thus blue light emitting diodes (LEDs) or
laser diodes are a preferred choice for the light source. For example, the turquoise colored
LED model ETG-5CE490-15 (ETG. Corp.) can be used for this invention. The LED has a

peak emission wavelength of 490 nm with a luminous intensity of 6 cd (candela) and a
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viewing angle of 15°. However, also LED’s with a peak emission wavelength of 470 nm are a

preferred choice.

In one embodiment of the invention it is possible that each light source generates the same

excitation wavelength and said excitation and emission filter is each a single band pass filter.

It is envisaged that for each sample at least one light source is assigned, which generates at

least one excitation wavelength.

Because the footprint of an LED or laser diode is very small, it is further conceivable that
multiple LEDs or lasers of different wavelength could be integrated into a single package or

several packaged LEDs/laser, which can be very closely spaced to excite one well/sample.

Hence it is within the scope of the invention that for each sample at least one light source is
assigned, which generates at least one excitation wavelengths, wherein the said excitation
filter comprises at least two filters for filtering at least two lights with different wavelengths
in order to excite fluorophores in the samples and that said emission filter comprises at least
two filters for filtering at least two wavelengths of the emitted light from the samples. Thus,
the excitation wavelength from each light source can be individually modulated and
demodulated. In an embodiment of the invention, an e.g. turquoise LED can hence be
replaced by a triple color LED and the single bandpass filter set by a triple bandpass filter set.
Each color of the LED is modulated at a unique frequency and has its own demodulator. This
set-up allows the detection of up to three different wavelengths independently from each
other. It further can be used in real-time PCR applications allowing internal negative and

positive controls (multiplexing).

Furthermore it is feasible within the scope of the invention that the excitation light can be

pulsed.

This is favorable, since by having the light source off when the detector is not detecting the
fluorescence from a sample allows the light source to cool and reduces the total power
required for the light source if run continuously. The timing of when the pulsed light source is

on and off provides an opportunity for optimizing the performance of the optical system under
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various circumstances including, but not limiting to, row pulsing, sample pulsing and high
frequency pulsing. In addition, due to the pulsed excitation light, scattering of the at least two
light sources of one optical system can be avoided. Further, when multiple optical systems are
used for multiplexing applications (detection of different fluorogenic probes from the same
sample), scattered light from one system can reach another opposite system and thereby
increase its background and reduce its sensitivity. Pulsing provides an opportunity to
temporally stagger the light from different colored sources that are tuned to different
fluorophores. Timing the pulses in such a way that only one light source is on and thus only
one signal is detected at a time eliminates the problem from light scattering and increases the
combination of fluorophores that can attain optical performance, including pairs of
fluorophores, one of which has an excitation wavelength close to or the same as the emission

wavelength of the other.

Furthermore, pulsing of light sources is also beneficial for real-time PCR applications because
pulsing allows for the possibility of lock-in detection. Lock-in detection enhances sensitivity
by amplifying signals only at the pulse frequency; noise and/or signals at other frequencies
are not amplified. That allows operating the system in an ambient environment, thus not

having to place it in a black chamber or box.

It is further a preferred embodiment of the invention that a first lens is positioned between
said light source and said excitation filter. This has the advantage that the excitation light can

be collimated.

In another preferred embodiment of the invention it is envisaged that a second lens is

positioned to focus the excitation light reflected by the dichroic mirror toward the sample.

For further miniaturization purpose, it is envisaged that the filters and lenses are mounted on
the light source and/or the detector. This would be advantageous, since no holder or attaching
device would have to be separately installed in the optical system, and thus miniaturization is

feasible.

In is within the scope of the invention that the optical performance of the system can be

further improved by forming filters (made by evaporation of multilayers) directly onto the
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surface of the lenses. This technique, together with mounting the lenses directly onto the LED
and the photodiode, reduces the number of optical interfaces. It further enables to design the

optical system even more compact, thus increasing the transmission along the optical path.

Further it is within the scope of the invention to fill the empty space of the optical system with
optically matching materials, as e.g. refractive index matching epoxy, to eliminate all surface

reflections and thus eliminating the necessity of antireflective coatings at all elements.

The present optical detection system may be used in portable devices where miniaturization is
desirable, including devices used for quantitative real-time PCR or reverse transcription (RT)-
PCR, real-time bioluminescence and chemiluminescence assays, or any other fluorescence-

based assays for detection.

The above and other features, details and advantages of the present invention will become
more apparent by describing in detail exemplary embodiments thereof with reference to the

attached drawings in which:

Fig. 1 shows a portable device for operating a real-time polymerase chain reaction in a

perspective view,

Fig. 2 shows a section through the portable device, depicting the optical system,

Fig. 3 shows a section through the portable device in perspective view, depicting the

optical system and an enlarged view of the section,

Fig. 4 shows a cross-section through the portable device in perspective view, depicting

the optical system and an enlarged view of the cross—section.

Fig. 1 shows a portable PCR device (1), which can be assembled due to the small
miniaturized optical system. The device (1) has dimensions of maximum 3.5 cm x 6.0 cm x
9.5 cm (width (x) - height (y) - length (z)) and weighs less than 0.2 kg. It is thus feasible to
carry the pocket-sized device (1) in one hand in the field, as e.g. needed for field research

studies, studies in remote areas or for temporary laboratories. It is further within the scope of
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the invention that the solution volume (reaction volume) of the sample (6), which is situated
in a reaction chamber, is less than 1.5 uL. However, the features of the miniaturized optical
system further allow for a reaction volume in the range of 0.1 uL to 1.0 uL. Further depicted
in Fig.1 are the vertical cuts for the sections, which are depicted in the Figures 2 to 4. The first
cut (L1) is a vertical cut along the z-axis, which results in a parallel sectional plane of the
given x-y plane. The second cut (L2) is a vertical cut along the x-axis, which results in a

parallel sectional plane of the given y-z plane.

Fig. 2 depicts a section through the portable PCR device (1), which is sectioned along the first
cut (L1). Depicted are two optical systems, which are placed opposite to each other. The
optical system for detecting fluorescent or luminescent signals of at least two samples (6)
comprises for each detection system a light source (2) for generating excitation light (9). An
excitation filter (3) is placed before the light source (2), whereby said excitation filter (3)
transmits the excitation light (9) from the light source (2) to a dichroic mirror (4) and said
dichroic mirror (4) reflects said excitation light (9), which is transmitted by the excitation
filter (3) to a fluorophore in a sample (6). The emitted light (10) from each of the samples (6)
passes through the dichroic mirror (4) and through an emission filter (7) to a detector (8) that
detects said emitted light (10). The emitted light (10) of each of the samples (6) passes next to
cach other through the dichroic mirrors (4) of both optical systems and through only one, by

both optical systems shared, emission filter (7) to at least one detector (8).

Fig. 3 A and B depict a section through the portable PCR device (1), which is sectioned along
the second cut (L.1). Fig. 3 B is an enlarged view of Fig. 3 A, indicated by the dashed frame in
Fig. 3 A. Depicted is one optical system for detecting fluorescent or luminescent signals of at
least two samples (6). As can be seen in the enlarged view (Fig. 3 B) there is only one
excitation filter (3) placed in front of the at least two next to each other situated light sources,
whereby said excitation filter (3) transmits the excitation light beams of each light source to
only one dichroic mirror (4), whereby said dichroic mirror (4) reflects said excitation light
beams transmitted by the excitation filter (3) to the fluorophore in each sample (6) and
whereby the emitted light of each of the samples (6) passes next to each other through the

dichroic mirror (4) and through only one shared emission filter (7) to at least one detector (8).
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Fig. 4 A and 4 B depict a cross-section through the portable PCR device (1), which is
sectioned along the first and the second cut (L1, L2). Fig. 4 B is an enlarged view of the
optical system, shown in Fig. 4 A, indicated by the dashed frame in Fig. 4 A. Depicted is one
optical system for detecting fluorescent or luminescent signals of at least two samples (6). As
can be seen in the enlarged view (Fig. 4 B) there is only one excitation filter (3) placed in
front of the at least two next to each other situated light sources (2), whereby said excitation
filter (3) transmits the excitation light beams of each light source to only one dichroic mirror
(4), whereby said dichroic mirror (4) reflects said excitation light beams transmitted by the
excitation filter (3) to the fluorophore in each sample (6) and whereby the emitted light of
cach of the samples (6) passes next to each other through the dichroic mirror (4) and through

only one shared emission filter (7) to at least one detector (8).

For assembly of the optical system many materials (lenses, detectors, filter...) can be used.
However, one assembly used comprised blue or turquoise LEDs (preferred peak emission
wavelength between 470 nm and 490 nm) as a light source (2), which excited light (9) was
filtered by an exciter (3) (ET470/40x, Chroma, Inc.), reflected by the dichroic mirror (4)
(T495LP, Chroma, Inc.) and focused on the sample of interest (6) by a Geltech™ molded
glass aspheric lense (5) with a diameter of 6.35 mm, focal length of 3.1 mm, and numerical
aperture (N.A.) of 0.68 (Thorlabs,Inc.), thereby forming a circular shape of excitation light
(9). The dichroic mirror has preferably a cut off at 505 nm. Also a filter set consisting of three
filters, i.e. excitation filter, dichroic mirror and detection filter, was successfully used
(Chroma Optical, Model 49002). The emitted light (10) was collected by a second lens. The
emitted light (10) passed through the dichroic mirror, was filtered by an emitter (7)
(ET525/50 m), and collected by a silicon photodiode (8) (BPW21, Siemens, Inc.). The silicon
photodiodes radiant sensitive arca was 7.34 mm? with a quantum yield of 0.8, resulting in an

optical sensitivity of 10 nA 1x21 (nanoamperes per lux).
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Claims

An optical system for detecting fluorescent or luminescent signals of at least two samples
(6), comprising for each detection system a light source (2) for generating excitation light
(9), an excitation filter (3), whereby said excitation filter (3) transmits the excitation light
(9) from the light source (2) to a dichroic mirror (4), whereby said dichroic mirror (4)
reflects said excitation light (9) transmitted by said excitation filter (3) to a fluorophore in
a sample (6) and whereby the emitted light (10) from each of the samples (6) passes
through the dichroic mirror (4) and through an emission filter (7) to a detector (8) that
detects said emitted light (10), characterized in that there is only one excitation filter (3)
placed in front of the at least two next to each other situated light sources (2), whereby
said excitation filter (3) transmits the excitation light beams (9) of each light source (2) to
only one dichroic mirror (4), whereby said dichroic mirror (4) reflects said excitation
light beams (9) transmitted by the excitation filter (3) to the fluorophore in each sample
(6) and whereby the emitted light (10) of each of the samples (6) passes next to each
other through the dichroic mirror (4) and through only one shared emission filter (7) to at

least one detector (8).

The optical system of claim 1,

characterized in that two optical systems can be placed opposite to each other, whereby
there is only one excitation filter (3) placed in front of the at least two next to each other
situated light sources (2) of each optical system and whereby said excitation filter (3)
transmits the excitation light beams (9) of each light source (2) to only one dichroic
mirror (4) for each optical system, whereby said dichroic mirrors (4) reflect said
excitation light beams (9) transmitted by the excitation filter (3) to the fluorophore in
cach sample (6) and whereby the emitted light (10) of each of the samples (6) passes next
to each other through the dichroic mirrors (4) of both optical systems and through only

one, by both optical systems shared, emission filter (7) to at least one detector (8).

The optical system of claim 1,
characterized in that said detector (8) is a single-channeled or multi-channeled
fluorescent detector that detects the emitted fluorescent intensity or luminescence decay

time.
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The optical system of claim 1,

characterized in that said detector (8) is a photodiode detector.

The optical system of claim 1,
characterized in that the measurement is performed by means of multiple detectors (8),

the detectors being controlled individually during the measurements.

The optical system of claim 1,
characterized in that the light source (2) that generates the excitation light has a

wavelength sufficient to excite a fluorophore in a sample.

The optical system of claim 1,
characterized in that the light source (2) that generates excitation light is a laser, a

photodiode, a laser diode or a lamp, such as blue light emitting diodes (LEDs).

The optical system of claim 1,
characterized in that cach light source (2) generates the same excitation wavelength and

said excitation filter (3) and emission filter (7) is each a single band pass filter.

The optical system of claim 1,
characterized in that for cach sample (6) at least one light source (2) is assigned, which

generates at least one excitation wavelength.

The optical system of claim 9,

characterized in that for cach sample (6) at least one light source (2) is assigned, which
generates at least one excitation wavelengths, wherein the said excitation filter (3)
comprises at least two filters for filtering at least two lights with different wavelengths in
order to excite fluorophores in the samples and that said emission filter (7) comprises at
least two filters for filtering at least two wavelengths of the emitted light (10) from the
samples (6).
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The optical system of claim 1,

characterized in that the excitation light (9) is pulsed.

The optical system of claim 1,
characterized in that a first lens is positioned between said light source (2) and said

excitation filter (3).

The optical system of claim 1,
characterized in that a sccond lens is positioned to focus the excitation light (3)

reflected by the dichroic mirror (4) toward the sample (6).

The optical system of claim 1,
characterized in that the filters and lenses are mounted on the light source (2) and/or the

detector (8).
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