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(54) Title: OPTICAL PROBE

(57) Abstract: An optical probe for detecting lumi-
nescence emitted by a sample is disclosed. The opti-
cal probe includes a parabolic optical waveguide and
an outer housing having a detachable component con-
figured to hold a transparent sensor substrate that can
be coupled to the optical waveguide. The optical probe
also includes a sensing material for detection of at least
one specified analyte. An excitation source is config-
ured to excite the sensing material. The optical probe
also incorporates a measuring photodetector that de-
tects emitted luminescence.
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OPTICAL PROBE

RELATED APPLICATION INFORMATION

This patent application claims priority to US. Provisional Application Ne.
680/798,423 filed in the U.S. on May 3, 2006.

BACKGROUND

£ Techaical Field

The present disclosure generally relates to the field of optical sensor probes for
collection of luminescence generated at a dielectric interface, and more particularly, an
optical sensor probe employing a parabolic optical waveguide optimized for the efficient

collection of luminescence generated at a dielectric interface,

2, Deseription of the Related Art

Optical sensors are widely used across a broad range of industrial applications in
industries including, for example, biomedical, environmental and food packaging.
Luminescence-based optical sensors detect analyte-induced changes in a Juminescence
signal. Such changes may be brought about due to the analyte-induced quenching of
luminescence from an analyte-sensitive luminescent compound, which is the case for a
broad range of optical chemical sensors including sensors for oxygen, carbon dioxide, pH
and chioride. In such cases, the luminescent compound is typically encapsulated within a
porous, solid matrix that can be deposited onto a substrate as a thin film.  Alternatively,
laminescence-based optical sensors may be based on the binding of the analyte of interest to
a surface using suitable receptor molecules. Luminescenice is imparted to such a system
through the use of a luminescent label that can be attached to the analyte Hself or to an
additional molecule that binds to the surface-bound analyte, Changes in the level of
luminescence are indicative of changes in the concentration of analyte that is bound to the
surface. This methodology is commonly employed for the development of luminescence-
based optical biosensors,

In order to sensitively measure the conceniration of analyte molecules hound 1o the
receptor smolecules, it is necessary to detect only the luminescence that originates from

surface-bound molecules.  From this, it follows that the measurement task is 1o deteet
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selectively luminescence from molecules bound close to the surface, excluding any signal
from unbound molecules in the environment above the surface. This detection principle is
also relevant to thin film-based optical chemical sensors,

An understanding of the nature of luminescence emission at a dielectric surface is
necessary in order to efficiently detect luminescence and develop cffective optical
chemical/biological sensors. The anisoiropic nature of this emission has prompted the
development of novel optical configurations designed to more efficiently capture
luminescence that has been generated at or near a dielectric surface, for example, U.S.
Patent No, 6,714,297 to Seeger and Ruckstohl, which is hereby incorporated herein by
reference. That reference describes the detection of supercritical angle fluorescence (SAF),
which is generated by haminescent molecules located at or near a diclectric surface by using
a parabolic optical waveguide. This detection ability improves the amount of fluorescence
that can be detected in addition to being a surface-selective detection mechanism,

Unfortanately, current optical arrangements are costly and it is often difficult to
change optical components in the event that the user would like to monitor a variety of
analytes. Additionally, many of these optical arrangements have low efficiency due to the
fact that their ability to collect emitted huminescence is lmited.

Therefore, it would be desirable to provide a robust, fow-cost, portable optical
sensor probe that is capable of the efficient detection of laminescence for the development
of highly-sensitive sensors. The sensor probe should incorporate an apparatus that allows
for the efficient collection of surface-generated luminescence and the detection principle
can be intensity-based or lifetime-based depending on the desired application. The probe
should also be modular in nature, facilitating the detection of a variety of analytes using the

correct combination of sensing niaterial and optical / optoelectronic components.
SUMMARY

Accordingly, an optical probe for detecting luminescence emitted by a sample is
disclosed. The optical probe includes a parabolic optical waveguide and an outer housing
configured to hold the optical waveguide having a detachable component. The optical
probe also includes a sensing material for detection of at least one analyte. An excitation
source ts configured to excite the sensing material and & measuring photodetector detects
emitted luminescence. In another embodiment, the optical probe further mcludes 2

waveguide mount between the outer housing and the detachable component configured to
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hold the waveguide in place, collection optics to focus emitted light onto the photodetector
and an emission filter configured to allow emitted light to pass.

In another embodiment, the optical probe includes a transparent sensor substrate,
such as, for example, a cover slip or microscope slide, between the detachable component

5 and the waveguide. The sensing material may be deposited on the transparent sensor

substrate. In an alternative embodiment, the sensing material may be deposited divectly on
the waveguide.

In yet another embodiment, the optical probe includes an airway adapter attached to
the optical prebe. The airway adapter allows for the detection of a user’s breath.

o The optical probe may be used to detect various analytes including, but not limited
to, oxygen, carbon dioxide, pH, phosphate, nitrate, ammonia, chloride, other chemical
species or a range of biomolecules such as DNA, enzymes or antibodies.

In another embodiment, the optical probe includes a refevence photodinde
configured to measure backscatter from said excitation source. Also, at least one sealing

13 ring may be incorporated to provide connection between the outer housing, the waveguide
mount, the wavegaide, and the detachable component.

In yet another embodiment, the optical probe includes a measuring photomultiplier
tube.

BRIEF DESCRIPTION OF THE DRAWINGS

20 The objects and features of the present disclosure, which are believed to be novel,

are set forth with particularity in the sppended claims. The present disclosure, both as to its
organization and manner of operation, together with further objectives and advantages, may
be best understood by reference to the following description, laken in connection with the

accompanying drawings as set forth below:

f o)
I

FI1G. 1 is a plan cross-sectional view of one embodiment of an optical sensor probe,
in accordance with the principles of the present disclosure;
FIG. 2 18 a plan cross-sectional view of another embodiment of an optical sensor

probe, in accordance with the principles of the present disclosure;

FIG. 3 is a schematic view of one use of the optical sensor probe shown in FIG. 1;

3

30 FIG. 4 is & chart showing the response of the optical sensor probe of FIG. ¥ gs a

function of dissolved oxygen concentration;
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FIG. § 15 a chart showing a corresponding calibration curve of FIG. 4,
FIG. 6. is a chart showing real-time detection of DNA hybridization;

FIG. 7 is a schematic view of the use of the optical sensor probe according to the

present disclosure incorporated in a breath monitoring device; and
FIG. 8 is a chart showing real time detection of oxygen during breath monitoring.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

The various exemplary embodiments of the present invention are directed to optical
sensor probes that include a parabolic optical waveguide, optimized for the efficient
collection of fluorescence generated at a dielectric interface.  An optimized optical
configuration and probe of the current disclosure is shown in Figure 1 and incorporates a
waveguide with low cost components arranged in a probe geometry. Figure 1 shows an
optical sensor probe configuration that may be used for gas and/or chemical sensing
applications.  Additionally, the optical sensor probe configuration may be used in
biosersing applications. The apparatus may be used for luminescence intensity-based or
fifetime-based measurements. The dimensions shown are merely indicative of the scale of
the device itself. The size of the probe can be tailored to suit specific applications.

More specifically, an optical sensor probe 10 includes an owter housing 12 with a
detachable cap 14, between which is & waveguide mount 16 fixing in place a parabolic
optical waveguide 18, The detachable cap may be any removable or replaccable component
that assists in placement and application of a sensing material. The connections between the
outer housing 12 and waveguide mount 16, and the detachable cap 14 and waveguide mount
16 are optional sealing rings 20, which may be employed if required by the application,
Between the cap 14 and the waveguide 18 is a transparent sensor substrate 22 upon which
the sensing material may be deposited. The transparent sensor substrate 22 may be, for
example, a cover slip or & microscope slide. Additionally, an immersion il may be used to
ensure good optical transmission between the waveguide 18 and the transparent sensor
substrate 22, In an alternative embodiment, the sensing material may be deposited directly
onto the waveguide 18, The detachable cap 14 is used to house the transparent sensor
substrate 22 onto which the sensing material is deposited. In the current embodiment, the
sensor substrate is attached to the cap by means of an adhesive and the cap is threaded for
ease of connection to the waveguide mount 16, If it is desired to change the sensing

functionality of the probe, this can be achieved by attaching a sensor cap that houses a
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sensor substrate onto which a different sensing material has been deposited. However, it is
envisioned that in other embodiments of the probe, the sensing cap could have an integrated
sensing region that replaces the sensor substrate, making the cap itself a disposable sensing
element.

The parabolic optical waveguide may be constructed of plastic or glass, However,
other materials and media may be used including a liquid medium surrounding the
waveguide or other solid bodies such as a plastic/glass interface.

The sensing material is excited using an excitation source 24. The excitation source
24 may be, for example, an excitation LED such that fluorescent Hght is ensitted when the
excitation LED excites the sensing material. The light from the excitation source 24 passes
through an aperture 26 and an excitation filter 28 before being focused by a lens 30 on the
sensing material.  The excitation filter 28 removes from the excitation light any spectral
components that may coincide with the transmission region of the emission filter 34,

A reference photodiode 32 may be used to measure backscatter from the excitation
source, thereby providing compensation for fluctuations in the emission of the source.

The sensing material will emit luminescence in the presence of the molecule of
interest.  The sensing material should be selected so that its absorption wavelength
coincides with the emission wavelength of the Hght source. For example, rathenium or
porphyrin complexes, Rhodamine or a Cyanin dye such as Cy5 may be suitable fluorescent
dyes. The parabolic optical waveguide 18 is configured such that luminescence emitted
from the sensing material s directed towards the detection set up. As will be discussed in
further detail below, Figure 2 shows the emitted ray path. Referring back to Figure 1, the
emitted light passes through an emission filier 34 and collection optics 36 before being
detected by a measuring photodetector 38,

The measuring photodetector 38 may be, for example, an avalanche photodiode
suitable for counting single photons, a silicon PIN photodiode, a photomultiper, or a CCD
chip. Also shown is wiring 40 which is used to conirol the various elements described
herein. The signal output from the measuring photodetector 38 is acquired and processed
using appropriate software.

The optlical probe 10 may include, for example, LED (Roithner LaserTechmik, 450-
U6LL max = 450nm}, excitation filter {(Semrock, FF01-447-60), emission filter (Semrock,
FF01-383-120), focusing lens (Edmund Optics, 6mm half-ball, NT45-935), photodiodes
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(Hamamatsu, $1223-01, Si PIN photodiode) and collection optics (Edmund Optics, double
convex lens (x 2), NT45-294).

An optical probe according to the present disclosure is shown in Figure 2, Figure 2
shows an optical probe 50 that is configured for biosensing applications and is tailored for
the detection of Cy5, Cyanin fluorescence. The optical probe 50 of Figure 2 includes an
outer housing 52 with a detachable cap 54, between which is a waveguide mount 56 fixing
in place a waveguide 58. The connections between the outer housing 52 and waveguide
mount 56, and the detachable cap 54 and waveguide mount 36 are optional sesling rings 60.
A transparent sensor substrate 62 is between the cap 54 and the waveguide 58, Sensing
material may be deposited on the transpavent sensor substrate 62 or may also be deposited
directly onto the waveguide 58,

The sensing material is excited using an excitation source 64, The light from the
excitation source 64 passes through an aperture 66 and an excitation filter 68 before being
focused by a lens 70 on the sensing material. A reference photodiode 72 may be used to
measure backscatler from the excitation sowrce. The emitted light from the sensing material
passes through an emission filter 74 and collection optics 76 before being detected by a
measuring photomultiplier tube (PMT) 78,

Also, included in the optical sensor probe shown in Figure 2 is a super critical angle
fluorescence aperture (SAF aperture) to block signals that are not generated by surface-
specific binding. The adapter 80 acts a physical interface between the optical probe and the
PMT, allowing the user to “plug” the PMT into the output of the probe,

The optical probe as shown in Figures 1 and 2 may be used for the detection of a
variety of analytes and/or parameters. A broad range of gases or chemicals may be
deteeted, given a suitable, fluorescence~based sensing chemistry. For example, oxygen,
carbon dioxide, pH. phosphate, nitrate, chloride, ammonia or other chergicals of interest can
be detected. The probe may also be uvsed as an optical biosensor for the detection of
biomolecules such as, but not Himited to, DNA, enzymes or antibodies.

By way of non-limiting example, an optical probe 90 was integrated into a durable
polymer housing and subsequently applied to the detection of dissolved oxygen (DQ) as a
proof of principle, employing phase fluorometric detection as shown in Figure 3. The probe
90 was immersed in a flow cell 92 of de-ionised water with integrated gas flow connections.
Gas entered at a gas inlet 94 and the gas exited at a gas outlet 96, Varving oxygen
concentrations were bubbled through using MFC’s (mass flow controllers). The flow cell

92 was submerged in a water bath 98, which maintained a constant working temperature of
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20°C for the duration of the experiment, Control electronics 100 were used to control the
experiment. The signal way acquired and processed using a custom-written LabVIEW Vi
(National Instraments™, UK).

The sensing material was a konown sol-gel thin film based on a n-
propyltricthoxysilane (PTEOS) precursor containing the flucrescent ruthenium complex
[Ru(I1)-tris(4,7-diphenyl-1,10-phenanthroling)] ( Ru(dpp):™). The film preparation may
include 1 mole PTEOS / 4 H20 / 6.25 FtOH / 7.2x10-3 HCI with a molar ratio dye
[Ru(dpp);™'1 / PTEOS = 1.4x10-3; dissolve [Ru(dpp)s” ] in FLOH and stir until complex
dissolves; add PTEOS while stirring; and add HCI (pH 1) slowly, dropwise while stirring.
The solution may be left stirring for st least 3 weeks befive use.

The probe response as a function of dissolved oxygen (DO) concentration is shown
in Figure 4 with the corresponding calibration curve shown in Figure 5. The limit of
detection {LOD} for DO was determined to be less than 1.5 ppb, with an integration time of
0.6 seconds. The LOD compares favorably to an electrochemical dissolved oxygen sensor
available commercially from YSI (e.g., YSI product — product name YSI 550A Dissolved
Oxygen Meter — Minimum resolution 0.01mg/L or 10pph).

According to the present disclosuve, 8 graph representing real-time detection of
DNA hybridization is shown in Figure 6. Figure 6 shows two curves that were recorded by
& photon-counting photomultiplier tube (PMT} to which the probe was attached, as shown
in Figure 2. The luminescence signal increases significantly for one curve and remains
relatively unchanged for the other. The former represents the response of the sensor to a 20-
mer match sample of single stranded DNA, which was labeled with the fluorescent
indicator, Cy5. Each data point corresponds to the number of photons recorded by the PMT
over a period of 500ms. The marked increase in signal upon iniroduction of the 20-mer
match sample is mdicative of binding of the sample DNA to the receptor DNA on the
sarface of the sensor sample. The second carve indicates that no binding is occurring at the
surface, which was expected for the case of the mismatched sample. These data illustrate
the ability of the optical probe to provide real-time measurement of surface binding events
tor biosensing applications,

A hand-beld device for breath gas analysis 110 is shown in Figure 7. An airway
adapter 114 is connected to the optical probe 112. For this application, the airway adapter
replaces the detachable sensor cap 14 shown in Figure 1, The probe 120 may be surrounded
by housing 122. The airway adapter 114 allows a user’s breath to interact with the sensing

glement 118 of the optical sensing probe 120. The hand-held device 110 may be configured
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to be connected to a power source, a PC, a PDA or other device to assist in the gathering
and processing of information, It is also contemplated that the probe according to the
present disclosure may be incorporated into a mask to monitor a user’s breath. The device
may also be wireless to provide ease of mobility for the user.

Figure 8 shows real-time detection of oxygen in human breath. The data were
recorded by having a test subject breathe into the airway adapter 114 while at rest, which
corresponds to & breath rate of approximately 10 breaths per minute. An oxygen-sensitive
sol-gel material, as previously described, was deposited onto the sensing element and the
fluorescence from this material was recorded in real-time while the test subject breathed
through the airway adapter 114, Figure 8 shows the real-time evolution of the in-breath
oxygen concentration as recorded by the sensor. The system is compatible with the
detection of @ broad range of analytes in breath, including carbon dioxide, ammonia and

anaesthetic gases, given a suitable sensing material.

It will be understood that various moditications may be made to the embodiments
disclosed herein. Therefore, the above description should not be construed as limiting, but
merely as exemplification of the various e¢mbodiments. Those skilled in the art will

envision other modifications within the scope and spirit of the claims appended hereto.
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What is claimed is:
t An optical probe for detecting luminescence emitted by a sample comprising:
a parabolic optical waveguide;

an outer housing configuwred to hold said optical waveguide having a detachable
component;

& waveguide mount between said outer housing and said detachable component
confligured {0 hold said waveguide in place;

a sensing material for detection of at least one analyte;

an excitation source configured to excite said sensing material;
an emission filter configured to allow emitted light to pass;
collection optics to focus emitted light onto a photodetector; and

a measuring photodetector that detects emitted luminescence afier passing through
said collection optics.
2. The optical prebe of claim 1, further comprising a transparent sensor substrate
coupled between said detachable component and said waveguide configured to allow a

sensing material to be deposited,

3. The optical probe of claim 1, whergin said sensing material is deposited directly on
said waveguide.
4. The optical probe of claim 1, further comprising an airway adapter operatively

coupled to said optical probe to analyze the breath of a user.

3. The optical probe of claim 1, wherein said at least one specified analyte is oxygen,
carbon dioxide, pH, phosphate, nitrate, amunonia, chloride or a range of biomolecules such

as DNA, enzymes or antibodies.

6. The optical probe of elaim 1, further comprising a reference photodiode configured
to measure backscatter from said excitation source,

7. The optical probe of claim 1, further comprising at least one sealing ring to provide
connection between said outer housing, said waveguide mount, said waveguide, and said

detachable coraponent,
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10
a. The optical probe of claim 1, wherein said measuring photodetector is a measuring
photomuitiplier tube.
9. An optical probe for detecting luminescence emitted by a sample comprising:

a parabelic optical waveguide;

an outer housing configured to hold said optical waveguide having a detachable
cormponent;

a sensing material for detection of at least one analyte;
an excitation source configured to excite said sensing material; and
a reasuring photodetector that detects emitted luminescence.
10, Anoptical probe for detecting luminescence emitted by a sample comprising:
a parabolic optical waveguide;

an outer housing configured to hold said optical waveguide having a detachable
component;

a sensing material for detection of at least one analyte;
an excitation source configured to excite said sensing material;
a measuring photodetector that detects emitted luminescence; and

an airway adapter operatively coupled to said optical probe to analyze the breath of a
user.
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