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(57) ABSTRACT

A noninvasive remote parameter sensor and sensing method
is provided that is particularly suited for the remote monitor-
ing of skin temperature. The sensor and sensing method uti-
lize luminescence-based sensors that are non-toxic and non-
irritating to the skin. The sensor preferably utilizes one or
more types of fluorophores that are embedded in a soft hydro-
gel. The sensor is illuminated with excitation light, and tem-
perature is monitored by detecting and analyzing the emis-
sion light from the fluorophores. Because a soft hydrogel is
used, the sensor can be gently wiped off the skin at the
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LUMINESCENCE BASED NONINVASIVE
REMOTE PARAMETER SENSOR AND
SENSING METHOD

BACKGROUND OF THE INVENTION

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 13/501,081, filed Apr. 9, 2012.
This application also claims priority to U.S. Provisional
Application Ser. No. 61/502,542, filed Jun. 29, 2011, whose
entire disclosure is incorporated herein by reference.

[0002] 1. Field of the Invention

[0003] The present invention relates to the noninvasive,
remote sensing of predetermined parameters such as, for
example, remote sensing of human body temperature.

[0004] 2. Background of the Related Art

[0005] Internal body temperature is a physiologic variable
that is precisely controlled by the body. Chemical processes
and enzymes required to catalyze the associated chemical
reactions, thereby regulating cellular function, optimally
operate within this narrow thermal bandwidth. Thermoregu-
lationencompasses all physiological processes and responses
that balance heat production and heat loss to maintain body
temperature within this normal range. Compared to the adult
or older pediatric model, thermoregulation is even more criti-
cal to neonatal care.

[0006] Compared to adults, newborns are particularly vul-
nerable to temperature extremes. [fheat loss is not preempted,
newborns could suffer the ill effects of cold stress or hypoth-
ermia. Depending on the gestational age, mortality may
increase by 10% for each degree Celsius (° C.) that a baby’s
body temperature is below 36° C. Conversely, at relatively
high temperatures, infants may be subjected to the dangers of
heat stress or hyperthermia. Both types of thermal stresses,
hypo- and hyperthermia can be a significant cause of morbid-
ity and mortality in this vulnerable population. Thus, in the
hospital sefting, infant incubators are designed to keep the
infant in an environment of constant temperature.

[0007] Nonetheless, providing optimal thermal conditions
to the newborn require the body temperature to be measured.
To date, wired thermistors are conventionally employed that
are attached to a neonate’s skin using a strong adhesive to
keep them in place. However, adhesive use on the thermistor
probe cover is not an innocuous intervention. Investigations
have shown increased microbial growth beneath probe cov-
ers, some of which have proved to be pathogenic. Others have
found skin impairment ranging from chemical sensitivities to
prolonged mechanical force on the skin from some adhesives.
Adhesives can irritate the skin by occlusion or by altering the
skin morphology via epidermal stripping. The removal of
adhesively-attached skin temperature probes can result in
“skin tears” in which shear or frictional forces separate the
dermis from the epidermis.

[0008] These tears can compromise skin barrier function,
cause a marked increase in transepidermal water loss and, in
many cases, disrupt the skin’s ability to protect against micro-
organism invasion. Especially for extremely premature neo-
nates, the adhesive poses a high potential risk of injury due to
their immature skin. Studies have shown that at 24 weeks
gestation, premature neonates have little stratum corneum
and attenuated rete ridges. Their skin is red, wrinkled, trans-
lucent, and gelatinous in appearance. They lack subcutaneous
tissue, therefore, their dermis is lying directly over the
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muscle. Consequently, skin stripping secondary to adhesive
dressing and/or tape removals can result in full-thickness
tissue loss.

[0009] Even at 36 weeks (full term), the epidermal and
dermal layers of neonates, although structurally similar to an
adult, are just up to 60% as thick as those in an adult. As a
result, epidermal stripping secondary to tape and adhesive
dressing removal is most common in neonates born before 27
weeks gestation and is the primary cause of skin breakdown
in the Neonatal Intensive Care Unit (NICU). Given the neo-
nate’s attenuated rete ridges, adhesive products typically
bond more aggressively to the epidermis than the epidermis
does to the dermis. Consequently, epidermal stripping is not
only a source of discomfort, but can also lead to other mor-
bidity in very low birth weight neonates and those who are
immune-compromised.

[0010] Skin friendly adhesives that can hold the wired
probe in place while minimizing trauma to the skin have not
yet been developed. Alternative temperature probes that can
eliminate adhesives also are nonexistent. In addition, remote
thermal-imaging systems that may offer non-adhesive, non-
contact features and a resolution 0f0.3° C. are still too expen-
sive for general use in the NICU.

SUMMARY OF THE INVENTION

[0011] An object of the invention is to solve at least the
above problems and/or disadvantages and to provide at least
the advantages described hereinafter.

[0012] Therefore, an object of the present invention is to
provide a system and method for the remote sensing of a
parameter, such as temperature, in a non-invasive and/or non-
contact manner.

[0013] Therefore, an object of the present invention is to
provide a system and method for the remote sensing of a
parameter, such as temperature, in a non-invasive and/or non-
contact manner.

[0014] Another object of the present invention is to provide
a system and method for remotely measuring body tempera-
ture in a non-invasive and/or non-contact manner.

[0015] Another object of the present invention is to provide
a system and method for remotely measuring the body tem-
perature of an infant in a non-invasive and/or non-contact
mannet.

[0016] Another object of the invention is to provide a lumi-
nescence-hased temperature sensor and sensing method;
[0017] Another object of the invention is to provide a lumi-
nescence-based gel sensor that can be gently applied to and
removed from human skin;

[0018] To achieve at least the above objects, in whole or in
part, there is provided a noninvasive remote sensor for mea-
suring a parameter of a system, comprising a gel, and a first
type of fluorophore embedded in the gel, wherein the first
type of fluorophore emits first emission light in response to
excitation light, and wherein a chemical property of the type
of fluorophores is such that at least one characteristic of the
first emission light varies as a function of changes in the
parameter being measured.

[0019] To achieve at least the above objects, in whole or in
part, there is also provided a sensor for remotely monitoring
the temperature of an object, comprising a gel adapted to be
applied to the object, and a first type of fluorophore embedded
in the gel, wherein the first type of fluorophore emits first
emission light in response to excitation light, and wherein a
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chemical property of the first type of fluorophore is such that
at least one characteristic of the first emission light varies as
a function of temperature.

[0020] To achieve at least the above objects, in whole or in
part, there is also provided a method of monitoring skin
temperature, comprising applying a luminescence-based gel
sensor to skin, wherein the luminescence-based gel sensor
comprises a first type of fluorophore embedded in a gel,
illuminating the luminescence-based gel sensor with excita-
tion light, detecting emission light from the first type of
fluorophore, and determining the skin temperature based on
the detected emission light.

[0021] Additional advantages, objects, and features of the
invention will be set forth in part in the description which
follows and in part will become apparent to those having
ordinary skill in the art upon examination of the following or
may be learned from practice of the invention. The objects
and advantages of the invention may be realized and attained
as particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The invention will be described in detail with refer-
ence to the following drawings in which like reference numer-
als refer to like elements wherein:

[0023] FIG. 1 is a schematic diagram of a noninvasive
remote parameter sensing system that utilizes a lumines-
cence-based sensor, in accordance with one embodiment the
present invention;

[0024] FIG. 2 is a system for remotely monitoring body
temperature that utilizes a luminescence-based gel sensor, in
accordance with one embodiment the present invention,

[0025] FIG. 3A is a plot of the excitation spectrum of
Ruphen;
[0026] FIG. 3B is a plot of the emission spectrum of

Ruphen at different pH values;

[0027] FIG. 3C is a plot of the emission spectrum of
Ruphen at different temperatures;

[0028] FIG. 3D is a plot of the excitation spectrum of
APTS;
[0029] FIG. 3E is a plot of the emission spectrum of APTS

at different pH values;

[0030] FIG. 3F is a plot of the emission spectrum of APTS
at different temperatures;

[0031] FIG. 4 is a schematic diagram of a system used to
measure the effect of temperature on a luminescence-based
gel sensor made up of a Ruphen containing hydrogel and an
APTS containing hydrogel, in accordance with one embodi-
ment of the present invention;

[0032] FIG. 5 is a schematic diagram of one preferred
embodiment of the LED controller shown in FIG. 4;

[0033] FIG. 6 is a flowchart showing preferred key func-
tional steps executed by the controller 140 for a scenario
where the Ruphen containing hydrogel and APTS containing
hydrogel that make up the luminescence-based gel sensor are
positioned adjacent to each other or otherwise spatially sepa-
rated from each other, such their emission signals are spatially
separated when they reach the detector;

[0034] FIG. 7 are plots showing the ratio of fluorescence
intensity of Ruphen to APTS as a function of temperature;
[0035] FIG.8isaplot showing the decrease in fluorescence
of Ruphen and APTS due to bleaching effects; and
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[0036] FIG. 9is a schematic diagram of an incubator/radi-
ant warmer that incorporates a remote body temperature sens-
ing system, in accordance with an embodiment of the present
invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0037] By way of example, the present invention will be
described in connection with a noninvasive remote tempera-
ture sensor and sensing method that is particularly suited for
the remote sensing of skin temperature in infants. However, it
should be appreciated that the present invention can be used
as a remote sensor for other types of parameters such as, for
example, CO2, pH, ammonia, oxygen, sodium, calcium and
potassium.

[0038] Throughout the specification, the terms lumino-
phore and fluorophore are used interchangeably and both
refer to a chemical compound that re-emits light upon light
excitation.

[0039] The present invention utilizes luminescence-based
sensing. In a preferred embodiment for temperature sensing,
a temperature sensing luminophore is incorporated in a soft
hydrogel that can then be applied gently on human skin. The
adhesion on the skin is strong enough that it does not fall off,
but can also be gently wiped off at the conclusion of tempera-
ture measurements.

[0040] A variety of luminophores have been found to show
high sensitivity to temperature. The luminescence intensities
and decay times of these compounds decrease with increasing
temperatures and can be measured with a high degree of
accuracy. Thus, many luminophores have been previously
utilized as luminescent temperature probes. However, most of
these are not suitable for healthcare applications, particularly
neonatal healthcare applications. As an example, alexandrite
crystals have been found to be sensitive between 15°-45° C.,
and the phosphorescence decay time decreases from 300 to
220 microseconds within this range. The long decay time is
easy to precisely measure with low cost instrumentation.
While these properties may seem appropriate for healthcare
applications, alexandrite crystals cannot be ground to a fine
powder for application on human skin. Additionally, the
grinding process creates defects on the crystal structure
which render alexandrite non-luminescent.

[0041] Many other materials, such as zinc sulfide and lan-
thanide phosphors (e.g., La,0,S:Eu) also show strong tem-
perature sensitivity over the desired range of temperatures.
The lanthanide phosphors also show desirable lifetime
changes as the temperature changes. Unfortunately, all of
these luminophores are only excitable by UV light, which is
potentially harmful to human skin, particularly neonatal skin.
[0042] Incontrastto UV-excited materials, there are classes
of luminophores that are excitable by visible light, such as
ruthenium(IT) tris(1, 10-phenanthroline) (Ruphen) and ruthe-
nium(II) tris(bipyridine) (Rubpy). These dyes are not only
highly luminescent, but their luminescence intensity and
decay times are also very sensitive to temperature. Moreover,
they have been found to be nontoxic and incapable of pen-
etrating human skin.

[0043] These dyes that are excitable with visible light have
been widely employed as temperature probes in various
research fields. Luminescence-based temperature probes
have a variety of advantages over thermoelectric probes,
including immunity to high electromagnetic fields, the suit-
ability for long distance measurements, and virtually unlim-
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ited spatial resolution. For instance, luminophores can be
employed in thermal convection studies in both huge biore-
actors and micro-sized lab-on-a-chip environments. Further-
more, since light transmission requires no conducting
medium, the probe and the photodetector need not to be in
direct contact. Accordingly, remote detection can be realized.
Due to the advantages of luminescence sensors, a number of
luminescence-based temperature probes have been devel-
oped.

[0044] FIG. 1 is a schematic diagram of a noninvasive
remote parameter sensing system 100 that utilizes a lumines-
cence-based sensor 110, in accordance with one embodiment
of the present invention. The remote parameter sensing sys-
tem 100 includes a luminescence-based sensor 110, a light
source 120, a detector 130 and a controller 140. The lumines-
cence-based sensor 110 is in contact with a surface 150 where
the parameter, such as temperature, is to be measured, and is
preferably a gel that is embedded with a chemical that emits
light 160, via luminescence, when it is excited by excitation
light 170 from the light source 120 at an appropriate excita-
tion frequency. The chemical properties of the luminescence-
based sensor 110 are such that at least one characteristic of the
emission light 160 (such as, for example, emission intensity)
varies as a function of variations in the parameter being mea-
sured.

[0045] The controller 140 controls the measurement pro-
cess, including control of the light source 120, receiving
detector signals from the detector 130 and processing and
analyzing the detector signals to analyze the parameter being
measured.

[0046] FIG. 2 is a schematic diagram of a system 200 for
remotely and noninvasively monitoring body temperature
utilizing one or more luminescence-based gel sensors 110, in
accordance with another embodiment of the present inven-
tion. The system 200 includes a light source 120, detector
130, controller 140, and at least one luminescence-based gel
sensor 110 placed on the skin 210 of the subject whose tem-
perature is being measured.

[0047] The luminescence-based gel sensors 110 are prefer-
ably applied onto multiple sites on the subject’s skin 210. The
luminescence-based gel sensors are illuminated from a dis-
tance with excitation light 170 from light source 120, and the
emission light 160 is detected by detector 130. The detector
signals are then analyzed by controller 140. In one preferred
embodiment, the detector 130 is a movable CCD camera and
the controller 140 is programmed with shape recognition
software for controlling the position of the CCD camera to
follow the luminescence-based gel sensors 110 as the subject
moves.

[0048] The temperature sensing system 200 offers many
advantages of over existing systems. First, there is no need for
problematic adhesives to keep the luminescence-based gel
sensors 110 in place. It is very easy to daub the luminescence-
based gel sensors 110 on the skin 210, and the luminescence-
based gel sensors 110 can be removed easily by gentle wiping
with a wet tissue. Thus, the skin 210 will not be exposed to
any stress associated with applying and removing an adhered
probe.

[0049] Another advantage is the flexibility of the lumines-
cence-based gel sensors 110. For example, luminescence-
based gel sensors 110 can be smeared anywhere and at mul-
tiple points on the subject. In contrast, taking temperature
readings at multiple points with wired thermistors can be very
cumbersome, and creates the added danger of an infant get-
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ting caught in a tangle of wires. Further, as the luminescence-
based gel sensors 110 are always in close contact with the skin
210, optimal heat transfer from the skin 210 to the lumines-
cence-based gel sensors 110 are ensured at all times, thereby
increasing the accuracy of the temperature measurement and
its correlation to core body temperature.

[0050] While temperature sensing luminophores have been
used in the art, they require UV light excitation, which is not
acceptable for humans (particularly infants), or they emit
light in the IR wavelength range where radiant warmers will
interfere. The luminescence-based gel sensors 110 in system
200 are preferably designed to be excited with and emit light
in the visible wavelength range.

[0051] As discussed above, the luminescence-based gel
sensors 110 are preferably temperature sensitive nontoxic
luminophores in a hydrogel matrix. The preferred properties
of the luminophores and hydrogel matrix will now be dis-
cussed.

[0052] Ingeneral, there are three approaches for measuring
temperature: (1) steady state luminescence intensity mea-
surements; (2) ratiometric intensity measurements; and (3)
decay time measurements. The simplest is approach (1),
which measures the steady state luminescence intensity.
However, this approach is not suitable for long term measure-
ments, as the intensity can drift due to photobleaching of the
luminophore. Methods (2) and (3) offer solutions to this prob-
lem.

[0053] Approach (2) takes the intensity ratio of two emis-
sion bands of the luminophore system to represent the tem-
perature. Assuming the photobleaching effect has the same
impact on the emission bands, the ratio is unaffected, thereby
making the system less prone to drift.

[0054] Approach (3) utilizes the decay time of the lumino-
phore as the temperature sensitive parameter. The decay time
is the time span required for the luminophore dye at the
excited state to return to the electronic ground state. This
transition is temperature dependent. Since it is an intrinsic
property of the dye molecule, the temperature measurement
based on the decay time technique is entirely independent of
the luminophore concentration.

[0055] Theluminescence process is initiated by the absorp-
tion of light by the ground state luminophore, and in the
process promoting the molecule to an electronic excited state.
The ruthenium luminophores mentioned above (Ruphen and
Rubpy) undergo intersystem crossing from the lowest singlet
excited state to the triplet state (technically a singlet-triplet
hybrid), which is normally at a lower energy. Return of the
triplet to the singlet ground state requires intersystem cross-
ing, i.e. a “forbidden” process. This explains both the long
decay lifetimes, as well as the red-shifted emission.

[0056] Inapreferred embodiment, the luminescence-based
gel sensor 110 is made up of two different types of fluoro-
phores in a hydrogel matrix. The two fluorophores are pref-
erably Ruphen and 8-aminopyrene-1,3,6-trisulfonic acid
(“APTS”).

[0057] The fluorophores Ruphen and APTS are an ideal
fluorophore pair for ratiometric temperature measurement. In
Ruphen, the ruthenium ion Ru(Il) forms an octahedral com-
plex with three phenanthroline molecules. The complex has a
strong absorption band at around 450 nm due to the very
prominent metal to ligand charge transfer transition (MLCT)
to the triplet MLCT state that is energetically slightly lower
than the triplet d-d state. The transition from the MLCT state
to the ground state results in emission of light (at 590 nm)
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whereas the promotion to the d-d state by thermal energy
leads to the radiationless decay to the ground state. These two
processes compete at any given temperature. Hence, less
fluorescence emission is observed at higher temperatures and
vice versa.

[0058] APTS, on the other hand, is a polycyclic aromatic
compound consisting of 4 fused benzenerings. The excitation
maximum is at around 420 nm in aqueous solution, whereas
the emission peak is located at 500 nm. As shown on FIGS.
3A and 3D, both dyes can be excited by visible blue light,
which is harmless to human skin and, therefore, acceptable
for use on humans. Additionally, an inexpensive but efficient
LED can be employed as a single excitation light source 120.
[0059] The emission peaks of Ruphen (FIGS. 3B and 3C)
and APTS (FIGS. 3E and 3F) are about 90 nm apart. Accord-
ingly, they can be easily isolated with the appropriate filters.
Moreover, the fluorescence of Ruphen and APTS are only
slightly affected by pH, as shown in FIGS. 3B and 3E, respec-
tively. This is important, as the skin of neonates at different
gestational ages have varying pH levels.

[0060] More importantly, ambient temperature has varying
impacts on the fluorescence of the two dyes. On the one hand,
as shown in FIG. 3C, the fluorescence intensity of Ruphen
drops drastically by 75 per cent when the ambient tempera-
ture is changed from 25° C. to 50° C. The significant tem-
perature sensitivity in the physiological range makes Ruphen
an ideal body temperature sensor. On the other hand, the same
temperature change has virtually no impact on the fluores-
cence of APTS, as shown in FIG. 3F. Thus, APTS makes a
very good reference sensor for Ruphen in ratiometric tem-
perature measurements.

[0061] As discussed above, there is a need for remote and
non-adhesive temperature sensing for infants. To this end, the
luminescence-based gel sensor 110 preferably utilizes a skin-
friendly vehicle or matrix for the luminophore dyes. The
matrix in which the sensing luminophores are incorporated is
areplacement for the harmful adhesive currently used to keep
thermistors in place.

[0062] The matrix provides several important functions. It
is the affixing component that enables contact of the lumino-
phore dyes with the skin 210. It encapsulates the dyes within
a semi-solid structure preventing the dyes from being blown
off (if powder) or wiped off (if liquid) from the skin 210. The
matrix also provides good heat transfer from the skin/body to
the temperature sensing luminophore dyes, allowing for pre-
cise body temperature measurements to be carried out.
[0063] In order to be used as a temperature sensor on a
human subject, the matrix should be biocompatible, should
not harbor harmful microorganisms and should be non-irri-
tating to the skin 210. Also, the matrix should not excessively
absorb heat from the radiant warmer in the incubator or other
sources, as this can cause a temperature reading higher than
the skin temperature. Further, while the matrix should adhere
well to the skin 210, it should be easily removable without
irritating or harming the skin 210.

[0064] During the last two decades, significant advances
have been made in the development of biocompatible and
biodegradable materials for biomedical applications. In the
biomedical field, the goal is to develop and characterize arti-
ficial materials foruse in the human body to measure, restore,
and improve physiologic function, and enhance survival and
quality of life.

[0065] Typically, inorganic (metals, ceramics, and glasses)
and polymeric (synthetic and natural) materials have been
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used for such items as artificial heart-valves, (polymeric or
carbon-based) and synthetic blood-vessels. However, the pre-
ferred matrix for the luminophores are hydrogels.

[0066] Hydrogels are a network of polymer chains that are
water-insoluble and are highly absorbent. They can contain
over 99% water, which makes them highly flexible like natu-
ral tissue. Applications for hydrogels cover a wide range of
fields. For example, polylactic acids are used as scaffolds in
tissue engineering, 2-hydroxypropyl-methacrylate polymers
(HPMA ) has been widely employed in drug delivery systems,
and polyacrylic acid is used as the super-absorbent in dispos-
able diapers. In addition, contact lenses are made from sili-
cone or polyacrylamide (15).

[0067] Of particular interest are hydrogels used for wound
dressings, as they have the desired properties suitable for the
sensitive skin of neonates. As such, they create or maintain a
moist environment so that the skin 210 cannot dry out. They
are well permeable to oxygen, so that the skin 210 underneath
can breathe. In addition, these hydrogels protect wounds from
the entry of microbes. Moreover, they adhere firmly even on
the wounds, and can be gently removed without irritation.
[0068] Glyceryl polyacrylate (GPA) and chitosan are the
subjects of active research as antibacterial wound dressing
gels. Chitosan 1s a linear polysaccharide composed of ran-
domly distributed f-(1-4)-linked D-glucosamine and
N-acetyl-D-glucosamine  produced commercially by
de-acetylation of chitin, the structural element in the exosk-
eleton of crustaceans (crabs, shrimp, etc.) and cell walls of
fungi. The amino group in chitosan has a pKa value of ~6.5,
thus, chitosan is positively charged and soluble in acidic to
neutral solution with a charge density dependent on pH and
the deacetylation value. This makes chitosan and its deriva-
tives abio-adhesive which readily binds to negatively charged
surfaces, such as mucosal membranes.

[0069] Chitosan and its derivatives are approved to be
hypoallergenic and antibacterial. Its high tensile and bicad-
hesive strength are advantageous for forming a tacky sensing
layer. Further, it can be gently dissolved by a slightly acidic
solution at pH 6.0.

[0070] Glyceryl polyacrylate (GP) is a clathrate gel known
for its high water retention ability. It does not dry even when
exposed to ambient air or subjected to vacuum for 48 hours.
This property is particularly useful for inactivating microbes
by depriving them of water through osmotic effect. Studies
show that by adding a certain amount of glycerol, the viscos-
ity of the gel can be controlled. This results in a product that
can adhere well on the skin 210 but that can also be easily
peeled off.

[0071] For at least the reasons set forth above, chitosan gel
is preferably used as the hydrogel matrix in the luminescence-
based gel sensor 110. The chitosan gel is preferably prepared
as follows. Chitosan (medium molecular weight, Sigma) is
dissolved in 0.1 M acetic acid (Sigma) to make a 2% w/v gel.
To each gram of this gel, 0.5 g glycerol is added. To prepare
the gels containing the fluorophores, 0.1 g of silica gel
adsorbed with either Ruphen or APTS is added to 1 gram of
the chitosan. The luminescence-based gel sensor 110 prefer-
ably includes both a Ruphen containing gel and an APTS
containing gel.

[0072] The present invention preferably uses ratiometric
measurements to measure temperature using the lumines-
cence-based gel sensor 110. The ratiometric method has the
advantage that the imaging system, as well as the data acqui-
sition and processing system, need not be very sophisticated
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and fast. However, two luminescence signatures need to be
measured to arrive at the ratio.

[0073] FIG. 4 is a schematic diagram of a system 300 used
to measure the effect of temperature on a luminescence-based
gel sensor 110 made up of a Ruphen containing hydrogel and
an APTS containing hydrogel. The system 300 includes a
thermal block 310 on which the luminescence-based gel sen-
sor 110 is placed. A temperature controller 320 is used to
control the temperature of the thermal block 310. A light
source 120 that includes an LED 330 and an LED controller
340 is used to generate excitation light 170. A detector 130
thatincludes a CCD camera 350 is used to detect the emission
light 160 from the luminescence-based gel sensor 110. For a
luminescence-based gel sensor 110 made up of a Ruphen
containing hydrogel and an APTS containing hydrogel, the
LED is preferably a blue LED with an excitation peak at 475
nm.

[0074] The CCD camera 350 is controlled by controller
140. Controller 140 includes a computer 360 that is connected
to the CCD camera 350 via cable 365. The CCD camera 350
transmits image data to and receives control commands from
the computer 360. The CCD camera 350 is connected to the
LED controller 340 via cable 370. The CCD camera 350
sends a timing signal to the LED controller 340 representing
the time the CCD camera 350 makes an exposure. This timing
signal is used to switch the LED 330 on and off.

[0075] If the Ruphen containing hydrogel and APTS con-
taining hydrogel that make up the luminescence-based gel
sensor 110 are mixed together or are otherwise not spatially
separated from each other, then the emission light from the
Ruphen and the emission light from the APTS will spatially
overlap at the CCD camera 350. In this scenario, two different
band pass filters must be used to isolate the Ruphen and APTS
emission light. This can be suitably implemented incorporat-
ing a switchable band pass filter 380 in detector 130 that
switches between a first band pass filter designed to pass the
emission light from the Ruphen and a second band pass filter
designed to pass the emission light from the APTS. The
switchable filter 380 can be, for example, a filter wheel.
[0076] Another approach to discriminate between two spa-
tially overlapping emission signals is atechnique based on the
decay time difference between two luminophores. When a
luminophore is exposed to intensity modulated excitation
light, the observed luminescence intensity is dependent on the
modulation frequency w and the luminophore decay time 7.
This dependency is described by the following equation: f=s/
(1+0**1)™, where s is the steady state luminescence inten-
sity of the fluorophore, w is the angular modulation frequency
and T is the decay time.

[0077] According to this equation, the modulated lumines-
cence decreases with increasing modulation frequencies,
eventually reaching a certain frequency where the lumines-
cence is completely diminished (i.e., demodulated). The
longer the decay time, the lower this boundary frequency is.
[0078] Suppose there are two luminophores in a system
with a decay time difference of three orders of magnitude.
When the system is excited with modulated excitation light at
a frequency where the luminescence of the dye with longer
decay time is demodulated, only the luminescence of the dye
with shorter decay time will be observed.

[0079] At alower frequency, emission from both the lumi-
nophores will be observed. Thus, one can calculate the ratio
of the emission at the higher and lower excitation frequencies
as an alternative to intensity ratios at two wavelengths. This
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technique has been successfully exploited for the determina-
tion of glucose and glutamine using fluorescently labeled
periplasmic binding protein sensors.

[0080] Decay time measurements usually require sophisti-
cated and fast performing imaging systems. Conventional
methods use multi-channel plate (MCP) based image inten-
sifiers. Unfortunately, MCPs are comparatively expensive,
prone to photo-damage due to overexposure and require
elaborate electronics. Moreover, MCP’s spatial resolution is
relatively low. Furthermore, MCPs can inject a comparatively
high noise level in the measurement.

[0081] If the decay time technique is used, the controller
140 of system 300 preferably utilizes lock-in imaging for
decay time measurements. This enables decay time measure-
ments for a fraction of the cost and space of an MCP. The
decay time can be determined by a phase modulation tech-
nique. In this approach, the luminescence modulated with a
frequency w is phase shifted in comparison to the excitation
light. The phase shift ¢ is dependent on the decay time T by the
relation t=tan(¢ )/ w.

[0082] The phase shift can be determined with images from
the CCD camera 350 as follows: Images are taken with phase
delays (relative to the modulated excitation light) of 0, 0.57,
nand 1.5z The phase shift is calculated as ¢=arctan[(S, 5,.-
So.5.)/S0-S,)]-¢', where ¢' is the instrumental phase delay
which can estimated by measuring the reflected excitation
light. This technique is immune to interference from ambient
light, which ensures precise temperature measurements.
[0083] If the Ruphen containing hydrogel and APTS con-
taining hydrogel that make up the luminescence-based gel
sensor 110 are positioned adjacent to each other or otherwise
spatially separated from each other such their emission sig-
nals are spatially separated when they reach the CCD camera
350, and the CCD camera 350 can simultaneously image the
emission light from both the Ruphen and APTS without the
need for the switchable band pass filter 380. In this mode of
operation, the LED 330 is switched on and off by the CCD
camera 350 as follows.

[0084] As shown in FIG. 5, the LED controller 340 prefer-
ably includes a microcontroller 400 and an LED driver 410.
The 10-port of the CCD camera 350 is connected to two
external interrupt pins 4104 and 4205 on the microcontroller
400. The first interrupt responds to the rising edge of the
camera output signal. The microcontroller 400 activates the
current source by setting its PWM input pin at high, which
then turns the LED 330 on. The second interrupt is responsive
to the falling edge and turns the LED 330 off. Further, the
microcontroller 400 is preferably programmed to turn on the
LED 330 on every second camera signal. This enables the
camera to take alternately one image with LED excitation
light and one image with no LED excitation light, which is
important for the cancellation of noise caused by ambient
light.

[0085] Thecontroller 140 in FIGS. 1, 2 and 4 above, as well
as FIG. 9, discussed below, preferably includes control and
image analysis software. This control and image analysis
software can be suitably implemented with the LabVIEW
programming platform (LabVIEW 2010+Vision module)
sold by National Instruments.

[0086] FIG. 6 shows the preferred key functional steps of
the control and image analysis software for the scenario
where the Ruphen containing hydrogel and APTS containing
hydrogel that make up the luminescence-based gel sensor 110
are positioned adjacent to each other or otherwise spatially
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separated from each other, such their emission signals are
spatially separated when they reach the CCD camera 350. The
process starts at step 500, where the CCD camera 350 is set at
continuous acquisition mode (typically 30 frames per sec-
ond), the CCD camera 350 exposure time is preferably set to
16 ms and the CCD camera 350 resolution is preferably set at
640x480.

[0087] At steps 510 and 520, two sequential image frames
are acquired from the CCD camera 350. As discussed above,
the LED controller 340 ensures the first image frame is with
the LED 330 off and the second image frame is with the LED
330 on. In this way, the first image frame corresponds to the
intensity of the ambient light only, while second image frame
corresponds to the intensity of the ambient light plus the
fluorescence from the luminescence-based gel sensor 110.
[0088] At steps 530 and 540, the process identifies the
regions in the first image frame that correspond to the Ruphen
emission (ROI 1a) and the APTS emission (ROI 15), respec-
tively. At steps 550 and 560, the process identifies the regions
in the second image frame that correspond to the Ruphen
emission (ROI 2a) and the APTS emission (ROI 2b), respec-
tively.

[0089] At step 570, pixel values for ROI 14 are subtracted
from pixel values for ROI 2a. At step 580, pixel values for
ROI 15 are subtracted from pixel values for ROI 2b. This
effectively reduces or eliminates the contribution of ambient
light to the pixel values, such that only the contribution from
the Ruphen and APTS fluorescence emission remain.

[0090] Then, at steps 590 and 600 the average Ruphen
fluorescence and APTS fluorescence per pixel, respectively,
is calculated. This is suitably done by extracting the images of
the Ruphen and APTS fluorescent gels, and then manually
setting the spatial coordinates of the Ruphen and APTS fluo-
rescent gel images.

[0091] At step 610, the ratio of the average Ruphen fluo-
rescence per pixel to the average APTS fluorescence per pixel
1s calculated. At step 620, the ratio is preferably subjected to
a 90 point moving average filter, which minimizes possible
influence of rapid changes in illumination (e.g., people walk-
ing close the luminescence-based gel sensor 110). This mov-
ing average filtering yields an average ratio 630.

[0092] This average ratio is then linearly scaled to tempera-
ture at step 640. The temperature value can then be saved as a
text file (step 650), displayed as a digital value on a digital
display (step 660) and/or displayed as a time graph (step 670).
The user has the option to change various parameters includ-
ing, but not limited to, the exposure time of the CCD camera
350 (frame rate), the resolution of the CCD camera 350, the
parameters of the digital filtering step 620.

[0093] The system 300 of FIG. 4 was used to determine the
effect of temperature changes on the luminescence-based gel
sensor 110. As shown in FIG. 7, within a physiologically
relevant temperature range, the ratio of the fluorescence
intensity of Ruphen and APTS correlates linearly to the tem-
perature of the thermal block 310. Based on this data, the
luminescence-based gel sensor 110 has aresolution 0£0.0032
°C.

[0094] Photobleaching is an intrinsic property of the lumi-
nophores and is influenced by the presence of oxidants, such
as oxygen. Since the luminescence-based gel sensor 110
employs two different luminophores, their bleaching rates
will differ from one another. As shown in FIG. 8, the fluores-
cence of APTS drops almost linearly by 25% from its original
value after 8 hours of illumination, while the fluorescence of
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Ruphen remains virtually unchanged. This divergence could
lead to a significant drift of the measurement signal if no
compensation measures are undertaken. To correct this dis-
crepancy, a compensation loop is preferably implemented in
the control and image analysis software. The compensation
algorithm takes into consideration the exposure time of the
luminophore to the blue LED excitation light and compen-
sates for the drop of the APTS fluorescence. It is also assumed
that the ambient oxygen concentrations are constant within
the duration of the measurements. As can be seen in FIG. 8,
the software compensated for the decrease in fluorescence of
APTS over an 8-hour period to a satisfactory extent. The
average compensated value is 1189.9 and its standard devia-
tion is +4.21.

[0095] The luminescence-based gel sensor 110 of the
present invention is particularly suitable as a remote body
temperature sensing system in incubators and radiant warm-
ers 700 for infant and neonatal care, as shown in FIG. 9.
Temperature measurements can be taken remotely without
the need for the standard adhesive thermistors that can irritate
or damage the baby’s skin. The luminescence-based gel sen-
sors 110 are easy to apply and remove without the risk of
damaging the baby’s skin. Further, the luminescence-based
gel sensors 110 do not require a wired connection, thereby
eliminating the risk of the baby getting tangled in wires. In
addition, because the remote body temperature system can
operate in the visible spectrum, there is no detector interfer-
ence from the radiant warmers used in incubators and radiant
warmers.

[0096] The foregoing embodiments and advantages are
merely exemplary, and are not to be construed as limiting the
present invention. The present teaching can be readily applied
to other types of apparatuses. The description of the present
invention is intended to be illustrative, and not to limit the
scope of the claims. Many alternatives, modifications, and
variations will be apparent to those skilled in the art. Various
changes may be made without departing from the spirit and
scope of the invention, as defined in the following claims. For
example, although the luminescence-based gel sensors have
been described in connection with a remote body temperature
sensing system, it can be adapted for the remote sensing of
other parameters by choosing the appropriate light sources
and luminescence-based gel sensors.

What is claimed is:

1. A noninvasive remote sensor for measuring a parameter
of a system, comprising;

a gel; and

a first type of fluorophore embedded in the gel, wherein the

first type of fluorophore emits first emission light in
response to excitation light;

wherein a chemical property of the first type of fluorophore

is such that at least one characteristic of the first emission
light varies as a function of changes in the parameter
being measured.

2. The sensor of claim 1, wherein the at least one charac-
teristic that varies as a function of changes in the parameter
being measured comprises emission light intensity.

3. The sensor of claim 1, wherein the parameter being
measure comprises temperature.

4. The sensor of claim 1, further comprising a second type
of fluorophore embedded in the gel, wherein the second type
of fluorophore emits second emission light in response to
excitation light.
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5. The sensor of claim 4, wherein the first and second types
of fluorophores comprise fluorophores that are excitable by
visible light.

6. The sensor of claim 5, wherein the first type of fluoro-
phore comprises ruthenium(II) tris(1, 10-phenanthroline).

7. The sensor of claim 5, wherein the second type of fluo-
rophore comprises 8-aminopyrene-1,3,6-trisulfonic acid.

8. The sensor of claim 1, wherein the gel is non-toxic and
hypoallergenic.

9. The sensor of claim 1, wherein the gel has anti-bacterial
properties.

10. The sensor of claim 1, wherein the gel comprises a
hydrogel matrix.

11. The sensor of claim 10, wherein the gel comprises
chitosan or glyceryl polyacrylate.

12. A sensor for remotely monitoring the temperature of an
object, comprising

a gel adapted to be applied to the object; and

afirst type of fluorophore embedded in the gel, wherein the

first type of fluorophore emits first emission light in
response to excitation light;

wherein a chemical property of the first type of fluorophore

is such that at least one characteristic of the first emission
light varies as a function of temperature.

13. The sensor of claim 12, wherein the at least one char-
acteristic that varies as a function of temperature comprises
emission light intensity.

14. The sensor of claim 12, further comprising a second
type of fluorophore embedded in the gel, wherein the second
type of fluorophore emits second emission light in response to
excitation light.

15. The sensor of claim 14, wherein the first and second
types of fluorophores comprise fluorophores that are excit-
able by visible light.

16. The sensor of claim 15, wherein the first type of fluo-
rophore comprises ruthenium(II) tris(1, 10-phenanthroline).

17. The sensor of claim 15, wherein the second type of
fluorophore comprises 8-aminopyrene-1,3,6-trisulfonic acid.

18. The sensor of claim 12, wherein the gel is non-toxic and
hypoallergenic.
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19. The sensor of claim 12, wherein the gel has anti-bac-
terial properties.

20. The sensor of claim 12, wherein the gel comprises a
hydrogel matrix.

21. The sensor of claim 20, wherein the gel comprises
chitosan or glyceryl polyacrylate.

22. A method of monitoring skin temperature, comprising:

applying a luminescence-based gel sensor to skin, wherein

the luminescence-based gel sensor comprises a first type
of fluorophore embedded in a gel;

illuminating the luminescence-based gel sensor with exci-

tation light;

detecting emission light from the first type of fluorophore;

and

determining the skin temperature based on the detected

emission light.

23. The method of claim 22, wherein a characteristic of
emission light from the first type of fluorophore varies as a
function of temperature.

24. The method of claim 23, wherein the luminescence-
based gel sensor further comprises a second type of fluoro-
phore embedded in the gel.

25. The method of claim 24, wherein the luminescence-
based gel sensor comprises ruthenium(1l) tris(1, 10-phenan-
throline) and 8-aminopyrene-1,3,6-trisulfonic acid embed-
ded in a hydrogel matrix.

26. The method of claim 25, wherein the hydrogel matrix
comprises chitosan or glyceryl polyacrylate.

27. The method of claim 22, wherein the luminescence-
based gel sensor is illuminated with an LED.

28. The method of claim 22, wherein the emission light
from the first type of fluorophore is detected with a CCD.

29. The method of claim 22, wherein the skin temperature
is determined based on an intensity of the detected emission
light.

30. The method of claim 24, wherein the skin temperature
is determined based on the ratio F1/F2, where F1 is an inten-
sity of light emitted from the first type of fluorophore and F2
is an intensity of light emitted from the second type of fluo-
rophore.
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