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IMPLANTABLE OPTICAL GLUCOSE SENSING

CROSS-REFERENCES TO RELATED APPLICATIONS

The present application claims priority from US Patent Application 13/173,831 to

Gil et al., entitled, "Implantable optical glucose sensing," filed on June 30, 201 1, which is

incorporated herein by reference.

FIELD OF THE INVENTION

Some applications of the present invention relate generally to implantable sensors

for detecting an analyte in a body and specifically to methods and apparatus for sensing

blood glucose concentrations.

BACKGROUND

Diabetes mellitus is a disease in which cells fail to uptake glucose either due to a

lack of insulin (Type I) or an insensitivity to insulin (Type II). The associated elevation of

blood glucose levels for prolonged periods of time has been linked to a number of

problems including retinopathy, nephropathy, neuropathy, and heart disease. A typical

care regimen for Type I diabetics includes daily monitoring of blood glucose levels and

injection of an appropriate dose of insulin. Conventional glucose monitoring involves the

use of an invasive "finger-stick" method in which the finger of a subject is pricked in

order to withdraw a small amount of blood for testing in a diabetes monitoring kit based

on the electroenzymatic oxidation of glucose.

Fluorescence is a photochemical phenomenon in which a photon of specific light

wavelength (excitation wavelength) strikes an indicator (fluorophore) molecule, thereby

exciting an electron to a higher energy state. As that "excited" electron decays back down

to its original ground state, another photon of light is released at a longer wavelength

(emission wavelength).

Fluorescence resonance energy transfer (FRET) involves the transfer of non-

photonic energy from an excited fluorophore (the donor) to another fluorophore (the

acceptor) when the donor and acceptor molecules are in close proximity to each other.

FRET enables the determination of the relative proximity of the molecules for

investigating, for example, molecular interactions between two protein partners, structural

changes within one molecule, ion concentrations, and the binding of analytes.



SUMMARY OF THE INVENTION

In some applications of the present invention, a fully-implantable or partially-

implantable device is configured to have both (a) a sampling region, e.g., a chamber,

configured to passively allow passage therethrough of fluid, typically interstitial fluid,

from a subject, and (b) an optical measuring device which measures a parameter of an

analyte, typically glucose, in the sampling region. Typically, the sampling region is

subcutaneously implanted within the subject. Typically, the optical measuring device is

subcutaneously implanted as well, e.g., in a common housing with the sampling region.

For some applications, the optical measuring device is configured to be placed on the skin

and to measure a concentration of the analyte, e.g., glucose, in biological fluid of the

subject. The optical measuring device typically comprises a light source (i.e., a system

providing visible or non-visible light) a control unit, a power source and a detection

system.

In some applications, a mechanism for attaching the device to the body is utilized

as well as an insertion mechanism for implanting the implantable sampling region.

Typically, the attaching device comprises a sensor support device (not shown), which is

attached to the subject by an adhesive pad. In some applications, the sensor support

device comprises a channel for orienting a hypodermic insertion needle configured to

insert the sampling region under the skin of the subject. In further applications, the sensor

support device is configured to place an external connector (not shown) in position for

connection to the optical measuring device. Subsequently, in preparation for regular use

of the apparatus, the hypodermic needle is removed from the skin.

In some applications the optical measuring device and sampling region are both

implanted subcutaneously. An insertion trocar, or in some instances, a hypodermic

insertion needle, is used to place the device at one of a range of depths, as appropriate for

the implantation site.

The light from the light source is typically conveyed to the sampling region via an

optical fiber attached to the sampling region. In some applications, more than one light

source is used. Typically, the same fiber allows signals to be returned to the optical

measuring device from the sampling region. In some applications, fibers are split and the

signals are split among more than one measuring device. Typically, the sampling region

is implanted in the body of the subject, and comprises a semi-permeable membrane which



is permeable to the analyte. The membrane is attached to the distal end of the optical

fiber and encases the sampling region by being fitted over the distal end of the fiber. In

some applications of the present invention, the sampling region contains an optically-

transparent and glucose-permeable material, e.g., a gel or polymer, configured to define

the sampling region.

Alternatively or additionally, the sampling region is surrounded by a selectively-

permeable membrane which restricts passage therethrough of substances, e.g., cells,

which could potentially interfere with the measuring of the parameter of the fluid. The

membrane may surround the sampling region independently of, or in combination with,

the transparent glucose-permeable material contained within the sampling region.

Typically, the membrane is configured to restrict passage, into the sampling region, of

cells and some molecules having a molecular weight greater than the molecular weight of

the analyte configured to be measured by the device. In some applications of the present

invention, the sampling region comprises genetically-engineered cells that produce a

protein that is able to bind with the analyte and to undergo a conformational change in a

detectable manner. Alternatively, the protein is placed in the sampling region without

cells. The optical measuring device detects the conformational change, via a signal

generated indicative of a level of the analyte in the subject. The signal itself is embodied

as the amount of light of different wavelengths emitted by the protein. Typically, but not

necessarily, FRET techniques (i.e., Forster resonance energy transfer, also known as

fluorescence resonance energy transfer), are used to detect the conformational change.

These genetically-engineered cells may be used in combination with the detection

methods described hereinbelow.

Combined, the membrane and the material in the sampling region are designed

such that the glucose in the sampling region is generally in equilibrium with the interstitial

level of glucose or alternatively, with the level of glucose in other bodily fluids into which

the sampling region is implanted.

Biological material in the sampling region, typically genetically-engineered

proteins or cells containing genetically-engineered protein, convey, typically via FRET, a

signal to the optical measuring device, typically via an optical fiber, for determination of

glucose level. In some applications, an external device can, based on the glucose level,

automatically provide insulin to the subject, if medically indicated.



Alternatively, the device is configured to be a fully implantable device that

communicates wirelessly through the skin of the subject. In some applications, power

transmission, data transmission and/or excitation light (typically 488 nm or another

suitable wavelength), are also provided through the skin of the subject (the power and data

being transmitted wirelessly, or in a wired configuration). Light emitted from within the

device may pass to a detector outside of the subject's skin, either through tissue or via one

or more optical fibers. In further applications, genetically-engineered proteins, employed

in the sample region, emit red or infrared fluorescent light in response to the presence of

the analyte, e.g., using techniques described in an article by Steinmeyer R et al., entitled,

Improvedfluorescent proteins for single-molecule research in molecular tracking and co-

localization, J Fluoresc. 2005 Sep;15(5):707-21. This emitted light may be sensed by

devices external to the skin, as is known in the art.

There is therefore provided, in accordance with an application of the present

invention, apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus including: an optical fiber having a distal portion; and a membrane

permeable to the analyte, the membrane coupled to the distal portion of the fiber and

surrounding a sampling region at least in part, by being fitted over the distal portion of the

fiber.

In some applications, the optical fiber includes exactly one optical fiber.

In some applications, the membrane is attached to the distal portion of the fiber

within 5 mm of a distal tip of the fiber.

In some applications, the membrane is attached to the distal portion of the optical

fiber by glue.

In some applications, the apparatus includes a perforated tube surrounding the

sampling region.

In some applications, the membrane surrounds the perforated tube.

In some applications, the perforated tube surrounds the membrane.

In some applications, the distal portion of the optical fiber is disposed within the

perforated tube.



In some applications, the perforated tube includes a material selected from the

group consisting of: metal and plastic.

n some applications, the sampling region has a shape selected from the group

consisting of cylindrical and hemispherical.

In some applications, the membrane is shaped to define a hole therein that is

sealed, the sealed hole located at a distal end of the sampling region relative to the optical

fiber.

In some applications, the apparatus includes a stopper inserted into a distal end of

the perforated tube relative to the optical fiber.

In some applications, the apparatus includes a light source configured to pass light

through the optical fiber toward the sampling region; and a detection system, configured

to receive fluorescent light, through the optical fiber, from the sampling region, and to

analyze the fluorescent light in order to determine an indication of a level of the analyte in

the body of the subject.

In some applications, the detection system is configured to facilitate administration

of a substance to the subject, in response to the determined indication of the level of the

analyte.

In some applications, the detection system is configured to determine the

indication of the level of the analyte, while outside of the body of the subject.

In some applications, the detection system is configured to be implanted in the

body of the subject, and to determine the indication of the level of the analyte, while

inside the body of the subject.

In some applications, the sampling region includes biological matter, which

changes a state thereof in response to a concentration of the analyte in the subject.

In some applications, the biological matter includes a plurality of fluorescent

proteins including a genetically-modified glucose receptor protein, and a cyan fluorescent

protein (CFP) and a yellow fluorescent protein (YFP) coupled to the glucose receptor

protein, and is configured such that when a glucose molecule from the subject interacts

with the genetically-modified glucose receptor protein, the glucose receptor protein

changes conformation as a result, and the two fluorescent proteins are in close enough



proximity to each other so that the CFP acts as an energy donor and the YFP acts as an

energy acceptor in a Fluorescence Resonance Energy Transfer (FRET) signaling system

that indicates a concentration of glucose through the emission of electromagnetic

radiation.

In some applications, the biological matter includes a plurality of cells, which

produce the genetically-modified glucose receptor proteins.

In some applications, the apparatus includes one or more alginate beads encasing

the biological matter.

In some applications, each bead has a diameter of 40 urn to 150 um.

In some applications, each bead has a diameter of 150 um to 600 um.

In some applications, the apparatus includes a perforated tube surrounding the

sampling region, wherein each bead has a diameter equal to 60% to 80% of the internal

diameter of the perforated tube.

In some applications, each bead has a diameter equal to 80% to 120% of a

diameter of the optical fiber.

In some applications, the one or more alginate beads include exactly two alginate

beads.

In some applications, the one or more alginate beads include exactly three alginate

beads.

There is further provided, in accordance with an application of the present

invention, apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus including an optical fiber having a distal portion; a first perforated

tube having a distal and a proximal end, the first perforated tube surrounding at least in

part a sampling region by being fitted over the distal portion of the optical fiber; a

membrane permeable to the analyte and surrounding the first perforated tube; and a

second perforated tube having a distal end, surrounding the membrane.

In some applications, at least one of the tubes is closed at the distal end thereof.

In some applications, the second perforated tube is attached to the membrane by

glue.



In some applications, the first perforated tube is attached to the optical fiber by

glue

In some applications, the membrane is attached to each of the perforated tubes by

glue.

In some applications, at least one of the perforated tubes includes a material

selected from the group consisting of metal and plastic.

There is further provided, in accordance with an application of the present

invention, an apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus including: a first tube having a distal end and a proximal end; a

membrane permeable to the analyte, coupled to the distal end of the first tube; a second

tube fitted on the first tube; and an optical fiber having a distal end fitted within the

proximal end of the first tube.

In some applications, the apparatus includes a ring coupled to the optical fiber, and

configured to limit insertion of the optical fiber within the first tube.

In some applications, the second tube is coupled to the first tube by a sealing

material configured to inhibit fluid from outside the apparatus from entering a space

between the first and second tubes.

In some applications, the first and second tubes are positioned to provide a space

adjacent to the membrane, and wherein the apparatus further includes an optically-

transparent, glucose-permeable material disposed within the space.

In some applications, the apparatus includes a sensor proteins disposed in the

material.

In some applications, the apparatus includes cells that generate the sensor proteins,

disposed in the material.

In some applications, the apparatus includes one or more alginate beads, wherein

the sensor proteins are disposed within the alginate beads.

In some applications, the one or more beads are squeezed between the membrane

and the optical fiber.



There is further provided, in accordance with an application of the present

invention, apparatus for detecting a concentration of an analyte, the apparatus being

configured to be implanted in a body of a subject and configured for use with an

extracorporeal detecting system, the apparatus including: a ring surrounding a sampling

region, the sampling region including a fluorescent material; and one or more optical

fibers coupled to the ring and configured to convey light between the sampling region and

the extracorporeal detecting system.

In some applications, the one or more optical fibers include are divided into at

least two bundles, a first one of the bundles configured to carry light to the sampling

region, and a second one of the bundles configured to carry light away from the sampling

region.

In some applications, the one or more optical fibers include a plurality of optical

fibers, each of the optical fibers being coupled to a respective site on the ring.

In some applications, the apparatus includes the extracorporeal detecting system,

and wherein the extracorporeal detecting system is configured to perform a FRET analysis

of molecules in the sampling region.

In some applications, the one or more optical fibers include a plurality of optical

fibers, wherein the ring is shaped to define a plurality of holes therein, and wherein a

respective one of the optical fibers is at least partially disposed within each one of the

holes.

In some applications, each one of the holes is oriented in a radial direction with

respect to a center of the ring.

In some applications, the holes are evenly distributed around the ring.

There is further provided, in accordance with an application of the present

invention, apparatus for detecting a concentration of an analyte, the apparatus configured

to be in communication with a sampling region, the apparatus including: an antenna; an

electro-optical unit, in communication with the antenna, the electro-optical unit including:

one or more filters and one or more mirrors; at least one light source configured to convey

one or more wavelengths of light to the sampling region, the light source being in

communication with the one or more filters and one or more mirrors; one or more beam

splitters; and a detector configured to receive one or more wavelengths of light from the



sampling region, the detector being in communication with the one or more beam splitters

and one or more mirrors.

In some applications, the electro-optical unit is configured as a free-space optics

system.

In some applications, the apparatus includes at least one optical fiber, wherein the

electro-optical unit is configured to use the at least one optical fiber to convey light from

the light source to the sampling region, and further, to use the at least one optical fiber to

convey light from the sampling region to the detector.

In some applications, the apparatus is configured to be implanted within a subject.

In some applications, the apparatus is configured to be: coupled extracorporeally

to a subject and in communication with the sampling region when the sampling region is

within the subject.

In some applications, the antenna is configured to transmit data.

In some applications, the antenna is configured to receive power.

In some applications, the apparatus includes a reservoir configured to hold a

substance; and at least one pump, configured to pump a measured amount of the substance

from the reservoir into a subject, in response to a signal from the electro-optical unit.

In some applications, the pump is configured to avoid influencing measurements

of the electro-optical unit.

In some applications, the apparatus includes a tube configured to convey the

substance from the reservoir to the subject, a distal end of the tube configured to be at

least 0.5 mm from the sampling region when the pump pumps the substance.

In some applications, that distance is less than 5.0 mm.

In some applications, the reservoir is configured to hold insulin.

There is further provided, in accordance with an application of the present

invention, apparatus for detecting a concentration of an analyte in a sampling region, the

apparatus configured to be implanted in a body of a subject, the apparatus including: an

electro-optical unit including a light source; a first set of one or more optical fibers

configured to transmit light in exactly one direction, from the light source toward the



sampling region; and a second set of one or more optical fibers configured to transmit

light in exactly one direction, from the sampling region toward the electro-optical unit.

There is further provided, in accordance with an application of the present

invention, apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus for use with an electro-optical unit and including: at least one bead;

and an optical fiber having a distal portion within 10 mm of the bead and in optical

communication with an interior of the bead, the bead being in a compressed state while in

optical communication with the optical fiber.

In some applications, the at least one bead includes two beads.

In some applications, the at least one bead includes three beads.

In some applications, the bead is spherical, if placed in an uncompressed state.

In some applications, the bead is compressed by the optical fiber, from a spherical

state of the bead, by 5-50% of an uncompressed diameter of the bead.

In some applications, the bead is compressed by the optical fiber, from the

spherical state, by 10-30% of the uncompressed diameter of the bead.

There is further provided, in accordance with an application of the present

invention, apparatus for detecting an analyte, the apparatus configured to be fully

implanted in a body of a subject, the apparatus including: a capsule, including: an electro-

optical unit; a control unit; and a transceiver, configured to be driven by the control unit to

transmit a signal indicative of a level of the analyte detected by the electro-optical unit;

and an optical fiber coupled to the electro-optical unit, the optical fiber including a distal

portion outside the capsule; and a membrane permeable to the analyte, the membrane

coupled to the distal portion of the optical fiber and surrounding a sampling region at least

in part, by being fitted over the distal portion of the fiber.

There is further provided, in accordance with an application of the present

invention, apparatus for detecting an analyte, configured to be fully implanted in a body

of a subject, the apparatus including: a capsule, including: an electro-optical unit; a

control unit; a transceiver, configured to be driven by the control unit to transmit a signal

indicative of a level of the analyte detected by the electro-optical unit; and a lens coupled



to the electro-optical unit; and a membrane permeable to the analyte, the membrane

coupled to an external surface of the capsule and surrounding a sampling region, and

configured to receive light from the electro-optical unit via the lens.

The present invention will be more fully understood from the following detailed

description of some applications thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is a schematic illustration of a mostly-encapsulated injectable device

comprising an optical measuring device, power source and control unit and sampling

region, configured to be implanted subcutaneously within the body of the subject, in

accordance with some applications of the present invention;

Fig. IB is a schematic illustration of a support for an optical measuring device,

power source and control unit configured to be coupled to the body of a subject, and that

is further coupled to a sampling region configured to be inserted into the body of the

subject, in accordance with some applications of the present invention;

Figs. 2A-B are schematic illustrations of subcutaneously-implanted membrane-

covered sensors containing a sampling region for detecting an interstitial analyte, in

accordance with some applications of the present invention;

Figs. 3-8 are further schematic illustrations of subcutaneously-implanted

membrane-covered sensors, in accordance with some applications of the present

invention;

Figs. 9-14 are further schematic illustrations of subcutaneously-implanted

membrane-covered sensors and external devices, in accordance with some applications of

the present invention; and

Fig. 15 is a schematic illustration of a subcutaneously-implanted injectable device,

coupled, without an optical fiber, to a sampling region, in accordance with some

applications of the present invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Reference is now made to Fig. 1A, which is a schematic illustration of an

injectable device 17 comprising an electro-optical unit 21, a power source (not shown), a



control unit 25, and a transceiver 1 , in accordance with some applications of the present

invention. The device is typically fully encapsulated in a capsule 18.

In some applications, capsule 18 is made of glass. In some applications, the

capsule is made from other materials known in the art that are suitable to be implanted in

the human body.

An optical fiber 10 is coupled to electro-optical unit 1 at one end of injectable

device 17. A proximal portion of optical fiber 0 is within capsule 18. A distal portion

extends out from capsule 18, to reach a sampling region 26 that is coupled to the distal

portion of optical fiber 10.

Sampling region 26, typically bounded by a selectively-permeable membrane 32,

is in some applications similar to sampling regions described hereinbelow with reference

to Figs. 2-9.

Typically, injectable device 17 has a diameter of 2-4 mm (e.g., 3 mm) and a length

of 7-13 mm (e.g., 10 mm).

In some applications, injectable device 17 is injected under the surface of the skin

of subject via a large bore needle or cannula (not shown). In other applications, the

device is implanted via an incision in the skin of the subject. In further applications,

injectable device 1 is implanted in the subject by other methods known in the art.

Injectable device 17 is configured to be fully implantable in the subject. Injectable

device 17 is, in some applications, configured to be in communication, typically via

transceiver 19, with an extracorporeal power supply (not shown) and/or an extracorporeal

receiver (not shown). Typically, the extracorporeal power supply is configured to

wirelessly power and/or recharge injectable device 17 via methods known in the art. In

some applications, injectable device 17 is configured to receive energy wirelessly, by an

antenna in the subject's bed (not shown), or by an RF-emitting patch (not shown) placed

on the subject's skin.

In some applications, the extracorporeal receiver is configured to send and/or

receive data to and/or from injectable device 17. In further applications, the

extracorporeal receiver is configured to display data relating to concentrations of an

analyte (e.g., glucose) within sampling region 26. In some applications, the

extracorporeal receiver is configured to transfer data received from injectable device 7 to

a computer (not shown) for viewing and/or analysis.



In some applications, injectable device 17 is configured to be in communication

with an extracorporeal pump 14. The extracorporeal pump is typically coupled to a

reservoir and is configured to pump a substance, e.g., insulin, (for example, a measured

amount of insulin), into the body of the subject in response to a signal from injectable

device 17. Typically, the signal from injectable device 7 is sent in response to glucose

sensing performed by electro-optical unit 1 in injectable device 17.

In some applications, the power source for extracorporeal pump 14 also provides

RF energy transmission to power injectable device 17.

In further applications, extracorporeal pump 14 further comprises a replaceable

cartridge in lieu of or in addition to the reservoir, which further contains a power

source (not shown) configured to run the pump and provide power to and/or recharge

injectable device 17.

Reference is now made to Fig. IB, which is a schematic illustration of a measuring

device 20 comprising a typically extracorporeal detection system 22 which comprises an

electro-optical unit 21, a power source 24 and a control unit 25, in accordance with some

applications of the present invention. Typically, extracorporeal detection system 22 is

held onto skin of a subject via a patch or adhesive bandage.

In some applications of the invention, there is also a transmitter (not shown)

configured to send data wirelessly, e.g., from control unit 25 to a display unit, a cell

phone, or an internet-connected device (not shown). Typically, measuring device 20

provides the subject with constant glucose monitoring. In some applications, measuring

device 20 provides information regarding the subject's glucose levels only on demand,

e.g., when measuring device 20 is in communication with a separate device (not shown).

Measuring device 20 further comprises an intracorporeal element 31. Typically,

device 20 is configured to detect and measure a concentration of an analyte, e.g., glucose,

in interstitial fluid of a subject. (In the context of the specification, examples of the

analyte being glucose are by way of illustration and not limitation.) Typically, a sampling

region 26 (see Figs. 2A - 8) of device 20 is designated for subcutaneous implantation

under the skin 28 of the subject. Alternatively, the sampling region can be implanted

either in blood vessels, peritoneum, the cerebrospinal fluid (CSF), or bone marrow.

In some applications, a non-FRET sensor is implanted in the subject, in

conjunction with sampling region 26. In these applications, data from two or more



methods (e.g., FRET and non-FRET) are combined and processed in the extracorporeal

detection system 22 to provide additional or overlapping data.

In further applications, extracorporeal detection system 22 is alternatively

configured to be implanted in a subject (and not to be extracorporeal). In some

applications, extracorporeal detection system 22 is configured to receive power and

transmit data wirelessly.

In some applications of the present invention, a light source 23 (a component of

electro-optical unit 21), comprises one or more of any suitable light source, e.g., but not

limited to, a light emitting diode (LED), an organic light emitting diode (OLED), a laser

diode, or a solid-state laser.

Reference is now made to Figs. 2-8, which are schematic illustrations of portions

of device 20, particularly intracorporeal element 31, in accordance with various aspects of

the present invention. In the absence of an indication to the contrary, all of the

embodiments described hereinbelow are configured to either be fully-implantable as

described hereinabove with reference to Fig. 1A or in the alternative, configured to be

coupled to an extracorporeal detection system described hereinabove with reference to

Fig. IB.

In some applications of the present invention, sampling region 26 is bounded by a

selectively-permeable membrane 32. h some applications of the present invention,

membrane 32 is optically transparent.

In some applications, membrane 32 is optically opaque, configured to prevent

spectral distortion of the detected fluorescent emission.

In some applications, the membrane is configured to provide isolation from the

subject's immune system.

Typically, membrane 32 is permeable to molecules having a molecular weight

equal to or less than the molecular weight of the analyte (e.g., glucose) configured to be

measured by device 20, and membrane 32 is configured to restrict passage into sampling

region 26 of cells from outside device 20.

Sampling region 26 typically comprises an optically-transparent and glucose-

permeable material 34. In some applications, of the present invention, material 34

comprises, by way of illustration and not limitation, alginate, agarose, silicone, a polymer,



a co-polymer polyethylene glycol (PEG), and/or gelatin. Alternatively or additionally,

material 34 comprises a glucose-permeable gel comprising extracellular matrix (ECM), in

combination with or separately from one or more of the above-listed optically-transparent

and glucose-permeable materials. For some applications of the present invention, material

34 comprises an optically-transparent and glucose-permeable copolymer, e.g., Poly

(dimethyl siloxane) (PDMS), Poly (N-isopropyl acrylamide) (PNIPAAM), or other

optically-transparent and glucose-permeable copolymers, or other copolymers known in

the art. In some applications of the present invention, material 34 comprises a plurality of

hollow capillary fibers configured for optical transmission of the light from source 23

through an optical fiber 10 and to allow for passage of certain constituents (e.g., small

molecules such as glucose) of fluid through sampling region 26, in order to facilitate

optical measuring of the analyte in sampling region 26.

A single optical fiber 10 is shown by way of example in some of the figures.

Other applications include split fibers, to allow for one or more transmissions of light

back to extracorporeal detection system 22.

Typically, material 34 is configured to passively allow passage therethrough of

certain constituents (e.g., small molecules such as glucose) of the interstitial fluid of the

subject that have a molecular weight smaller than the desired molecular weight cutoff

defined by material 34. For example, the molecular weight cutoff allows passage

therethrough of glucose molecules present in the interstitial fluid. In some applications of

the present invention, the molecular weight cutoff allows passage through material 34 of

only glucose molecules present in the interstitial fluid and of other molecules having a

molecular weight equal to or less than the molecular weight of the glucose molecule.

That is, material 34 is configured to restrict passage therethrough into sampling region 26

of some molecules having a molecular weight greater than a molecular weight of a

glucose molecule.

Because of the typically small size of sampling region 26, the concentration of the

analyte outside of device 20 is in general equilibrium with the average concentration of

analyte in the fluid measured in sampling region 26 during measurements thereof.

Therefore, measuring the concentration of glucose in sampling region 26 provides an

indication of the concentration of glucose in the body of the subject.



It is to be noted that membrane 32 is shown by way of illustration and not

limitation. For example, material 34 of sampling region 26 may be disposed within an

area defined by a support and/or upon a scaffold (e.g., as described with reference to Fig.

4) independently of or in combination with membrane 32. The scaffold may comprise a

porous material configured to allow passage therethrough into region 26 of constituents of

the interstitial fluid having a molecular weight smaller than the desired molecular weight

cutoff defined by the scaffold. Typically, the scaffold is configured to restrict passage of

cells into sampling region 26. The scaffold may be used independently of or in

combination with membrane 32.

Typically, material 34 has a refractive index, which prevents or minimizes loss of

light and refraction thereof.

Typically, light source 23, transmits light through sampling region 26 and away

from detection system 22 in the direction indicated by arrow 27 in Figs. 2A-B. Light

returns through sampling region 26, toward detection system 22, as indicated by arrow 29.

Control unit 25, as shown in Fig. B, e.g., a microprocessor, is typically in

communication with the other components of detection system 22, and facilitates real

time quantitative analysis of glucose in sampling region 26. Typically, the control unit

drives light source 23 to emit light through fiber 10 within sampling region 26 in

accordance with various emission parameters, such as duty cycle (e.g., number and/or

timing of measurements per hour), wavelengths, and amplitudes.

In some applications of the present invention, control unit 25 is coupled to a drug

administration unit (not shown), which is configured to administer a drug in response to

the measured parameter, e.g., in response to the level of glucose measured in the

interstitial fluid. In some applications of the present invention, the drug administration

unit comprises an insulin pump, which supplies insulin or another drug to the body in

response to the level of the analyte determined by device 20.

In some applications, the concentration of the analyte is measured using

polarimetric tecliniques which measure the concentration of the analyte according to the

polarization of light that passes from light source 23 and through sampling region 26. In

such an application, polarizing filters (not shown) are disposed in optical communication

with light source 23 and/or the detection system 22.



Alternatively or additionally, the concentration of the analyte is measured using

absorbance spectroscopy techniques. In such an application, the absorbance spectroscopy

is used to directly measure the concentration of the analyte in sampling region 26.

Alternatively or additionally, the absorbance spectroscopy device comprises a

plurality of detectors (not shown) configured to detect optical scattering of the illuminated

light (the scattering being induced by the presence of the analyte in the fluid). The

plurality of detectors is configured to increase the signal-to-noise ratio.

Reference is now made to Fig. 2A, which is a schematic illustration of a portion of

device 20 as described hereinabove with reference to Fig. IB, in accordance with some

applications of the present invention.

Typically, membrane 32 is shaped to define a substantially tubular structure for the

sampling region. Sampling region 26 and membrane 32, however, are tubular structures,

by way of illustration and not limitation. The tubular structure, as defined by the shaped

membrane 32 is typically cylindrical or hemispherical. In other applications, other

geometries known in the art can also be used. As shown, this selectively-permeable,

biocompatible membrane 32 is disposed around sampling region 26, and is configured to

restrict passage of some or all biomaterials into sampling region 26. In some applications

of the present invention, membrane 32 comprises a hydrophobic membrane, e.g., a

nitrocellulose membrane, or a polyvinylidene difluoride (PVDF) membrane, or a

polytetrafluoroethylene (PTFE) membrane, or a polysulfone membrane. In some

applications of the present invention, membrane 32 has a molecular weight cutoff of

around 500 kDa. It is to be noted, however, that applications described herein may be

implemented independently of membrane 32.

In some applications of the present invention, membrane 32 has an initially open

end 36 and another initially open end 38 (i.e., a hole), and is glued with glue 42 (or

another sealing element) at open end 36 to form a tight seal between membrane 32 and

optical fiber 10, which is fitted into open end 36. The optical fiber typically has a

diameter of 0.05 to 0.5 mm, e.g., 0.1 mm. In other applications, the seal is created using a

metal or plastic ring or spring that has the properties of exerting a radial pressure on the

membrane in order to seal it along the perimeter of the optical fiber. In some applications,

the metal ring comprises a medical grade metal, as known in the art, treated and cut so as

to maintain its shape after being pressed into position. In some applications, the plastic



ring is made from a medical grade plastic, as known in the art, that is either elastic and

flexible, or can be heat-shrunk, to produce the desired durable radial pressure to seal

opening 36 of membrane 32. In further applications, a metal ring is configured to provide

the radial pressure, and a plastic ring (e.g., comprising silicone) serves as a seal at the

interface between the membrane and the optical fiber, or, the interface between the

membrane and the metal ring, or, both.

Optical fiber 10 typically extends from extracorporeal detection system 22 to

intracorporeal element 31. In some applications, optical fiber 10 extends from an

intracorporeal detection system (not shown) to intracorporeal element 31.

Openings 36 and 38 are shown at the portions of membrane 32 that define the two

longitudinal ends of membrane 32 by way of illustration and not limitation, and for some

applications, one or both of the openings are not provided. For example, membrane 32

may provide only one opening. It is to be further noted that membrane 32 is shaped to

define a substantially tubular structure by way of illustration and not limitation. For

example, intracorporeal element 3 1 may comprise a flat surface that defines sampling

region 26.

Typically, membrane 32 is sealed at second end 38 of sampling region 26 by glue.

Alternatively a heat source may be used to create a seal by welding the membrane to

itself.

For some applications of the invention, a perforated tube 40 having one or more

perforations 4 1 in its lateral wall is placed within sampling region 26, providing for a

region within the tube for sampling the analyte. Typically, perforated tube 40 is

constructed from metal, but may alternatively comprise another material, as known in the

art. In some applications, the perforated tube is constructed such that it has a low wall

thickness, e.g., 0.01-0.05 mm, to reduce the length of the diffusion path from outside of

membrane 32 to the material 34 inside the sampling region.

In some applications, perforated tube 40 has relatively large perforations through

the wall of the tube, e.g., 0.02-0.06 mm in diameter, in order to increase the diffusion

through the wall. Typically, perforated tube 40 is constructed such that it can maintain its

rigidity and shape so that it remains generally straight (in order to minimize interference

with passage of light within the tube), even if small forces are applied to the tube in situ or

during insertion of all, or portions of intracorporeal element 31 into the subject.



It is noted that sampling region 26 within perforated tube 40 is described

hereinabove as containing material 34 (e.g., an optically-transparent and glucose-

permeable material, as described hereinabove), by way of illustration and not limitation.

For example, sampling region 26 may be hollow.

Typically, optical fiber 10 fits within perforated tube 40. A stopper 44, typically

of silicone, but may be other materials known in the art, is in some applications, fitted in

the opposite end of tube 40, as shown.

For some applications, sampling region 26 contains cells (not shown) that are

genetically engineered to express a protein configured to facilitate optical quantification

of the analyte in sampling region 26, The cells are engineered to produce a molecule (e.g.,

a protein, or "fluorescent material," as described hereinabove) that binds with an analyte

and undergoes a conformational change in a detectable manner. Typically, but not

necessarily, FRET techniques known in the art are used to detect the conformational

change.

For some applications of the present invention in which FRET is used, cells are

genetically engineered to produce, in situ, sensor proteins (not shown) comprising a

fluorescent protein donor (e.g., cyan fluorescent protein (CFP)), a fluorescent protein

acceptor (e.g., yellow fluorescent protein (YFP)), and a binding protein (e.g., glucose-

galactose binding protein) for the analyte. As appropriate, the sensor proteins may

generally reside in the cytoplasm of cells and/or may be targeted to reside on the cell

membranes of cells, and/or may be secreted by cells into sampling region 26. For some

applications, the sensor proteins may be in sampling region 26, exclusive of cells. The

sensor proteins are configured such that binding of the analyte to the binding protein

changes the conformation of the sensor proteins, and thus the distance between respective

donors and acceptors. It is to be noted that although CFP and YFP proteins are coupled to

the anaiyte-binding protein, any fluorescent protein may be coupled to the analyte-binding

protein.

In some applications, sampling region 26 has a diameter of between 0.05 and 0.5

mm and height between 0.1 and 2 mm.

Fig. 2B is a schematic illustration of sampling region 26 in perforated tube 40, as

described hereinabove with reference to Fig. 2A, with the exception that sampling region

26 contains three beads 50, 5 1 and 52. In some applications, the perforations are limited



in size to prevent the beads from escaping the tube, and the tube in general has an inner

diameter suitable to maintain the beads in a generally-fixed position.

Three beads are shown for illustrative purposes, other combinations of one or

more beads are also used. Beads 50 and/or 5 1 and/or 52 are typically spherical in shape

and designed to fit within the diameter of sampling region 26.

Typically, the beads each have a diameter of 40 to 500 µηι. In some applications,

each bead has a diameter equal to 60% to 80% of a diameter of the perforated tube.

Alternatively or additionally, each bead has a diameter equal to 80% to 120% of a

diameter of the optical fiber 10.

In some applications, optical fiber 10 is configured to compress the one or more

beads. Beads 50 and/or 5 1 and/or 52, initially spherical, are typically compressed to

increase the ratio of their geometric surface area relative to volume. In addition,

compressing the bead improves optical coupling between the beads and optical fiber 10.

In some applications, the diameter of the beads is 50-500 microns (e.g., 100-250 microns)

before being compressed. In some applications, the compression is 5-50%, for example

10-30%.

The size of perforations 4 1 as drawn in the figure are for illustrative purposes only

and are not necessarily to scale. Perforations 4 1 in perforated tube 40 are, in some

applications, slightly smaller than the diameter of the beads, keeping the beads in place

and preventing their escape from the tube, while retaining a relatively large opening for

the purpose of facilitating liquid penetration and diffusion of the measured analyte into

sampling region 26 and into beads 50 and/or 5 1 and/or 52.

In some instances, perforations 4 in perforated tube 40 reach the end of optical

fiber 10 (as illustrated). Alternatively, the perforations only exist at a distal portion of

tube 40, but are not at a portion of the tube in the vicinity of the optical fiber. Typically,

perforations 4 are generally evenly distributed along perforated tube 41.

By way of illustration and not limitation, three beads, i.e., beads 50 and/or 5 1

and/or 52, are shown in Fig. 2B as being disposed in perforated tube 40, although other

bead combinations may also be used. Typically, beads 50 and/or 5 1 and/or 52 comprise

alginate, although other materials that are permeable to interstitial glucose may also be

used. Typically, beads 50 and/or 5 1 and/or 52 further contain genetically-modified

glucose binding proteins as described hereinabove with reference to Fig. 2A.



Alternatively or additionally, beads 50 and/or and/or 52 further contain genetically-

modified cells that produce the genetically-modified glucose binding proteins, as

described hereinabove with reference to Fig. 2A.

In some applications, sampling region 26 is configured to provide a short distance

for light to travel from optical fiber 10 to beads 50 and/or 5 1 and/or 52. In some

applications, sample region 26 is configured to provide good optical coupling between

bead 50 and optical fiber 10. Typically, beads 50 and/or 5 1 and/or 52 are pressed toward

optical fiber 10 by stopper 44. In some instances, bead 52 is in direct contact with optical

fiber 10.

In some applications, stopper 44 is configured to prevent slip of beads 50 and/or

5 1 and/or 52, and to maintain tight packing of the inside of sampling region 26, to

increase the optical access of light source 23 to the beads.

Fig. 3 is a schematic illustration of sampling region 26, as described hereinabove

with reference to Figs. 2A-B, with the exception that sampling region 26 is surrounded by

a membrane 32, and is not surrounded by a perforated tube, in accordance with some

applications of the present invention. In some applications of the present invention,

membrane 32 is shaped to define a tube, by way of illustration and not limitation. For

example, membrane 32 may be shaped to define a rectangular housing, a hemisphere, or

another shape. Sampling region 26, as shown, within membrane 32, comprises optically-

transparent and glucose-permeable material 34 (as described hereinabove with reference

to Figs. 1, 2A and 2B), by way of illustration and not limitation.

In some applications, sampling region 26 has a diameter of between 0.05 and 0.5

mm and height between 0.1 and 2 mm.

Fig. 4 is a schematic illustration of sampling region 26, as described hereinabove

with reference to Figs. 2A-B, with the exception that sampling region 26 is contained

within a perforated tube 60. Perforated tube 60 is formed such that areas of the tube have

been cut out to create a scaffolding structure with windows 62. Typically, windows 62

are sized to maintain rigidity of perforated tube 60, e.g., the tube retains its general shape

during and after implantation in the subject. In some instances, the windows are sized

such that beads 50 and/or 5 1 and/or 52 cannot pass through a window. In some

applications, the width of window 62 is less than the diameter of beads 50 and/or 5 1

and/or 52. Windows 62 are covered by a membrane 32 stretched over the opening in a



configuration to prevent the material inside from moving. (For some applications, all of

tube 60 is covered by membrane 32.) There are three window cutouts portrayed in Fig. 4

(exploded Section A-A) by way of illustration and not limitation.

To facilitate diffusion of the analyte into the sampling region 26, windows 62 lie

along the side of cylindrically-shaped perforated tube 60 in a plane that is parallel to the

extension of optical fiber 10, i.e., on a lateral wall of perforated tube 60.

Perforated tube 60 is coupled to optical fiber 10 either mechanically or with a fast

curing adhesive. In some applications, the adhesive is UV-cured.

A ring, in some applications, an o-ring (not shown), coupled to perforated tube 60,

is configured to seal fluid passage at the interface between perforated tube 60 and optical

fiber 10.

In some applications, sampling region 26 has a diameter of between 0.05 and 0.5

mm, and a height between 0.1 and 2 mm.

Fig. 5 is a schematic illustration of sampling region 26, as described hereinabove

with reference to Figs. 2A-B, with the exception that membrane 32 is sandwiched

between a perforated tube 72 and a perforated tube 74.

Diffusive membrane 32 is at least in part in a plane perpendicular to the extension

of optical fiber 10, and takes the general shape of a partial spherical surface at the end of

optical fiber . This configuration provides a relatively large ratio of diffusive surface to

volume in sampling region 26, the ratio growing as the diameter of optical fiber 10

becomes smaller. For example, in the case that the sampling region is a hemisphere, the

ratio between the area of the membrane and the volume of sampling region 26 is 6/D,

where D is the diameter of optical fiber 10. In some applications, in which the sampling

region 26 has a diameter of between 0.05 and 0.5 mm, the surface to volume ratio will

accordingly be between 120 and 12 mm"1 .

Typically, membrane 32 and tubes 72 and 74 are press fitted to create a

hemispherical sampling region 26, however, other shapes may also be used, including

tubular and other shapes; sampling region 26 is a hemisphere, by way of illustration and

not limitation. Tubes 72 and 74 are typically stainless steel, but could be an alternative

material as well. Perforated tube 72 is typically coupled to optical fiber 10 by glue,

although other methods of coupling the tube to the fiber can also be implemented.



Membrane 32 is typically attached by glue to both tubes 72 and 74 within the area

that perforated tube 72 coincides with the length of optical fiber. The glue is configured

to prevent fluid passage into sampling region 26 other than that which passes through

membrane 32. In other applications, other materials, in addition to, or instead of glue,

may also be used.

Sampling region 26 typically comprises material 34 (which is typically optically-

transparent and glucose-permeable). Perforated tube 72 has a larger-diameter portion 76

and a smaller-diameter portion 78. Portion 76 allows the optical fiber to slide into place,

and portion 78 prevents the optical fiber from advancing into the area housing material 34

(which can house either cells (not shown), sensor proteins (not shown) or beads 50 and/or

5 1 and/or 52, as shown hereinabove with reference to Fig. 2B).

In some applications, sampling region 26 has a diameter of between 0.05 and 0.5

mm and height between 0.05 and 0.5 mm.

Fig. 6 is a schematic illustration of sampling region 26, as described hereinabove

with reference to Figs. 2A-B, with the exception that a ring 80 is used to seal membrane

32 to optical fiber 10, and that the diffusive surface of membrane 32 is in a plane

perpendicular to the extension of optical fiber 10.

n some applications, sampling region 26 is configured to provide a short diffusion

distance for light from optical fiber 10. For example, the diameter D of sampling region

26 is typically at least 1.5, or between 1.5 and 2, e.g., 2 times greater than the height H of

the sampling region. Typically, the distal end of the sampling region is less than 0.6 mm,

e.g., less than 0.4 mm from the distal end of fiber 10. This configuration provides a large

ratio of diffusive surface to volume of sample region 26, because the height of sample

region 26 is typically small relative to its diameter.

In this application of the invention, sampling region 26 typically but not

necessarily contains beads 50 and/or 51 and/or 52 (described hereinabove; not shown in

Fig. 6). Material 34, housed within membrane 32, is typically optically-transparent and

glucose-permeable material, as described hereinabove. Material 34 can house either cells

that make sensor proteins, or sensor proteins that are not generated by cells within

sampling region 26, as described hereinabove.

Fig. 7 is a schematic illustration of sampling region 26, as described hereinabove

with reference to Fig. 6, with the exception that glue is used to seal membrane 32 to



optical fiber 10. A tube 82 is sealed around optical fiber 10, and typically, but not

necessarily, does not have perforations or windows along its wall.

The diffusive surface of membrane 32 is in a plane perpendicular to the extension

of optical fiber 10. In some applications, sampling region 26 is configured to provide a

short diffusion distance for light from optical fiber 10. For example, the diameter D of

sampling region 26 is typically at least 1.5, or between 1.5 and 2, e.g., 2 times greater than

the height H of the sampling region. Typically, the distal end of the sampling region is

less than 0.6 mm, e.g., less than 0.4 mm from the distal end of fiber 10. This

configuration provides a large ratio of diffusive surface to volume of sample region 26,

because the height of sample region 26 is typically small relative to its diameter.

Fig. 8 is a schematic illustration of sampling region 26. Sampling region 26 is

depicted without beads 50 and/or 5 1 and/or 52 for illustrative purposes only. In some

applications, sampling region 26 may have beads 50 and/or 5 and/or 52. The volume of

sampling region 26 is defined by a first thin-walled tube 90 having a distal end 92 and a

proximal end 94. A second tube 96 has a distal end 98 and a proximal end 100. The wall

thickness of tubes 90 and 96 typically ranges from 0.01 mm to 0.1 mm, e.g., 0.03 mm.

Membrane 32 is stretched over the distal end of tube 96 and tube 90 is slid over tube 96

from above, tightly fitting around tube 96, and stretching membrane 32, in effect creating

a double-walled cup structure with a proximal end and a distal end. The proximal end of

the cup is open (and facing downward, in the figure toward optical fiber 10). The distal

end of the cup is defined by membrane 32.

In some applications, sealing and/or gluing material is applied into the area

between the double walls defined by tubes 90 and 96. The glue is typically applied far

enough from the distal end of sampling region 26 in order to avoid blocking membrane 32

by glue infiltration. The sealing and/or gluing material is configured to seal the area

between the double walls of the apparatus, defined by tubes 90 and 96, and to prevent

fluid passage through the double-walled area into sampling region 26. Typically, this

application of the invention is configured such that there is no fluid passage into sampling

region 26 through the double-walled area, as defined by tubes 90 and 96, nor between

tube 96 and optical fiber 1 . This application of the invention is typically configured to

allow fluid passage into and out of sampling region 26 only through membrane 32 at the

distal end of the cup described hereinabove.



In some applications, membrane 32 is relatively rigid and is configured to

facilitate diffusion of the measured analyte as well as other factors from the subject that

support cell viability, e.g., nutrients and/or oxygen, into sampling region 26.

The diffusive surface of membrane 32 is in a plane perpendicular to the extension

of optical fiber 10. In some applications, sampling region 26 is configured to provide a

short diffusion distance for light from optical fiber 10. For example, the diameter D of

sampling region 26 is typically at least 1.5, or between 1.5 and 2, e.g., 2 times greater than

the height H of the sampling region. Typically, the distal end of the sampling region is

less than 0.6 mm, e.g., less than 0.4 mm from the distal end of fiber 10. This

configuration provides a large ratio of diffusive surface to volume of sample region 26,

because the height of sample region 26 is typically small relative to its diameter.

Optical fiber 10 fits into proximal end 100 of second tube 96. A ring 104 is glued

or otherwise attached to the optical fiber and contacts proximal end 100 of second tube

96. As appropriate: (a) proximal end 94 of first tube 90 may surround ring 104, (b)

proximal end 94 of tube 90 may contact ring 104 without surrounding the ring, or (c)

proximal end 94 of tube 90 may not contact ring 104. In any case, tube 90, tube 96,

and/or ring 104 operate together to seal in sampling region 26 and to define the height of

sampling region 26. The sampling region typically comprises an optically-transparent and

glucose-permeable material 34 (material 34 is shown in Fig. 6, for example). Material 34

can house cells that generate sensor proteins, sensor proteins dispersed in material 34, or

beads 50 and/or 5 1 and/or 52 (as described hereinabove with reference to Fig. 2B).

A sealing and/or gluing material (not shown) is applied between tube 90 and tube

96. The sealing and/or gluing material is configured to keep tubes 90 and 96 together and

to prevent fluids from outside the device accessing sampling region 26.

In some applications, second tube 96 is sealed to optical fiber 10 by either glue

and/or a mechanical ring (not shown) that presses the cup against optical fiber 10.

In some applications, ring 104 is made of the same material as tube 96. Further,

tube 90 is, in some applications, longer at distal end 92, than tube 96 such that when ring

104 stops the further progression of tube 96 within tube 90, tube 90 covers (fully or

partially) ring 104, creating a gluing surface.

Although Fig. 8 shows membrane 32 extending a certain distance along the outer

surface of second tube 96, it is noted that the scope of the present invention includes



having the membrane extend further (proximally), or not as far along the outer surface of

second tube 96.

In some applications, a soft-material ring (not shown) that fits between second

tube 96 and optical fiber 10 is configured to provide sealing therebetween.

In further applications, the soft-material ring, is applied between the proximal

portion of tube 90 and ring 104.

In some applications, sampling region 26 is configured to provide a short diffusion

distance for light from optical fiber 10, since the distal end of sampling region 26 is

within 0.5 or 0.3 mm of the distal end of optical fiber 10.

For applications in which bead 50 and/or 5 1 and/or 52 is included in sampling

region 26 (not shown), the sampling region is configured to tightly fit the bead in place.

In some applications, sampling region 26 is configured to provide good optical

coupling between bead 50 and/or bead 52 (not shown) and optical fiber 10. Typically,

direct contact between bead 50 and/or 1 and/or 52 and the distal end of optical fiber 10

are maximized to the extent that bead 50 and or 5 1 and/or 52 do not break from that

contact. This is typically achieved by exerting slight pressure on beads 50 and/or 5 1

and/or 52 by membrane 32, and/or first thin-walled tube 90, and/or second tube 96.

In some applications, when the height of sample region 26 is slightly smaller than

the diameter of bead 50 and/or 1 and/or 52, the bead is squeezed toward optical fiber 10

as well as toward membrane 32, yielding a situation wherein optical coupling is improved

and a shorter diffusion distance is achieved.

In some applications, sampling region 26 has a diameter of between 0.05 and 0.5

mm.

Fig. 9 is a schematic illustration showing FRET fluorescence excitation and

subsequent detection of analyte occurring in a substantially flat sampling region 26, in

accordance with some applications of the present invention. Optical fiber bundles 122 and

120 convey light back and forth respectively to sampling region 26. Sampling region 26

lies inside ring 124, ring 124 having a diameter of 1 to 10 mm, e.g., 8 mm. A set of radial

holes 126 (for example, 10 to 50 radial holes, e.g., 14 holes) through the wall of ring 124

serves for fixing the ends of optical fibers 125 and 127, shown by way of example and not

limitation, that are splits of optical bundles 120 and 122, respectively.



As shown in Fig. 9, sampling region 26 has two large exposed flat surfaces

thereof, i.e., the upper 128 and lower 130 large exposed surfaces of the sampling region.

These large exposed surfaces provide a large interface area of sampling region 26 with the

surroundings of the device, thereby supporting better exchange of material (e.g., glucose).

Typically, a supportive element is present, e.g., selective membrane 32 (not shown), at the

interface between sampling region 26 and the surrounding environment. This element

typically serves as a means for keeping or fixing fluorescent material (not shown) in place

within sampling region 26, as well as for selecting the fluid components that can be

exchanged with the surrounding environment. For example, in the case of an implantable

device, membrane 32 allows the permeation of analytes of interest into the sample region

26, while restricting passage therethrough of components from within sampling region 26

into the subject's body which could, among other things, potentially activate the immune

system. Additionally, membrane 32 inhibits agents of the immune system from entering

sampling region 26.

Appropriate reflective and scattering optical properties of the fluorescent material

(not shown) in sample region 26 and/or of the supportive element, e.g. membrane 32 (not

shown) contribute to enhancing both the effectiveness of the fluorescence exciting light,

as well as directing a larger portion of the fluorescently-emitted light towards

extracorporeal detection system 22.

Thus, typically, sampling region 26 houses a fluorescent material (not shown),

which is excited by light, having a first wavelength, which is emitted by light source 23 of

extracorporeal detection system 22, and, responsively to the excitation of the FRET

molecules (not shown) emits light in wavelengths that are higher than the excitation

wavelength. Typically, the emission parameters of the light emitted from the FRET

molecules are proportionately affected in response to an analyte in sampling region 26.

Part or all of these parameters, e.g., the intensity of the fluorescent emitted light in

selected wavelength ranges, are measured by electro-optical unit 2 1 in extracorporeal

detection system 22. Thus, concentrations of the analyte in sampling region 26 are

measured responsively to the changes in emission parameters of the light emitted by the

FRET molecules.

More specifically, in Fig. 9, excitation light that is emitted by light source 23 (e.g.,

here a laser diode shown by way of illustration but not limitation) is typically collimated

by a first lens 140 and then focused by a second lens 142 into first, proximal, ends of



optical fibers assembled in optical fiber bundle 120. The distance between second lens

142 and optical fiber bundle 120 is typically determined by optimizing for a combination

between light spot size and sharpness. At the second, distal end of optical fiber bundle

20, optical fibers 125 are typically spread evenly along the perimeter of ring 124 and

deliver the excitation light into sampling region 26, where the light excites a fluorescent

material (not shown) disposed therein. Fluorescence emitted light is then collected by the

first, distal, ends of optical fibers 127 that are assembled in optical fiber bundle 122, to

deliver the fluorescent light for detection by electro-optical unit 2 1 in extracorporeal

detection system 22.

The fluorescent light that is received at the second, proximal, ends of optical fibers

127, in optical fiber bundle 122, is in some applications, collimated by lens 144 and split

into two spectral bands by dichroic beam splitter 146. One spectral band is reflected by

beam splitter 146, and the other spectral band is transmitted through the beam splitter. The

reflected light beam is filtered by a first narrow band filter 148, which filters a first

fluorescent emission spectral band, and is afterwards focused by a lens 150 onto a light

detector 152 (e.g., a photodiode), which measures the intensity of the first fluorescent

emission spectral band. The distance between lens 150 and photodiode 152 is typically

the focal length of the lens. The light transmitted through beam splitter 146 is reflected by

a mirror 154 through a second narrow band filter 156, which filters a second fluorescent

emission spectral band, and is afterwards focused by lens 158 onto light detector 160

(e.g., a photo diode), which measures the intensity of the second fluorescent emission

spectral band. The distance between lens 158 and photodiode 160 is typically the focal

length of the lens. Mirror 154 is not mandatory from a functional perspective, rather it

serves primarily for making the structure of extracorporeal detection system 22 more

compact. Alternatively, mirror 154 could be replaced by a second beam splitter

(configuration not shown) that would add a filtering stage to the filtering of the

fluorescent emitted light by reflecting a selected range of wavelengths towards detector

160, and transmitting away wavelengths that are not of interest. Such a process increases

the signal to noise ratio of the system.

The configuration of sample region as shown in Fig. 9 provides a large interface

area of sampling region 26 with the surrounding environment. Accordingly, it has the

advantage of minimizing the average distance between the surface of the sample region

and any point inside it, shortening, for example, the diffusion distance of a measured



analyte from the outside environment into the sampling region, and shortening,

accordingly, the response time of the device. In addition, the application of the invention

shown in Fig. 9 provides simplicity, compactness, and a slim structure that improves the

ease of implantation.

Fig. 0 shows an application of an optical sensor device in which a single optical

fiber transmits light back and forth from an electro-optical unit 2 1 to sample region 350,

in accordance with an application of the present invention. For fluorescence detection,

excitation light that is produced by electro-optical unit 2 1 is transmitted to the fluorescent

material (not shown) in sample region 350 by an optical fiber 310. Fluorescent light that

is consequently emitted by the fluorescent material is transmitted in the opposite direction

from sample region 350 to the electro-optical unit 2 1 through the same optical fiber 310.

More specifically, in the application shown in Fig. 10, excitation light that is

emitted by light source 302, e.g., a laser diode, is collimated by lens 304. A dichroic

beam-splitter 325 reflects the light from light source 302 towards the proximal end 308 of

optical fiber 310 and passes undesired parts of the emission spectrum of light source 302.

Lens 306 focuses the collimated beam into proximal end 308 of optical fiber 310, while

an additional optical window 307 may serve as a dust protection unit. Optical fiber 310

delivers the illumination light to sample region 350 at its second, distal end 314, where it

excites a fluorescent material (not shown) that is disposed therein. Fluorescence emitted

light is then collected by distal end 4 of optical fiber 3 0 and delivered back into

electro-optical unit 21. Electro-optical unit 2 comprises a lens 306, which collimates the

fluorescent light that is transmitted through first dichroic beam splitter 325 to a second

beam splitter 326, where it is split into two spectral bands of interest. A first spectral

band is reflected towards a first light detector 334, and a second spectral band is

transmitted towards mirror 328. Mirror 328 is in some instances a folding mirror

configured to change the propagation direction of the light beam. The first reflected light

beam is filtered by a first narrow band filter 330, which passes the first fluorescent

emission spectral band, and is afterwards focused by a lens 332 onto light detector 334,

e.g., a photo diode, which measures the intensity of the first fluorescent emission spectral

band. The second transmitted light beam is reflected by mirror 328 through a second

narrow band filter 336, which passes a second fluorescent emission spectral band. The

filtered light is afterwards focused by a lens 338 onto a second light detector 340, e.g., a

photo diode, which measures the intensity of the second fluorescent emission spectral



band. Mirror 328 serves primarily for making the structure of electro-optical unit 1

compact. Alternatively, mirror 328 may be replaced by a third beam splitter, which adds

a filtering stage to the filtering of the fluorescent emitted light, by reflecting a selected

range of wavelengths of interest towards detector 340 and by transmitting away

wavelengths that are not of interest. Such a process may in some applications increase the

signal to noise ratio of the system.

The use of a laser as light source 302, e.g., a laser diode shown for illustration but

not limitation, has the typical advantage of comprising a relatively small light emitting

element which produces light in a relatively narrow spectral band. The small size of the

light emitting element makes it suitable for efficient transmittance of light power into

optical fiber 3 0, by suitable focusing optics. The narrow spectral band is suitable for

fluorescence applications, where the separation between the excitation spectrum and the

fluorescence emission spectra is utilized. However, the addition of a narrow band filter

303 to the above described embodiment would allow the application of light sources with

a spectral emission band that is broader than the laser band. Such light sources, e.g.,

LED's, for some applications have relative advantages of availability, stability, ease of

operation, cost, and other considerations.

Typically, sample region 350 houses a fluorescent material, which is excited by

light having a first wavelength, which is produced by light source 302 of electro-optical

unit 2 1, and, responsively to the excitation via light source 302, emits light in wavelengths

that are higher than the excitation wavelength. The intensity of the fluorescence emitted

light in selected wavelength ranges is measured by electro-optical unit 21. Thus, the

concentration of the analyte in region 350 is measured responsively to changes in

emission parameters of the light emitted by the fluorescent material.

As shown in Fig. 10, sampling region 350, is provided having distal end 314 of

optical fiber 310 connected to a rigid skeletal structure, e.g., a perforated tube 352, which

positions the fluorescent material at the end of optical fiber 310. In some applications,

improved optical performance is achieved by having the fluorescent material covering the

entire cross section of optical fiber 310. In some applications, sampling region 350 is

similar or identical to sampling regions 26 described hereinabove with reference to Figs.

2-8.



In this exemplary application, the fluorescent material is encapsulated in

transparent beads (not shown) of a size that typically does not allow the beads to pass

through the holes of perforated tube 352. Typically, the density of the holes in perforated

tube 352 can be as high as the desired rigidity of perforated tube 352 permits, and the wall

thickness of perforated tube 352 is typically accordingly as thin as the desired rigidity of

perforated tube 352 permits. The diffusion of the analyte increases between the

fluorescent material and the surrounding environment, with a higher perforation density

and a thinner wall.

A stopper 354, e.g., a silicone plug, closes perforated tube 352 from the side

opposite to distal end 314 of optical fiber 310. In some applications, the stopper

maintains the fluorescent material in place.

A selective membrane 356, e.g., a perforated poiyvinylidene difluoride (PVDF)

membrane shaped as a tube, typically seals the entire sample region 350. It typically

serves to select fluid components that can be exchanged with the surrounding

environment. The membrane allows the permeation of analytes of interest, while

restricting passage therethrough of components from within region 350 into the body

which could potentially activate the immune system. Additionally, the membrane restricts

passage therethrough of agents of the immune system from entering the sample region.

Appropriate reflective and scattering optical properties of perforated tube 352 and

membrane 356 contribute to enhancing both the effectiveness of the fluorescence exciting

light as well as directing a larger portion of the fluorescent emitted light towards electro-

optical unit 21.

Fig. 1 is a schematic illustration of detection system 22 for coupling with

implantable sampling region 26 of measuring device 20, in accordance with an application

of the present invention. Detection system 22 comprises electro-optical unit 21, which

typically operates as described hereinabove with reference to Fig. 10. Electro-optical unit

2 comprises a filter-cube array 212 having a plurality of filters that are aligned as shown

in Fig. 1, and which operate as described with reference to Fig. 10.

Typically, the individual electronic components of electro-optical unit 2 1 are

board-mounted on an electronic card. A light source and detection unit 211 comprises

one or more light sources and one or more detectors (typically one light source and two

detectors), which operate as described with reference to Fig. 10. A pinhole unit 213 is



shaped to define one or more pinholes that are aligned with the light source and/or with

the one or more detectors of unit 2 1. The alignment between pinhole unit 213 and light

source and detection unit 2 11 is, in some applications, configured to prevent crosstalk

between distinct components of electro-optical unit 21. In some applications, the pinholes

in pinhole unit 213 narrow the light beams approaching the detectors on light source and

detection unit 2 11. In further applications, pinholes in pinhole unit 213 are configured to

narrow the light beams emanating from the light source, so that light enters filter-cube

array 212 (in some applications comprising interference filters) at an angle perpendicular

to the face of array 212. A lens unit 215 comprises one or more lenses which operate as

described with reference to Fig. 10. A beam splitter unit 210 comprises one or more

dichroic beam splitters, which operate as described with reference to Fig. 10.

Spaces depicted between the units in measuring device 20 are for illustrative

purposes; in some applications, two or more of these units (e.g., light source and detection

unit 211, pinhole unit 213, lens unit 215, beam splitter unit 210, and filter-cube array 212)

are in contact with each other.

Measuring device 20 typically has a port for a connector 219. Connector 219 is

configured to reversibly couple electro-optical unit 2 1 with optical fiber 218 (or a light

guide, not shown), and implantable sampling region 26, placing the sampling region in

optical communication with electro-optical unit 1.

For some applications, the measuring device comprises a transceiver 217, an

antenna 214, and an extracorporeal detection system 216. Typically, extracorporeal

detection system 216 is similar to extracorporeal detection system 22 described

hereinabove with reference to Fig. . (In some applications, the systems are identical.)

In some applications, transceiver 217 and antenna 214 are employed to transmit and

receive data related to analyte content in sampling region 26. In some applications,

measuring device 20 and sampling region 26 are both configured to be implantable within

the body of the subject. In some applications, detection system 22 of measuring device 20

is configured to be coupled to the body of the subject extracorporeally.

Fig. 12 is a schematic illustration of measuring device 20, in accordance with

another application of the present invention. Extracorporeal detection system 216 of

measuring device 20 is generally similar to electro-optical unit 2 (Figs. 10-1 1), except

with differences as noted.



Further, extracorporeal detection system 216 is typically similar to extracorporeal

detection system 22 described hereinabove with reference to Fig. IB. (In some

applications the systems are identical.) Measuring device 20 is coupled to a replaceable

insulin reservoir 250. Reservoir 250 is in communication with an activation unit (not

shown) that turns on a pump mechanism (not shown), which is powered by a replaceable

pump battery 256. The pump mechanism pumps insulin from reservoir 250, through an

insulin tube 258, and out of measuring device 20, through an insulin dispenser 260.

Insulin dispenser 260 extends out of measuring device 20, and is typically capable

of being implanted into the subject. Typically, the insulin concentrations are calibrated

for the patient prior to implantation. In some applications, more than one insulin reservoir

(not shown) is provided, each having a different respective concentration of insulin (of

another different property). The desired insulin is administered based on sensing, time of

day, or another parameter. Insulin from insulin tube 258 typically does not significantly

affect the glucose readings derived from sampling region 26. In some applications, this is

the case because the area to which insulin dispenser 260 dispenses insulin into the body of

the subject is sufficiently separated from sampling region 26, e.g., 2-5 mm. In addition,

with the sensing of glucose levels taking place only on one end of inserted optical fiber

310, i.e., at sampling region 26, and not all along the optical fiber 3 0 there is generally

no material effect on the values of the analyte being sampled in sampling region 26.

For some applications, automatic detector calibration is provided using insulin

reservoir 250, or, alternatively, another dedicated reservoir (not shown) which stores a

glucose solution of known concentration. Upon entering an automatic calibration mode,

the glucose solution is injected into sample region 26, and consecutive readings of the

detection unit are calibrated to the known glucose concentration.

It is noted that the scope of the present invention includes replacing the

extracorporeal detection system described with regard to Fig. 12 with an intracorporeal

detection system. In such a case, replaceable insulin reservoir 250 typically remains

extracorporeal.

Fig. 13 is a schematic illustration of light transmission apparatus, in which a

separate set of fibers 370 are dedicated to transmitting light from a light source (not

shown) toward sampling region 26, which is surrounded by a membrane 362 (shown here

cut-away for illustrative purposes only) and a perforated tube 366. A separate set of fibers



368 carry light from sampling region 26 toward the extracorporeal detection system (not

shown), e.g., electro-optic unit 2 1 of Fig. 9. For some applications, fibers 370 and/or

fibers 3 8 carry light both to and from sampling region

Fig. 14 is a schematic illustration, showing a device 399, as an alternative to the

free space optics depicted in some of the prior figures, in accordance with an application

of the present invention. In applying all-fiber optics, device 399 typically does not use

lenses and allows for smaller optics, facilitating easy implantation of device 399. Sample

region 26 is coupled to optical fiber 10. Optical fiber 10 is coupled to a fiber connector

400. Excitation light produced by a laser diode 402, or an alternative light source, travels

through a fiber-coupled narrow-band filter 406 and is reflected by a fiber-coupled dichroic

beam splitter 404 and travels through optical fiber 10 toward sample region 26.

Fluorescent light from sample region 26 travels back via optical fiber 10, passes through

fiber-coupled dichroic beam splitter 404 toward a second fiber-coupled beam splitter 408,

splitting the emission into two wavelength bands. One wavelength is reflected by beam

splitter 408 through a narrow band filter 407, exciting a fiber-coupled photodiode 412. A

second wavelength passes through beam splitter 408, through a second narrow band filter

410, exciting a second filter-coupled photodiode 414.

n some configurations, dichroic beam splitters 404 and 408 and narrow band

filters 406, 407, and 410 utilize fiber couplers with embedded thin glass filters, or direct

dichroic coating on polished fiber ends. This second configuration is typically when the

optical fiber material comprises glass (e.g., quartz).

In some applications, device 399 is embedded in or mounted on an electronic card

(not shown) and includes measuring device 20 described with reference to Fig. IB. For

such applications, measuring device 20 comprises an extracorporeal detection system 22

which, in addition to the detection unit 2 1 also comprises a power source 24 and a control

unit 25, in accordance with some applications of the present invention.

It is noted that the scope of the present invention includes replacing the

extracorporeal detection system described with regard to Fig. 14 with an intracorporeal

detection system, such that measuring device 20, including extracorporeal detection

system 22, is entirely implantable within the subject.



Device 399 is, in some applications, configured to be a fully implantable device,

which transmits measured data to an external transceiver (not shown), which, in turn,

includes control and display units (not shown).

Typically, power source 24 is configured to run continuously in a duty cycle that

consists of repeated sleeping modes separated by short bursts of measurement states. In

some applications, power source 24 is configured to operate on demand. In other

applications, power source 24 operates continuously. In some applications, power source

24 is charged by an extracorporeal device (not shown).

Typically, when device 399 is implanted in the subject, sample region 26 is

mounted directly on the surface of the device.

Reference is now made to Fig. 15, which is a schematic illustration of an

injectable device 12, in accordance with some applications of the present invention.

Injectable device 12 is generally similar to injectable device 17 in Fig. 1A, except with

differences as noted.

A selectively-permeable membrane 14 is typically coupled to one end of injectable

device 12. Selectively-permeable membrane 14 typically is configured to restrict passage

therethrough of substances, e.g., cells, which could potentially interfere with the

measuring of an analyte. Typically, selectively-permeable membrane 14 is secured to

injectable device 12 via a ring 13. In some applications, selectively-permeable membrane

14 is coupled to injectable device 17 via glue or another sealing material known in the art.

The area enclosed by selectively-permeable membrane 14 and injectable device 1

is configured to be a sampling region 16 for an analyte, typically glucose. Sampling

region 6 is generally similar to sampling regions described hereinabove with reference to

Figs. 1-14, except with differences as noted.

A lens 15 is typically coupled to electro-optical unit 21, and is configured to direct

light entering and exiting electro-optical unit 21, to and from sampling region 16.

It will be appreciated by persons skilled in the art that the present invention is not

limited to what has been particularly shown and described hereinabove. Rather, the scope

of the present invention includes both combinations and subcombinations of the various

features described hereinabove, as well as variations and modifications thereof that are not

in the prior art, which would occur to persons skilled in the art upon reading the foregoing

description.



CLAIMS

1. Apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus comprising:

an optical fiber having a distal portion; and

a membrane permeable to the analyte, the membrane coupled to the distal portion

of the fiber and surrounding a sampling region at least in part, by being fitted over the

distal portion of the fiber.

2. The apparatus according to claim 1, wherein the optical fiber comprises exactly

one optical fiber.

3. The apparatus according to claim 1, wherein the membrane is attached to the distal

portion of the fiber within 5 mm of a distal tip of the fiber.

4. The apparatus according to claim 1, wherein the membrane is attached to the distal

portion of the optical fiber by glue.

5. The apparatus according to any one of claims 1-4, further comprising a perforated

tube surrounding the sampling region.

6. The apparatus according to claim 5, wherein the membrane surrounds the

perforated tube.

7. The apparatus according to claim 5, wherein the perforated tube surrounds the

membrane.

8. The apparatus according to claim 5, wherein the distal portion of the optical fiber

is disposed within the perforated tube.

9. The apparatus according to claim 5, wherein the perforated tube comprises a

material selected from the group consisting of: metal and plastic.

0. The apparatus according to any one of claims 1-4, wherein the sampling region

has a shape selected from the group consisting of cylindrical and hemispherical.

11. The apparatus according to any one of claims 1-4, wherein the membrane is

shaped to define a hole therein that is sealed, the sealed hole located at a distal end of the

sampling region relative to the optical fiber.



12. The apparatus according to any one of claims 1-4, further comprising a stopper

inserted into a distal end of the perforated tube relative to the optical fiber.

13. The apparatus according to any one of claims 1-4, further comprising:

a light source configured to pass light through the optical fiber toward the

sampling region; and

a detection system, configured to receive fluorescent light, through the optical

fiber, from the sampling region, and to analyze the fluorescent light in order to determine

an indication of a level of the analyte in the body of the subject.

14. The apparatus according to claim 13, wherein the detection system is configured to

facilitate administration of a substance to the subject, in response to the determined

indication of the level of the analyte.

1 . The apparatus according to claim 13, wherein the detection system is configured to

determine the indication of the level of the analyte, while outside of the body of the

subject.

16. The apparatus according to claim 13, wherein the detection system is configured to

be implanted in the body of the subject, and to determine the indication of the level of the

analyte, while inside the body of the subject.

17. The apparatus according to any one of claims 1-4, wherein the sampling region

comprises biological matter, which changes a state thereof in response to a concentration

of the analyte in the subject.

18. The apparatus according to claim 1 , wherein:

the biological matter comprises a plurality of fluorescent proteins including a

genetically-modified glucose receptor protein, and a cyan fluorescent protein (CFP) and a

yellow fluorescent protein (YFP) coupled to the glucose receptor protein, and is

configured such that:

when a glucose molecule from the subject interacts with the genetically-modified

glucose receptor protein, the glucose receptor protein changes conformation as a result,

and the two fluorescent proteins are in close enough proximity to each other so that the

CFP acts as an energy donor and the YFP acts as an energy acceptor in a Fluorescence

Resonance Energy Transfer (FRET) signaling system that indicates a concentration of

glucose through the emission of electromagnetic radiation.



19. The apparatus according to claim 18, wherein the biological matter comprises a

plurality of cells, which produce the genetically-modified glucose receptor proteins.

20. The apparatus according to claim 17, further comprising one or more alginate

beads encasing the biological matter.

21. The apparatus according to claim 20, wherein each bead has a diameter of 40 um

to 50 um.

22. The apparatus according to claim 20, wherein each bead has a diameter of 150 um

to 600 um.

23. The apparatus according to claim 20, further comprising a perforated tube

surrounding the sampling region, wherein each bead has a diameter equal to 60% to 80%

of the internal diameter of the perforated tube.

24. The apparatus according to claim 20, wherein each bead has a diameter equal to

80% to 120% of a diameter of the optical fiber.

25. The apparatus according to claim 20, wherein the one or more alginate beads

comprise exactly two alginate beads.

26. The apparatus according to claim 20, wherein the one or more alginate beads

comprise exactly three alginate beads.

27. Apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus comprising:

an optical fiber having a distal portion;

a first perforated tube having a distal and a proximal end, the first perforated tube

surrounding at least in part a sampling region by being fitted over the distal portion of the

optical fiber;

a membrane permeable to the analyte and surrounding the first perforated tube;

and

a second perforated tube having a distal end, surrounding the membrane.

28. The apparatus according to claim 27, wherein at least one of the tubes is closed at

the distal end thereof.

29. The apparatus according to claim 27, wherein the second perforated tube is

attached to the membrane by glue.



30. The apparatus according to claim 27, wherein the first perforated tube is attached

to the optical fiber by glue.

3 . The apparatus according to any one of claims 27-30, wherein the membrane is

attached to each of the perforated tubes by glue.

32. The apparatus according to any one of claims 27-30, wherein at least one of the

perforated tubes comprises a material selected from the group consisting of metal and

plastic.

33. Apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus comprising:

a first tube having a distal end and a proximal end;

a membrane permeable to the analyte, coupled to the distal end of the first tube;

a second tube fitted on the first tube; and

an optical fiber having a distal end fitted within the proximal end of the first tube.

34. The apparatus according to claim 33, further comprising a ring coupled to the

optical fiber, and configured to limit insertion of the optical fiber within the first tube.

35. The apparatus according to claim 33, wherein the second tube is coupled to the

first tube by a sealing material configured to inhibit fluid from outside the apparatus from

entering a space between the first and second tubes.

36. The apparatus according to any one of claims 33-35, wherein the first and second

tubes are positioned to provide a space adjacent to the membrane, and wherein the

apparatus further comprises an optically-transparent, glucose-permeable material disposed

within the space.

37. The apparatus according to claim 36, further comprising sensor proteins disposed

in the material.

38. The apparatus according to claim 37, further comprising cells that generate the

sensor proteins, disposed in the material.

39. The apparatus according to claim 37, further comprising one or more alginate

beads, wherein the sensor proteins are disposed within the alginate beads.

40. The apparatus according to claim 39, wherein the one or more beads are squeezed

between the membrane and the optical fiber.



41. Apparatus for detecting a concentration of an analyte, the apparatus being

configured to be implanted in a body of a subject and configured for use with an

extracorporeal detecting system, the apparatus comprising:

a ring surrounding a sampling region, the sampling region comprising a

fluorescent material; and

one or more optical fibers coupled to the ring and configured to convey light

between the sampling region and the extracorporeal detecting system.

42. The apparatus according to claim 41, wherein the one or more optical fibers

comprise are divided into at least two bundles, a first one of the bundles configured to

carry light to the sampling region, and a second one of the bundles configured to carry

light away from the sampling region.

43. The apparatus according to claim 41, wherein the one or more optical fibers

comprise a plurality of optical fibers, each of the optical fibers being coupled to a

respective site on the ring.

44. The apparatus according to claim 41, wherein the apparatus comprises the

extracorporeal detecting system, and wherein the extracorporeal detecting system is

configured to perform a FRET analysis of molecules in the sampling region.

45. The apparatus according to any one of claims 41-44, wherein the one or more

optical fibers comprise a plurality of optical fibers, wherein the ring is shaped to define a

plurality of holes therein, and wherein a respective one of the optical fibers is at least

partially disposed within each one of the holes.

46. The apparatus according to claim 45, wherein each one of the holes is oriented in a

radial direction with respect to a center of the ring.

47. The apparatus according to claim 45, wherein the holes are evenly distributed

around the ring.

48. Apparatus for detecting a concentration of an analyte, the apparatus configured to

be in communication with a sampling region, the apparatus comprising:

an antenna;

an electro-optical unit, in communication with the antenna, the electro-optical unit

comprising:

one or more filters and one or more mirrors;



at least one light source configured to convey one or more wavelengths of

light to the sampling region, the light source being in communication with the one

or more filters and one or more mirrors;

one or more beam splitters; and

a detector configured to receive one or more wavelengths of light from the

sampling region, the detector being in communication with the one or more beam

splitters and one or more mirrors.

49. The apparatus according to claim 48, wherein the electro-optical unit is configured

as a free-space optics system.

50. The apparatus according to claim 48, further comprising at least one optical fiber,

wherein the electro-optical unit is configured to use the at least one optical fiber to convey

light from the light source to the sampling region, and further, to use the at least one

optical fiber to convey light from the sampling region to the detector.

51. The apparatus according to claim 48, wherein the apparatus is configured to be

implanted within a subject.

52. The apparatus according to claim 48, wherein the apparatus is configured to be:

coupled extracorporeally to a subject, and

in communication with the sampling region when the sampling region is

within the subject.

53. The apparatus according to claim 48, wherein the antenna is configured to transmit

data.

54. The apparatus according to claim 48, wherein the antenna is configured to receive

power.

55. The apparatus according to any one of claims 48-54, further comprising:

a reservoir configured to hold a substance; and

at least one pump, configured to pump a measured amount of the substance from

the reservoir into a subject, in response to a signal from the electro-optical unit.

56. The apparatus according to claim 55, wherein the pump is configured to avoid

influencing measurements of the electro-optical unit.



57. The apparatus according to claim 55, further comprising a tube configured to

convey the substance from the reservoir to the subject, a distal end of the tube configured

to be at least 0.5 mm from the sampling region when the pump pumps the substance.

58. The apparatus according to claim 57, wherein the distance is less than 5.0 mm.

59. The apparatus according to claim 55, wherein the reservoir is configured to hold

insulin.

60. Apparatus for detecting a concentration of an analyte in a sampling region, the

apparatus configured to be implanted in a body of a subject, the apparatus comprising:

an electro-optical unit comprising a light source;

a first set of one or more optical fibers configured to transmit light in exactly one

direction, from the light source toward the sampling region; and

a second set of one or more optical fibers configured to transmit light in exactly

one direction, from the sampling region toward the electro-optical unit.

61. Apparatus for detecting an analyte, configured to be implanted in a body of a

subject, the apparatus for use with an electro-optical unit and comprising:

at least one bead; and

an optical fiber having a distal portion within 10 mm of the bead and in optical

communication with an interior of the bead,

the bead being in a compressed state while in optical communication with the

optical fiber.

62. The apparatus according to claim 61, wherein the at least one bead comprises two

beads.

63. The apparatus according to claim 61, wherein the at least one bead comprises three

beads.

64 The apparatus according to claim 61, wherein the bead is spherical, if placed in an

uncompressed state.

65. The apparatus according to any one of claims 61-64, wherein the bead is

compressed by the optical fiber, from a spherical state of the bead, by 5-50% of an

uncompressed diameter of the bead.



66. The apparatus according to claim 65, wherein the bead is compressed by the

optical fiber, from the spherical state, by 10-30% of the uncompressed diameter of the

bead.

67. Apparatus for detecting an analyte, the apparatus configured to be fully implanted

in a body of a subject, the apparatus comprising:

a capsule, comprising:

an electro-optical unit;

a control unit; and

a transceiver, configured to be driven by the control unit to transmit a

signal indicative of a level of the analyte detected by the electro-optical unit; and

an optical fiber coupled to the electro-optical unit, the optical fiber comprising a

distal portion outside the capsule; and

a membrane permeable to the analyte, the membrane coupled to the distal portion

of the optical fiber and surrounding a sampling region at least in part, by being fitted over

the distal portion of the fiber.

68. Apparatus for detecting an analyte, configured to be fully implanted in a body of a

subject, the apparatus comprising:

a capsule, comprising:

an electro-optical unit;

a control unit;

a transceiver, configured to be driven by the control unit to transmit a

signal indicative of a level of the analyte detected by the electro-optical unit; and

a lens coupled to the electro-optical unit; and

a membrane permeable to the analyte, the membrane coupled to an external

surface of the capsule and surrounding a sampling region, and configured to receive light

from the electro-optical unit via the lens.
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