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nm greater than the illumination peak wavelength; and one or more processors (60), which are configured to: drive the implant -
able-unit light source (42) to generate the light; receive, from the light sensor (44), at least one measurement of the fluorescent light
emitted from the fluorescent moiety; and calculate the concentration of the analyte in a subject based on the at least one measure -
ment.



10

15

20

25

WO 2016/059635 PCT/IL2015/051022

ANALYTE-SENSING DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority from US Provisional Application
62/063.,211, filed October 13, 2014, which is assigned to the assignee of the present

application and is incorporated herein by reference.

FIELD OF THE APPLICATION

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 reading

the optical signal from an implantable medical device.

BACKGROUND OF THE APPLICATION

The monitoring of various medical conditions often requires measuring the levels
of various components within the blood. In order to avoid invasive repeated blood
drawing, implantable sensors aimed at detecting various components of blood in the body
have been developed. More specifically, in the field of endocrinology, in order to avoid
repeated "finger-sticks" for drawing blood to assess the levels of glucose in the blood in

patients with diabetes mellitus, implantable glucose sensors have been discussed.

One method for sensing the concentration of an analyte such as glucose relies on
Fluorescence Resonance Energy Transfer (FRET). FRET involves the transfer of energy
from an excited fluorophore (the donor) to another fluorophore (the acceptor) when the
donor and acceptor are in close proximity to each other, leading to fluorescence emission
by the acceptor. Because of the high sensitivity of the FRET signal to the relative
proximity of the fluorophores it is often used in biological research as a measurement
tool. For example, the concentration of an analyte such as glucose can be measured by
creating a fused sensor which includes two fluorophores and a third moiety which has
specific binding site for the analyte. The conformational change of the fused sensor
which results from the binding of the analyte changes the distance between the
fluorophores, affecting the FRET signal and thus enabling the measurement of the analyte

concentration.

PCT Patent Application Publication WO 2006/006166 to Gross et al., which is
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incorporated herein by reference, describes a protein which includes a glucose binding
site, cyan fluorescent protein (CFP), and yellow fluorescent protein (YFP). The protein is
configured such that binding of glucose to the glucose binding site causes a reduction in a
distance between the CFP and the YFP. Apparatus is described for detecting a
concentration of a substance in a subject, the apparatus comprising a housing adapted to
be implanted in the subject. The housing comprises a fluorescence resonance energy
transfer (FRET) measurement device and cells genetically engineered to produce, in situ,
a FRET protein having a FRET complex comprising a fluorescent protein donor, a

fluorescent protein acceptor, and a binding site for the substance.

An alternative approach to glucose sensing has been discussed e.g. by YJ Heo et
al., in "Towards Smart Tattoos: Implantable Biosensors for Continuous Glucose
Monitoring," Adv. Healthcare Mater. 2013 Jan;2(1):43-56 (Epub November 26, 2012).
Heo et al. provide a review of the efforts to develop analyte monitoring methods, which
include placing a fluorescent material sensitive to a target analyte, e.g., glucose, under the
skin and reading the optical signal through the skin, thus enabling measurement of the

analyte.

In recent years, improved far-red fluorophores, having a significant portion of
their emission spectrum above 650 nm, have been developed in order to exploit optical
properties of biological tissue and enable in-vivo deep imaging, including, e.g., TagRFP,
mRuby, mRuby2, mPlum, FusionRed, mNeptune, mNeptune2.5, mCardinal, Katushka,
mKate, mKate2, mRaspberry and others. The relative emission of these fluorophores at
an optical window above 650 nm is typically 10-50%, enabling sufficiently-effective
detection through the skin. Additionally, infrared phytochromes such as iRFP, IFP1.4,
and IFP2.0 have been developed which further push the emission spectrum into the
infrared; however, these phytochromes depend on the availability of biliverdin, possibly
complicating their practical use. Red fluorophores may effectively be used in conjunction
with shorter-wavelengths fluorophores (e.g., green) to create FRET couples that can be

used to develop different types of biosensors, as shown for example by Lam et al.

SUMMARY OF THE APPLICATION

Some applications of the present invention provide a system for transdermal
detection of a concentration of an analyte, such as glucose, in a subject. The system

comprises an implantable unit and an external system, which comprises an external
2



10

15

20

25

30

WO 2016/059635 PCT/IL2015/051022

reading unit and, optionally, an external monitor unit. The implantable unit comprises
fluorescent sensor molecules, each of which comprises a binding site for the analyte, and

at least one fluorescent moiety.

Accurate transdermal measurement of optical signals is challenging in practice in
part because of the properties of skin and other tissue between an implanted unit and an
external reading unit. Low transmission through the skin and other tissue may result in
low signal-to-background and signal-to-noise ratios, compromising measurement
accuracy. In addition, spatial and angular non-uniformity of the measurement may be
caused by transmission non-uniformity, for example because of non-uniform skin
pigmentation and/or tissue auto-fluorescence. These and other factors may compromise
measurement quality and limit measurement accuracy. Some techniques of the present
invention enable accurate measurement through the skin, with particular application in the
measurement of the concentration of the analyte, e.g., glucose, using an implanted
fluorescent responder, such as a Fluorescence Resonance Energy Transfer (FRET)
biosensor. The fluorescent moiety of each of the FRET fluorescent sensor molecules
comprises a donor fluorophore, and an acceptor fluorophore, as well as an analyte-binding

moiety which reversibly changes its shape following specific binding to the target analyte.

Light penetration through tissue in general, and skin in particular, is greatest at the
red and near infrared portions of the spectrum, i.e., at wavelengths of between about 650
and 1250 nm, with greatest penetration at between about 700 and 750 nm. Tissue
absorption is substantially higher at both lower and higher wavelengths, mainly because
of the high absorption of hemoglobin at lower wavelengths and water absorption at higher
wavelengths. At practical subcutaneous implantation depths of about 1 to 3 mm, an
optical signal at the range of 650 to 750 nm suffers some absorption and scattering, but a

significant percentage of signal passes through the skin and other tissue.

Typically, the acceptor fluorophore of the FRET sensor molecules is selected such
that a substantial portion of the light emitted by the acceptor fluorophore is able to
penetrate through at least 0.5 mm, e.g., at least 1 mm, such as at least 2 mm of tissue
(which typically includes the skin). For example, the acceptor fluorophore may be
selected such that a substantial portion (e.g., at least 10%, such as at least 20%, e.g., at
least 40%) of the emission spectrum of the acceptor fluorophore is at a wavelength greater

than 600 nm, e.g., greater than 625 nm, greater than 650 nm, or greater than 700 nm.
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Typically, the emission peak wavelength corresponds approximately to this wavelength of
the substantial portion of the emission spectrum, such that the emission peak wavelength
of the acceptor fluorophore is greater than 600 nm, e.g., greater than 625 nm, greater than

650 nm, or greater than 700 nm.

For some applications, the implantable unit further comprises an implantable-unit
light source. Typically, the implantable-unit light source is configured to generate light
having an illumination peak wavelength that is greater than 300 nm and less than 600 nm,
typically less than 550 nm (e.g., less than 525 nm, such as less than 500 nm, e.g., about
470 nm) and appropriate for excitation of the fluorescent moiety. Upon excitation, the

fluorescent moiety emits fluorescent light having an emission peak wavelength.

The external reading unit typically comprises a light sensor, which is configured to
sense fluorescent light emitted from the fluorescent moiety. The external system further
comprises one or more processors, which are configured to: (i) receive, from the light
sensor, at least one measurement of the fluorescent light emitted from the fluorescent
moiety, and (ii) calculate the concentration of the analyte in the subject based on the at

least one measurement.

This arrangement allows a relatively small and simple implantable unit, with
minimal circuitry and a single implantable-unit light source. The implantable-unit light
source generates light at the relatively low wavelength, such as less than 600 nm, typically
less than 550 nm, e.g., less than 525 nm, which is necessary for exciting most red acceptor
fluorophores, but has poor penetration of skin and other tissue. Generation of this
excitation light inside the implantable unit obviates the need for the light to pass through
the skin. However, the higher wavelength light emitted by the fluorescent sensor
molecules has good penetration through the skin to the light sensor of the external reading
unit. The external reading unit, rather than the smaller, simpler implantable unit, contains
the optical elements and circuitry for sensing and processing the emitted light, thereby

allowing for minimization of the size and complexity of the implantable unit.

For some applications, the implantable-unit light source is a first implantable-unit
light source, which is configured to generate light having a first illumination peak
wavelength appropriate for excitation of the donor fluorophore, while minimizing the
direct excitation of the acceptor fluorophore. The system further comprises a second light

source, which is configured to generate light having a second illumination peak

4
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wavelength appropriate for direct excitation of the acceptor fluorophore, while optionally
minimizing the excitation of the donor fluorophore. For some applications, the second
light source comprises a second external-unit light source, while for other applications,

the second light source comprises a second implantable-unit light source.
For some applications, the one or more processors are configured to:

e during one or more first time periods: (a) drive the first implantable-unit light
source to generate the light having the first illumination peak wavelength, and (b)
receive, from the light sensor, one or more first measurements (typically of the
intensity) of the fluorescent light emitted from the acceptor fluorophore. As a
result, a significant portion of the signal is related to the FRET effect and is thus
sensitive to the concentration of the analyte. Typically, the emission spectrum
from the acceptor fluorophore is selected to have good transmission through tissue
including skin, and thus the emission peak wavelength is typically in the red or

infrared portions of the spectrum;

e during one or more second time periods non-overlapping with the first time
periods: (a) drive the second light source to generate the light having the second
illumination peak wavelength, appropriate for direct excitation of the acceptor
fluorophore, and (b) receive, from the light sensor, one or more second
measurements (typically of the intensity) of the fluorescent light emitted from the
acceptor fluorophore. These second measurements are thus largely insensitive of
the concentration of the analyte. However, these second measurements provide an
optimal reference, because they are of the same emission spectrum as the first
measurements, and are dependent in the same way as the first measurement on a
number of factors, including (a) the concentration of the FRET sensor molecules,
(b) transmission of the optical signal through tissue including skin and/or other
intervening material, and through the same optical components of the system, and

(c) sensor sensitivity; and

e calculate the concentration of the analyte in the subject based on the first and the
second measurements, such as by calculating the ratio of the first and the second
measurements. Typically, the one or more processors are configured to apply
calibration procedures to both the first and the second measurements, including,
for example, background subtraction and/or non-linearity correction. For some

5
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applications, the one or more processors are configured to calculate the
concentration by dividing the first measurements (optionally calibrated) by the
second measurements (optionally calibrated). The ratio thus obtained is thus
corrected for common factors, including the amount of the FRET sensor molecules
in the implantable unit, their distribution, transmission of the full optical path,
including tissue (including skin), as well as the response of the collection channel.
Differences between the two measurements that relate to the different excitation
conditions, e.g., wavelength, optical path, and transmission through the tissue

(including skin), are either assumed constant or otherwise calibrated.

Typically, the same collecting optics and light sensor is used to measure the

emission from the acceptor fluorophore during the first and the second time periods.

The emission peak wavelength of the acceptor fluorophore is typically at least 600
nm, such as at least 625 nm (in the red or infrared portion of the spectrum), such that a
substantial portion of the emission spectrum is at a wavelength above 650 nm, which has
better transmission through skin and other tissue than the lower-wavelength spectrum
emitted from the donor fluorophore in conventional FRET techniques. Thus, this
technique, unlike convention FRET measurement techniques, enables all signal sensing to

be performed under good tissue transmission conditions.

For some applications, the one or more processors are configured to use one or
more algorithms in order to separate between the fluorescent light emitted from the
fluorescent moiety and background (e.g., ambient) light, and to reduce (e.g., remove) the
contribution of the background light to the detected light signal. For some applications,
the one or more algorithms utilize prior information regarding the shape (including size),
in one or two dimensions, of one or more regions of the implantable unit at which the
fluorescent sensor molecules are disposed, in order to identify the fluorescent light
emitted from the fluorescent moiety. For applications in which the implantable unit
comprises the at least one sensor molecule chamber, which contains the fluorescent sensor
molecules, the one or more algorithms utilize prior information regarding the shape

(including size), in one or two dimensions, of the at least one sensor molecule chamber.

In these applications, the light sensor comprises an image sensor, i.e., a sensor that
senses features of a spatial distribution of photons that impinge on the sensor. The image

sensor is configured to generate one or more transdermal images of light passing from the

6
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body through tissue including skin.
For some of these applications, the one or more processors are configured to:

e calculate at least one intensity of the light representing emission from the
fluorescent sensor molecules, based on distinguishing between (a) one or more
emission areas of the transdermal images corresponding to the locations, in one or
two dimensions, of the fluorescent sensor molecules, and (b) background areas of

the transdermal images, and

e calculate the concentration of the analyte in the subject based on the at least one

intensity of the light emitted from the fluorescent sensor molecules.

For some applications, the external system (e.g., the external reading unit) further
comprises a user interface, which typically comprises a graphical display, other visual
outputs, and/or an audio generator. The one or more processors are configured to (a)
ascertain, responsively to one or more respective locations of the one or more emission
areas of the transdermal images, a desired movement of the external reading unit with
respect to an external surface of the skin, and (b) output, via the user interface, an
indication of the desired movement. A user moves the external reading unit in order to

better align the external reading unit with the implantable unit.

For some applications, the one or more processors are configured to use a one- or
two-dimensional representation of a spatial distribution of the fluorescent sensor
molecules in the implantable unit as a factor in the analysis of the transdermal images for
ascertaining the one or more areas of the transdermal images corresponding to the
locations, in one or two dimensions, of the fluorescent sensor molecules. For example,
the one- or two-dimensional representation may be loaded in a memory of the external
system before the external reading unit is provided to the user. The one or more
processors are configured to analyze the one- or two-dimensional images of the sensed
light with reference to the one- or two-dimensional representation in order to find a best
fit between the images and the representation, and then to assume that light outside of this

best fit is background noise rather than emissions from the fluorescent sensor molecules.

For some applications, the fluorescent sensor molecules are distributed within the
implantable unit in a repetitive pattern, and/or in a non-uniform spatial distribution. For

some applications, the fluorescent sensor molecules are distributed within the implantable
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unit such that in one or more distinct areas a different signal intensity is detected as
compared to other areas in which the fluorescent sensor molecules are distributed For
example, a sensor molecule chamber containing the fluorescent sensor molecules may
have a greater or lesser thickness in the distinct areas than in the other areas.
Alternatively or additionally, for some applications, the fluorescent sensor molecules are
distributed within the implantable unit with one or more distinct areas of higher

concentration than other areas in which the fluorescent sensor molecules are distributed.

For some applications, the implantable unit comprises at least one first
implantable-unit light source and at least one second implantable-unit light source. The
external reading unit is configured to drive the first and the second implantable-unit light
sources to generate the light having the first and the second illumination peak
wavelengths, respectively, by transmitting electromagnetic radiation at first and second
different RF frequencies, respectively. As mentioned above, the first illumination peak
wavelength is appropriate for excitation of the donor fluorophore, while minimizing the
direct excitation of the acceptor fluorophore, and the second illumination peak wavelength
is appropriate for direct excitation of the acceptor fluorophore, while optionally

minimizing the excitation of the donor fluorophore.

For some applications, the implantable unit comprises first and second wireless
energy receivers, which are configured to receive the electromagnetic radiation at the first
and the second RF frequencies, respectively. The first and the second wireless energy
receivers are electrically coupled to the first and the second implantable-unit light sources,
respectively, such that the first and second wireless energy receivers, when they receive
the electromagnetic radiation, activate the first and second light sources, respectively.
The external reading unit thus transmits the electromagnetic radiation at the first RF
frequency in order to activate the first implantable-unit light source, and at the second RF
frequency in order to activate the second implantable-unit light source. Typically, the
first and the second wireless energy receivers comprise respective different sized coils
and/or different capacitors in order to tune the receivers to their respective RF
frequencies. This configuration simplifies the implantable unit, because only minimal
(possibly discrete electronics) or no circuitry is needed to activate the implantable-unit
light sources. In this configuration, the length and optionally also the power of the
illumination is directly controlled by the energy pulses transmitted by the external reading

unit, allowing direct feedback to the one or more processors to compensate for variations
8
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in signal strength resulting, for example, from variations in the concentration of the
fluorescent sensor molecules from implantable unit to implantable unit or as a function of

time.

For some applications, the external reading unit comprises the first and the second
wireless energy transmitters, which are configured to transmit the electromagnetic
radiation at the first and the second RF frequencies, respectively, and thus activate the
first and the second implantable-unit light sources, respectively. Typically, the first and
the second wireless energy transmitter comprise respective different sized coils and/or
different capacitors in order to tune the transmitters to their respective RF frequencies,

thereby eliminating crosstalk between the transmitters.

For some applications, the implantable unit further comprises an upconversion
material, which is disposed in a vicinity of the fluorescent sensor molecules. The at least
one fluorescent moiety of the fluorescent sensor molecules is configured to be excited by
light between a first absorption wavelength and a second absorption wavelength greater
than the first absorption wavelength. The upconversion material is configured to produce
emission of light having an emission peak wavelength between the first absorption
wavelength and the second absorption wavelength, upon being excited with light having
an excitation peak wavelength that is greater than the second absorption wavelength. The
emission peak wavelength is typically in the visible light spectrum, and is appropriate for
excitation of the at least one fluorescent moiety. The excitation peak wavelength is
selected for good penetration through tissue including skin, and has better tissue
penetration than the emission peak wavelength. The light emitted from the upconversion
material is used to excite at least one fluorescent moiety of the biosensor, thus minimizing
or eliminating the need to include a light source in the implantable unit. For some
applications, the upconversion material comprises nanocrystals. For some applications,
the emission peak wavelength is less than 700 nm, and the excitation peak wavelength is
greater than 700 nm. For example, the excitation peak wavelength may be greater than
800 nm, and the upconversion material may be configured to emit light with a peak
wavelength of less than 650 nm upon being excited with the excitation light with peak

wavelength of greater than 800 nm.

There is therefore provided, in accordance with an inventive concept 1, apparatus

for detecting a concentration of an analyte in a subject, the apparatus comprising:

9
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an implantable unit, which is configured to be implanted in a body of the subject,
and comprises:

(a) fluorescent sensor molecules, each of which comprises (1) a binding
site for the analyte, and (ii) at least one fluorescent moiety configured to emit
fluorescent light; and

(b) an implantable-unit light source that is configured to generate light
having an illumination peak wavelength appropriate for excitation of the
fluorescent moiety; and
an external system, which is physically separate and distinct from the implantable

unit, and which comprises:

(a) an external reading unit, which comprises a light sensor, which is
configured to sense fluorescent light emitted from the fluorescent moiety having
an emission peak wavelength, wherein the emission peak wavelength is between
100 and 500 nm greater than the illumination peak wavelength; and

(b) one or more processors, which are configured to: (1) drive the
implantable-unit light source to generate the light, (2) receive, from the light
sensor, at least one measurement of the fluorescent light emitted from the
fluorescent moiety, and (3) calculate the concentration of the analyte in the subject

based on the at least one measurement.

Inventive concept 2. The apparatus according to inventive concept 1, wherein the
emission peak wavelength is between 100 and 250 nm greater than the illumination peak

wavelength.

Inventive concept 3. The apparatus according to inventive concept 1, wherein the
emission peak wavelength is at least 150 nm greater than the illumination peak

wavelength.

Inventive concept 4. The apparatus according to inventive concept 1, wherein the
fluorescent moiety of each of the fluorescent sensor molecules comprises a donor

fluorophore, and an acceptor fluorophore.

Inventive concept 5. The apparatus according to inventive concept 1, wherein each of the

fluorescent sensor molecules comprises exactly one fluorescent moiety.

Inventive concept 6. The apparatus according to inventive concept 1, wherein each of the

fluorescent sensor molecules comprises exactly two fluorescent moieties.
10



10

15

20

25

WO 2016/059635 PCT/IL2015/051022

Inventive concept 7. The apparatus according to inventive concept 1, wherein the
implantable unit further comprises at least one sensor molecule chamber, in which the

fluorescent sensor molecules are disposed.

Inventive concept 8. The apparatus according to inventive concept 1, wherein the
implantable unit comprises circuitry, and wherein the one or more processors are
configured to drive the implantable-unit light source to generate the light by driving the
circuitry of the implantable unit to activate the implantable-unit light source to generate

the light.

Inventive concept 9. The apparatus according to inventive concept 1, wherein the

fluorescent sensor molecules are fluorescent sensor proteins.

Inventive concept 10. The apparatus according to any one of inventive concept s 1-9,

wherein the analyte is glucose, and wherein the binding site is for the glucose.

Inventive concept 11. The apparatus according to any one of inventive concept s 1-9,

wherein the illumination peak wavelength is greater than 300 nm and less than 550 nm.

Inventive concept 12. The apparatus according to inventive concept 11, wherein the

illumination peak wavelength is less than 525 nm.

Inventive concept 13. The apparatus according to inventive concept 12, wherein the

illumination peak wavelength is less than 500 nm.

Inventive concept 14. The apparatus according to any one of inventive concept s 1-9,

wherein the implantable unit has a volume of no more than 250 mm3.

Inventive concept 15. The apparatus according to any one of inventive concept s 1-9,
further comprising packaging, in which the implantable unit is stored before implantation,
wherein an external surface of the implantable unit is sterile while stored in the

packaging.

Inventive concept 16. The apparatus according to any one of inventive concept s 1-9,
wherein the apparatus is configured to measure a temperature at the implantable unit, and
wherein the one or more processors are configured to generate calibration information
using the measured temperature, and calculate the concentration of the analyte using the

calibration information.

There is further provided, in accordance with an inventive concept 17, apparatus

11
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for detecting a concentration of an analyte in a subject, the apparatus comprising:
an implantable unit, which is configured to be implanted in a body of the subject,

and comprises:

(a) fluorescent sensor molecules, each of which comprises (1) a binding
5 site for the analyte, and (i1) at least one fluorescent moiety; and
(b) an implantable-unit light source that is configured to generate light

having an illumination peak wavelength that is greater than 300 nm and less than
550 nm and appropriate for excitation of the fluorescent moiety; and
an external system, which is physically separate and distinct from the implantable
10 unit, and which comprises:
(a) an external reading unit, which comprises a light sensor, which is
configured to sense fluorescent light emitted from the fluorescent moiety; and
(b) one or more processors, which are configured to: (i) receive, from
the light sensor, at least one measurement of the fluorescent light emitted from the
15 fluorescent moiety, and (ii) calculate the concentration of the analyte in the subject

based on the at least one measurement.

Inventive concept 18. The apparatus according to inventive concept 17, wherein the one
or more processors are configured to drive the implantable-unit light source to generate

the light.

20  Inventive concept 19. The apparatus according to inventive concept 18, wherein the
implantable unit comprises circuitry, and wherein the one or more processors are
configured to drive the implantable-unit light source to generate the light by driving the
circuitry of the implantable unit to activate the implantable-unit light source to generate

the light.

25 Inventive concept 20. The apparatus according to inventive concept 17, wherein the

illumination peak wavelength is less than 525 nm.

Inventive concept 21. The apparatus according to inventive concept 20, wherein the

illumination peak wavelength is less than 500 nm.

Inventive concept 22. The apparatus according to inventive concept 17, wherein the
30  fluorescent moiety of each of the fluorescent sensor molecules comprises a donor

fluorophore, and an acceptor fluorophore.

12
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Inventive concept 23. The apparatus according to inventive concept 17, wherein each of

the fluorescent sensor molecules comprises exactly one fluorescent moiety.

Inventive concept 24. The apparatus according to inventive concept 17, wherein each of

the fluorescent sensor molecules comprises exactly two fluorescent moieties.

Inventive concept 25. The apparatus according to inventive concept 17, wherein the
implantable unit further comprises at least one sensor molecule chamber, in which the

fluorescent sensor molecules are disposed.

Inventive concept 26. The apparatus according to inventive concept 17, wherein the

fluorescent sensor molecules are fluorescent sensor proteins.

Inventive concept 27. The apparatus according to any one of inventive concept s 17-26,

wherein the analyte is glucose, and wherein the binding site is for the glucose.

Inventive concept 28. The apparatus according to any one of inventive concept s 17-26,
wherein the fluorescent moiety is configured to emit the fluorescent light having an
emission peak wavelength that is between 100 and 500 nm greater than the illumination

peak wavelength.

Inventive concept 29. The apparatus according to inventive concept 28, wherein the
emission peak wavelength is between 100 and 250 nm greater than the illumination peak

wavelength.

Inventive concept 30. The apparatus according to inventive concept 28, wherein the
emission peak wavelength is at least 150 nm greater than the illumination peak

wavelength.

Inventive concept 31. The apparatus according to any one of inventive concept s 17-26,

wherein the implantable unit has a volume of no more than 250 mm3.

Inventive concept 32. The apparatus according to any one of inventive concept s 17-26,
further comprising packaging, in which the implantable unit is stored before implantation,
wherein an external surface of the implantable unit is sterile while stored in the

packaging.

Inventive concept 33. The apparatus according to any one of inventive concept s 17-26,
wherein the apparatus is configured to measure a temperature at the implantable unit, and

wherein the one or more processors are configured to generate calibration information
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using the measured temperature, and calculate the concentration of the analyte using the

calibration information.

There is still further provided, in accordance with an inventive concept 34,
apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:

an implantable unit, which is configured to be implanted in a body of the subject,
and comprises:

(a) fluorescent sensor molecules, each of which comprises (1) a binding
site for the analyte, (ii) a donor fluorophore, and (iii) an acceptor fluorophore; and

(b) a first implantable-unit light source that is configured to generate
light having a first illumination peak wavelength appropriate for excitation of the
donor fluorophore;

a second light source that is configured to generate light having a second
illumination peak wavelength appropriate for direct excitation of the acceptor
fluorophore; and

an external system, which is physically separate and distinct from the implantable
unit, and which comprises:

(a) an external reading unit, which comprises a light sensor, which is
configured to sense fluorescent light emitted from the acceptor fluorophore; and
(b) one or more processors, which are configured to:

(1) during one or more first time periods: (a) drive the first
implantable-unit light source to generate the light having the first
illumination peak wavelength, and (b) receive, from the light sensor, one or
more first measurements of the fluorescent light emitted from the acceptor
fluorophore,

(i1) during one or more second time periods non-overlapping
with the first time periods: (a) drive the second light source to generate the
light having the second illumination peak wavelength, and (b) receive,
from the light sensor, one or more second measurements of the fluorescent
light emitted from the acceptor fluorophore, and

(iii)  calculate the concentration of the analyte in the subject

based on the first and the second measurements.
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Inventive concept 35. The apparatus according to inventive concept 34, wherein the

external reading unit comprises the second light source.

Inventive concept 36. The apparatus according to inventive concept 34, wherein the

implantable unit comprises the second light source.

Inventive concept 37. The apparatus according to inventive concept 36, wherein the
external reading unit is configured to drive the first and the second light sources to
generate the light having the first and the second illumination peak wavelengths,
respectively, by transmitting electromagnetic radiation at first and second different

frequencies, respectively.

Inventive concept 38. The apparatus according to inventive concept 34, wherein the
implantable unit further comprises at least one sensor molecule chamber, in which the

fluorescent sensor molecules are disposed.

Inventive concept 39. The apparatus according to inventive concept 34, wherein the

fluorescent sensor molecules are fluorescent sensor proteins.

Inventive concept 40. The apparatus according to any one of inventive concept s 34-39,
wherein the first illumination peak wavelength is greater than 300 nm and less than 550

nm.

Inventive concept 41. The apparatus according to inventive concept 40, wherein the first

illumination peak wavelength is less than 525 nm.

Inventive concept 42. The apparatus according to inventive concept 41, wherein the first

illumination peak wavelength is less than 500 nm.

Inventive concept 43. The apparatus according to any one of inventive concept s 34-39,
wherein the second illumination peak wavelength is greater than 300 nm and less than 650

nm.

Inventive concept 44. The apparatus according to any one of inventive concept s 34-39,
wherein the first illumination peak wavelength is greater than 300 nm and less than 550
nm, and the second illumination peak wavelength is greater than 300 nm and less than 650

nm.

Inventive concept 45. The apparatus according to any one of inventive concept s 34-39,

wherein the acceptor fluorophore is configured to emit the fluorescent light having an
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emission peak wavelength that is between 100 and 500 nm greater than the first

illumination peak wavelength.

Inventive concept 46. The apparatus according to any one of inventive concept s 34-39,

wherein the analyte is glucose, and wherein the binding site is for the glucose.

Inventive concept 47. The apparatus according to any one of inventive concept s 34-39,

wherein the implantable unit has a volume of no more than 250 mm3.

Inventive concept 48. The apparatus according to any one of inventive concept s 34-39,
further comprising packaging, in which the implantable unit is stored before implantation,
wherein an external surface of the implantable unit is sterile while stored in the

packaging.

Inventive concept 49. The apparatus according to any one of inventive concept s 34-39,
wherein the apparatus is configured to measure a temperature at the implantable unit, and
wherein the one or more processors are configured to generate calibration information
using the measured temperature, and calculate the concentration of the analyte using the

calibration information.

There is additionally provided, in accordance with an inventive concept 50,
apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:

an implantable unit, which is configured to be implanted in a body of the subject,
and comprises (a) fluorescent sensor molecules, each of which comprises (1) a binding site
for the analyte, (ii) a donor fluorophore, and (ii1) an acceptor fluorophore;

one or more light sources;

a light sensor, which is configured to sense fluorescent light emitted from the
acceptor fluorophore; and

one or more processors, which are configured to:

drive the one or more light sources to (a) during a plurality of first time
periods, generate light having a first illumination peak wavelength appropriate for
excitation of the donor fluorophore, and (b) during a plurality of second time
periods non-overlapping with the first time periods, generate light having a second
illumination peak wavelength appropriate for direct excitation of the acceptor

fluorophore,
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receive, from the light sensor, respective measurements of the fluorescent
light emitted from the acceptor fluorophore during (a) the first time periods and
(b) the second time periods,

calculate the concentration of the analyte in the subject based on the
respective measurements,

during a first operational period that includes one or more of the first time
periods and one or more of the second time periods, set a ratio of an aggregate
duration of the first time periods to an aggregate duration of the second time
periods to have a first value, and

during a second operational period that is after the first operational period
and that includes one or more of the first time periods and one or more of the
second time periods, set the ratio to have a second value that is different from the

first value.

Inventive concept 51. The apparatus according to inventive concept 50, wherein the

second value of the ratio is greater than the first value of the ratio.

Inventive concept 52. The apparatus according to inventive concept 50, wherein the first

operation period has a duration of at least one week.

Inventive concept 53. The apparatus according to inventive concept 50, wherein the one
or more processors are configured to set the ratio to have the second value based on a

decrease in signal strength of the fluorescent sensor molecules.

Inventive concept 54. The apparatus according to inventive concept 50, wherein the one
or more processors are configured to set the ratio to have the second value based on a

decrease in a concentration of the fluorescent sensor molecules.

Inventive concept 55. The apparatus according to inventive concept 54, wherein the one
or more processors are configured to ascertain the decrease in the concentration of the

fluorescent sensor molecules.

Inventive concept 56. The apparatus according to inventive concept 55,

wherein the light sensor comprises an image sensor, which is configured to
generate one or more transdermal images of the fluorescent light emitted from the
acceptor fluorophore, and

wherein the one or more processors are configured to, during one or more third
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time periods non-overlapping with the first time periods: (a) drive the one or more light
sources to generate the light having the second illumination peak wavelength, and (b)
calculate the concentration of the fluorescent sensor molecules, by analyzing a spatial

distribution of the fluorescent light in the transdermal images.

Inventive concept 57. The apparatus according to inventive concept 56, wherein the one
or more processors are configured to, during the one or more third time periods, analyze
the distribution of the fluorescent light in the transdermal images by calculating an extent
of absorption of the fluorescent light emitted from the acceptor fluorophore as a function

of distance from the one or more second light sources.

Inventive concept 58. The apparatus according to inventive concept 50,

wherein the one or more light sources comprise one or more first light sources and
one or more second light sources, and

wherein the one or more processors are configured to drive the one or more first
light sources to generate the light having the first illumination peak wavelength, and the
one or more second light sources to generate the light having the second illumination peak

wavelength.

Inventive concept 59. The apparatus according to inventive concept 58, wherein the
implantable unit comprises the one or more first light sources and the one or more second

light sources.

Inventive concept 60. The apparatus according to inventive concept 59, wherein the one
or more processors are configured to drive the first and the second light sources to
generate the light having the first and the second illumination peak wavelengths,
respectively, by transmitting electromagnetic radiation at first and second different

frequencies, respectively.

Inventive concept 61. The apparatus according to inventive concept 58, further
comprising an external reading unit, which is physically separate and distinct from the
implantable unit, and which comprises the one or more second light sources, wherein the

implantable unit comprises the one or more first light sources.

Inventive concept 62. The apparatus according to inventive concept 50, wherein the
implantable unit further comprises at least one sensor molecule chamber, in which the

fluorescent sensor molecules are disposed.
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Inventive concept 63. The apparatus according to inventive concept 50, wherein the

fluorescent sensor molecules are fluorescent sensor proteins.

Inventive concept 64. The apparatus according to any one of inventive concept s 50-63,

wherein the analyte is glucose, and wherein the binding site is for the glucose.

Inventive concept 65. The apparatus according to any one of inventive concept s 50-63,

wherein the implantable unit has a volume of no more than 250 mm3.

Inventive concept 66. The apparatus according to any one of inventive concept s 50-63,
further comprising packaging, in which the implantable unit is stored before implantation,
wherein an external surface of the implantable unit is sterile while stored in the

packaging.

Inventive concept 67. The apparatus according to any one of inventive concept s 50-63,
further comprising an external reading unit, which is physically separate and distinct from

the implantable unit, and which comprises the light sensor.

Inventive concept 68. The apparatus according to any one of inventive concept s 50-63,

wherein the implantable unit comprises the light sensor.

Inventive concept 69. The apparatus according to any one of inventive concept s 50-63,
wherein the apparatus is configured to measure a temperature at the implantable unit, and
wherein the one or more processors are configured to generate calibration information
using the measured temperature, and calculate the concentration of the analyte using the

calibration information.

There is yet additionally provided, in accordance with an inventive concept 70,
apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:

an implantable unit, which is configured to be implanted in a body of the subject,
and comprises (a) fluorescent sensor molecules, each of which comprises (1) a binding site
for the analyte, (ii) a donor fluorophore, and (ii1) an acceptor fluorophore;

one or more light sources;

a light sensor, which is configured to sense fluorescent light emitted from the
acceptor fluorophore; and

one or more processors, which are configured to:

drive the one or more light sources to, during a plurality of first time
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periods alternating with a plurality of second time periods non-overlapping with
the first time periods:
(a) during the first time periods, (1) generate light having a first
illumination peak wavelength appropriate for excitation of the donor
fluorophore, and (ii) receive, from the light sensor, measurements of first
intensities of the fluorescent light emitted from the acceptor fluorophore,
and
(b) during the second time periods, (i) generate light having a
second illumination peak wavelength appropriate for direct excitation of
the acceptor fluorophore, and (ii) receive, from the light sensor,
measurements of second intensities of the fluorescent light emitted from
the acceptor fluorophore,
for each of a plurality of the first and the second time periods, respectively,
set a first energy of the light generated having the first illumination peak
wavelength, and a second energy of the light generated having the second
illumination peak wavelength, so as to regulate, toward a target value, a
relationship of values of the first and the second intensities of the sensed
fluorescent light, and

calculate the concentration of the analyte in the subject based in part on the
first energy of the generated light having the first illumination peak wavelength
and the second energy of the generated light having the second illumination peak

wavelength.

Inventive concept 71. The apparatus according to inventive concept 70, wherein the one
or more processors are configured to regulate a ratio of the values of the first and the

second energies of the sensed fluorescent light, toward the target value.

Inventive concept 72. The apparatus according to inventive concept 70, wherein the one
or more processors are configured to regulate a difference between the values of the first

and the second energies of the sensed fluorescent light, toward the target value.

Inventive concept 73. The apparatus according to inventive concept 72, wherein the one
or more processors are configured to reduce a difference between the values of the first
and the second energies of the sensed fluorescent light, toward the target value.

Inventive concept 74. The apparatus according to inventive concept 72, wherein the one
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or more processors are configured to minimize a difference between the values of the first

and the second energies of the sensed fluorescent light, toward the target value.

Inventive concept 75. The apparatus according to inventive concept 70, wherein the one
or more processors are configured to calculate the concentration of the analyte in the
subject based in part on a ratio of (a) the first energy of the generated light having the first
illumination peak wavelength and (b) the second energy of the generated light having the

second illumination peak wavelength.

Inventive concept 76. The apparatus according to inventive concept 70,

wherein the one or more light sources comprise one or more first light sources and
one or more second light sources, and

wherein the one or more processors are configured to drive the one or more first
light sources to generate the light having the first illumination peak wavelength, and the
one or more second light sources to generate the light having the second illumination peak

wavelength.

Inventive concept 77. The apparatus according to inventive concept 76, wherein the
implantable unit comprises the one or more first light sources and the one or more second

light sources.

Inventive concept 78. The apparatus according to inventive concept 77, further
comprising an external reading unit, which is physically separate and distinct from the
implantable unit, and which is configured to drive the first and the second light sources to
generate the light having the first and the second illumination peak wavelengths,
respectively, by transmitting electromagnetic radiation at first and second different

frequencies, respectively.

Inventive concept 79. The apparatus according to inventive concept 76, further
comprising an external reading unit, which is physically separate and distinct from the
implantable unit, and which comprises the one or more second light sources, wherein the

implantable unit comprises the one or more first light sources.

Inventive concept 80. The apparatus according to inventive concept 70, wherein the

fluorescent sensor molecules are fluorescent sensor proteins.

Inventive concept 81. The apparatus according to inventive concept 70, wherein the

implantable unit further comprises at least one sensor molecule chamber, in which the
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fluorescent sensor molecules are disposed.

Inventive concept 82. The apparatus according to any one of inventive concept s 70-81,

wherein the analyte is glucose, and wherein the binding site is for the glucose.

Inventive concept 83. The apparatus according to any one of inventive concept s 70-81,

wherein the implantable unit has a volume of no more than 250 mm3.

Inventive concept 84. The apparatus according to any one of inventive concept s 70-81,
further comprising packaging, in which the implantable unit is stored before implantation,
wherein an external surface of the implantable unit is sterile while stored in the

packaging.

Inventive concept 85. The apparatus according to any one of inventive concept s 70-81,
further comprising an external reading unit, which is physically separate and distinct from

the implantable unit, and which comprises the light sensor.

Inventive concept 86. The apparatus according to any one of inventive concept s 70-81,

wherein the implantable unit comprises the light sensor.

Inventive concept 87. The apparatus according to any one of inventive concept s 70-81,
wherein the apparatus is configured to measure a temperature at the implantable unit, and
wherein the one or more processors are configured to generate calibration information
using the measured temperature, and calculate the concentration of the analyte using the

calibration information.

There is yet additionally provided, in accordance with an inventive concept 88,
apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:

an implantable unit, which is configured to be implanted in a body of the subject,
and comprises fluorescent sensor molecules, each of which comprises a binding site for
the analyte, and is configured to emit fluorescent light in response to excitation light; and

an external system, which is physically separate and distinct from the implantable
unit, and which comprises an external reading unit, which comprises an image sensor,
which is configured to generate one or more transdermal images of light passing from the
body through skin; and

one or more processors, which are configured to:

calculate at least one intensity of the light representing emission from the
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fluorescent sensor molecules, based on distinguishing between (a) one or more
emission areas of the transdermal images corresponding to locations, in one or two
dimensions, of the fluorescent sensor molecules, and (b) background areas of the
transdermal images, and

calculate the concentration of the analyte in the subject based on the at

least one intensity of the light emitted from the fluorescent sensor molecules.

Inventive concept 89. The apparatus according to inventive concept 88, wherein the one
or more processors are configured to calculate the at least one intensity of the light
representing emission from the fluorescent sensor molecules, based on distinguishing
between (a) the one or more emission areas of the transdermal images corresponding to
locations, in two dimensions, of the fluorescent sensor molecules, and (b) the background

areas of the transdermal images.

Inventive concept 90. The apparatus according to inventive concept 89, wherein the
image sensor comprises an equally-spaced two-dimensional array of equally-sized sensor
elements arranged in a rectangular grid having at least two sensor elements in each
direction, and wherein the transdermal images comprise two-dimensional pixelated

images.

Inventive concept 91. The apparatus according to inventive concept 90, wherein the
image sensor comprises an image sensor selected from the group consisting of: a CCD

sensor and a CMOS sensor.

Inventive concept 92. The apparatus according to inventive concept 90, wherein the grid

has at least 1024 sensor elements in each direction.

Inventive concept 93. The apparatus according to inventive concept 90, wherein the grid

has no more than 32 sensor elements in each direction.

Inventive concept 94. The apparatus according to inventive concept 93, wherein the grid

has no more than 16 sensor elements in each direction.

Inventive concept 95. The apparatus according to inventive concept 94, wherein the grid

has no more than 4 sensor elements in each direction.

Inventive concept 96. The apparatus according to inventive concept 90, wherein each of

the sensor elements has a surface area of at least 1 mm?2.

Inventive concept 97. The apparatus according to inventive concept 96, wherein each of
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the sensor elements has a surface area of at least 4 mm?2.

Inventive concept 98. The apparatus according to inventive concept 88, wherein the
image sensor comprises at least three sensor elements, which are (a) arranged to sense
light from different respective portions of a total field of view of the image sensor, and (b)

not arranged as sensor elements of a rectangular grid of sensor elements.

Inventive concept 99. The apparatus according to inventive concept 98, wherein the

image sensor comprises at least five sensor elements.

Inventive concept 100. The apparatus according to inventive concept 98, wherein the

image sensor comprises no more than 1,024 sensor elements.

Inventive concept 101. The apparatus according to inventive concept 100, wherein the

image sensor comprises no more than 64 sensor elements.

Inventive concept 102. The apparatus according to inventive concept 98, wherein at least

two of the sensor elements have different respective surface shapes.

Inventive concept 103. The apparatus according to inventive concept 98, wherein at least

two of the sensor elements have different respective surface areas.

Inventive concept 104. The apparatus according to inventive concept 103, wherein the
one or more processors are configured to calculate the at least one intensity of the light
representing emission from the fluorescent sensor molecules, based on distinguishing
between (a) the one or more emission areas of the transdermal images corresponding to
locations, in two dimensions, of the fluorescent sensor molecules, and (b) the background

areas of the transdermal images.

Inventive concept 105. The apparatus according to inventive concept 104, wherein the
sensor elements comprise:

one or more central sensor elements, disposed in a central area of the image
sensor; and

two or more peripheral sensor elements, disposed generally surrounding the one or

more central sensor elements.

Inventive concept 106. The apparatus according to inventive concept 105, wherein at
least one of the one or more central sensor elements has a first surface shape, and at least
one of the two or more peripheral sensor elements has a second surface shape that is

different from the first surface shape.
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Inventive concept 107. The apparatus according to inventive concept 106, wherein the

one or more central sensor elements comprise exactly one central sensor element.

Inventive concept 108. The apparatus according to inventive concept 105,

wherein the one or more central sensor elements have a central sensor surface area
in aggregate, and

wherein the two or more peripheral sensor elements have a peripheral sensor

average surface area, which is less than the central sensor total surface area.

Inventive concept 109. The apparatus according to inventive concept 108, wherein at
least one of one or more central sensor elements has a first surface shape, and at least one
of the two or more peripheral sensor elements has a second surface shape that is different

from the first surface shape.

Inventive concept 110. The apparatus according to inventive concept 108, wherein the

one or more central sensor elements comprise exactly one central sensor element.

Inventive concept 111. The apparatus according to inventive concept 108, wherein the
one or more processors are configured to use the one or more central sensor elements to
predominantly sense the light emitted by the fluorescent sensor molecules, and the two or
more peripheral sensor elements to predominantly sense background light not emitted by

the fluorescent sensor molecules.

Inventive concept 112. The apparatus according to inventive concept 105, wherein the
one or more processors are configured to ascertain the one or more emission areas of the
transdermal images corresponding to the locations, in two dimensions, of the fluorescent
sensor molecules by ascertaining that the one or more central sensor elements sense

predominantly fluorescent light emitted by the fluorescent sensor molecules.

Inventive concept 113. The apparatus according to inventive concept 88, wherein the
image sensor comprises at least three sensor elements, which comprise respective
sampling circuitries, each of which circuitries is configured to output a value indicative of

an intensity of light sensed by the corresponding sensor element.

Inventive concept 114. The apparatus according to inventive concept 113, wherein the
external reading unit comprises control electronics, which are configured to

simultaneously read the sampling circuitries.

Inventive concept 115. The apparatus according to inventive concept 88,
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wherein the external reading unit further comprises a user interface, and
wherein the one or more processors are configured to:

ascertain, responsively to one or more respective locations of the one or
more emission areas of the transdermal images, a desired movement of the
external reading unit with respect to an external surface of the skin, and

output, via the user interface, an indication of the desired movement.

Inventive concept 116. The apparatus according to inventive concept 115, wherein the
indication of the desired movement includes a direction of the desired movement with

respect to the external surface of the skin.

Inventive concept 117. The apparatus according to inventive concept 115, wherein the
one or more processors are configured to calculate the at least one intensity of the light
representing emission from the fluorescent sensor molecules, based on distinguishing
between (a) the one or more emission areas of the transdermal images corresponding to
locations, in two dimensions, of the fluorescent sensor molecules, and (b) the background

areas of the transdermal images.

Inventive concept 118. The apparatus according to inventive concept 117,
wherein the image sensor comprises at least three sensor elements, which
comprise:
one or more central sensor elements, which are disposed in a central area
of the image sensor; and
two or more peripheral sensor elements, which are disposed generally
surrounding the one or more central sensor elements, and
wherein the one or more processors are configured to ascertain the desired
movement of the external reading unit by ascertaining that a first intensity of light sensed
by one or more first ones of the peripheral sensor elements is greater than a second

intensity of light sensed by one or more second ones of the peripheral sensor elements.

Inventive concept 119. The apparatus according to inventive concept 118,

wherein the one or more central sensor elements have a central sensor total surface
area in aggregate, and

wherein the two or more peripheral sensor elements have a peripheral sensor

average surface area, which is less than the central sensor total surface area.

Inventive concept 120. The apparatus according to inventive concept 118, wherein the
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one or more processors are configured to ascertain that the desired movement is in a
direction from the one or more central sensor elements toward the one or more first ones

of the peripheral sensor elements.

Inventive concept 121. The apparatus according to inventive concept 118, wherein the

one or more central sensor elements comprise exactly one central sensor element.

Inventive concept 122. The apparatus according to inventive concept 118, wherein at
least one of one or more central sensor elements has a first surface shape, and at least one
of the two or more peripheral sensor elements has a second surface shape that is different

from the first surface shape.

Inventive concept 123. The apparatus according to inventive concept 115, wherein the
one or more processors are configured to output the indication upon ascertaining, by the
one or more processors, that at least a portion of the fluorescent sensor molecules does not

appear in the transdermal images.

Inventive concept 124. The apparatus according to inventive concept 88,
wherein the external system further comprises a user interface, and
wherein the one or more processors are configured to:
ascertain, responsively to one or more respective locations of the one or
more emission areas of the transdermal images, a desired change in disposition of
the external reading unit with respect to an external surface of the skin, and
output, via the user interface, an indication of the desired change in

disposition.

Inventive concept 125. The apparatus according to inventive concept 124, wherein the
change in disposition is a change in position of the external reading unit with respect to

the external surface of the skin.

Inventive concept 126. The apparatus according to inventive concept 124, wherein the
change in disposition is a change in orientation of the external reading unit with respect to

the external surface of the skin.

Inventive concept 127. The apparatus according to inventive concept 124, wherein the
one or more processors are configured to output the indication upon ascertaining, by the
one or more processors, that at least a portion of the fluorescent sensor molecules does not

appear in the transdermal images.
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Inventive concept 128. The apparatus according to inventive concept 88, wherein the one
or more processors are configured to calculate a background intensity of the light at the
emission spectrum at the background areas of the transdermal images, and to correct the
calculated at least one intensity of light representing the emission from the fluorescent

sensor molecules using the background intensity.

Inventive concept 129. The apparatus according to inventive concept 128, wherein the
one or more processors are configured to correct the calculated at least one intensity of the
light representing the emission from the fluorescent sensor molecules by subtracting the
background intensity from an intensity of the light in the one or more emission areas of

the transdermal images.

Inventive concept 130. The apparatus according to inventive concept 88, wherein the one
or more processors are configured to use a two-dimensional representation of a spatial
distribution of the fluorescent sensor molecules in the implantable unit as a factor in an
analysis of the transdermal images for ascertaining the one or more emission areas of the

transdermal images.

Inventive concept 131. The apparatus according to inventive concept 130, wherein the
fluorescent sensor molecules are distributed within the implantable unit in a repetitive

pattern.

Inventive concept 132. The apparatus according to inventive concept 130, wherein the
fluorescent sensor molecules are distributed within the implantable unit in a non-uniform

spatial distribution.

Inventive concept 133. The apparatus according to inventive concept 130, wherein the
fluorescent sensor molecules are distributed within the implantable unit with one or more
distinct areas of lower concentration than other areas of the implantable unit in which the

fluorescent sensor molecules are distributed.

Inventive concept 134. The apparatus according to inventive concept 130, wherein the
fluorescent sensor molecules are distributed within the implantable unit with one or more
distinct areas of higher concentration than other areas of the implantable unit in which the

fluorescent sensor molecules are distributed.

Inventive concept 135. The apparatus according to inventive concept 88, wherein the

implantable unit further comprises at least one sensor molecule chamber, in which the
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fluorescent sensor molecules are disposed.

Inventive concept 136. The apparatus according to inventive concept 135,

wherein the at least one sensor molecule chamber comprises (a) a substrate, which
defines one or more surfaces, and (b) a membrane,

wherein the fluorescent sensor molecules are disposed in the at least one sensor
molecule chamber between the membrane and the one or more surfaces of the substrate,

wherein the one or more surfaces have an average reflectivity, and one or more
sub-areas of the one or more surfaces have a sub-area reflectivity that is greater than the
average reflectivity, and

wherein the one or more processors are configured to use one or more respective
locations one or more areas of the transdermal images corresponding to locations, in two
dimensions, of the sub-areas as a factor in an analysis of the transdermal images for

ascertaining the locations, in two dimensions, of the fluorescent sensor molecules.

Inventive concept 137. The apparatus according to inventive concept 136, wherein the

sub-area reflectivity that is at least twice the average reflectivity.

Inventive concept 138. The apparatus according to inventive concept 136, wherein the
sub-areas are distributed within the at least one sensor molecule chamber in a repetitive

pattern.

Inventive concept 139. The apparatus according to inventive concept 88, wherein the

fluorescent sensor molecules are fluorescent sensor proteins.

Inventive concept 140. The apparatus according to any one of inventive concept s 88-139,

wherein the analyte is glucose, and wherein the binding site is for the glucose.

Inventive concept 141. The apparatus according to any one of inventive concept s 88-139,
wherein each of the fluorescent sensor molecules comprises a donor fluorophore, and an

acceptor fluorophore.

Inventive concept 142. The apparatus according to any one of inventive concept s 88-139,
wherein the apparatus is configured to measure a temperature at the implantable unit, and
wherein the one or more processors are configured to generate calibration information
using the measured temperature, and calculate the concentration of the analyte using the

calibration information.

Inventive concept 143. The apparatus according to any one of inventive concept s 88-139,
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wherein the implantable unit has a volume of no more than 250 mm3.

Inventive concept 144. The apparatus according to any one of inventive concept s 88-139,
further comprising packaging, in which the implantable unit is stored before implantation,
wherein an external surface of the implantable unit is sterile while stored in the

packaging.

Inventive concept 145. Apparatus for detecting a concentration of an analyte in a subject,
the apparatus comprising an implantable unit, which is configured to be implanted in a
body of the subject, and comprises:

fluorescent sensor molecules, each of which comprises (i) a binding site for the
analyte, and (ii) at least one fluorescent moiety, which is configured to be excited by light
between a first absorption wavelength and a second absorption wavelength greater than
the first absorption wavelength; and

an upconversion material, which is disposed in a vicinity of the fluorescent sensor
molecules, and which is configured to produce emission of light having an emission peak
wavelength between the first absorption wavelength and the second absorption
wavelength, upon being excited with light having an excitation peak wavelength that is

greater than the second absorption wavelength.

Inventive concept 146. The apparatus according to inventive concept 145, wherein the
second absorption wavelength is less than 700 nm, and the excitation peak wavelength is

greater than 700 nm.

Inventive concept 147. The apparatus according to inventive concept 146, wherein the

excitation peak wavelength is greater than 800 nm.

Inventive concept 148. The apparatus according to inventive concept 147, wherein the
first absorption wavelength is greater than 400 nm, and the excitation peak wavelength is

less than 1100 nm.

Inventive concept 149. The apparatus according to inventive concept 145, wherein the

second absorption wavelength is at least 250 nm less than the excitation peak wavelength.

Inventive concept 150. The apparatus according to inventive concept 145,
wherein the second absorption wavelength is less than 550 nm, and
wherein the excitation peak wavelength is greater than 700 nm.

Inventive concept 151. The apparatus according to inventive concept 145, wherein the
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upconversion material comprises nanocrystals.

Inventive concept 152. The apparatus according to any one of inventive concept s 145-
151, wherein the apparatus further comprises an external system, which is physically
separate and distinct from the implantable unit, and which comprises an external reading
unit, which comprises a light source that is configured to generate the light having the

excitation peak wavelength.

Inventive concept 153. The apparatus according to inventive concept 152,

wherein the external reading unit further comprises a light sensor, which is
configured to sense fluorescent light emitted from the fluorescent moiety, and

wherein the external system further comprises one or more processors, which are
configured to (a) drive the light source to generate the light having the excitation peak
wavelength, (b) receive, from the light sensor, at least one measurement of the fluorescent
light emitted from the fluorescent moiety, and (c) calculate the concentration of the

analyte in the subject based on the at least one measurement.

Inventive concept 154. The apparatus according to inventive concept 152,

wherein the light source is a first light source, and the excitation peak wavelength
is a first excitation peak wavelength, and

wherein the external reading unit further comprises a second light source, which is
configured to generate light having a second excitation peak wavelength (a) of greater

than 700 nm, and (b) that is different from the first excitation peak wavelength.

Inventive concept 155. The apparatus according to inventive concept 154,

wherein the fluorescent moiety of each of the fluorescent sensor molecules
comprises a donor fluorophore, and an acceptor fluorophore,

wherein the light generated by the first light source having the first excitation peak
wavelength is appropriate, after upconversion by the upconversion material, for excitation
of the donor fluorophore,

wherein the light generated by the second light source having the second
excitation peak wavelength is appropriate, after upconversion by the upconversion
material, for direct excitation of the acceptor fluorophore, and

wherein the one or more processors are configured to:

(a) during one or more first time periods: (1) drive the first light source

to generate the light having the first excitation peak wavelength, and (ii) receive,
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from the light sensor, one or more first measurements of the fluorescent light
emitted from the acceptor fluorophore,

(b) during one or more second time periods non-overlapping with the
first time periods: (i) drive the second light source to generate the light having the
second excitation peak wavelength, and (i) receive, from the light sensor, one or
more second measurements of the fluorescent light emitted from the acceptor
fluorophore, and

(©) calculate the concentration of the analyte in the subject based on

the first and the second measurements.

Inventive concept 156. The apparatus according to inventive concept 155, wherein the
acceptor fluorophore is configured to emit fluorescent light having a peak wavelength

greater than 625 nm.

Inventive concept 157. The apparatus according to inventive concept 154, wherein the
upconversion material comprises:

a first upconversion material, which is more efficient at upconverting the light at
the first excitation peak wavelength than the light at the second excitation peak
wavelength; and

a second upconversion material, which is more efficient at upconverting the light
at the second excitation peak wavelength than the light at the first excitation peak

wavelength.

Inventive concept 158. The apparatus according to inventive concept 157, wherein the

first and the second upconversion materials comprise respective nanocrystals of different
types.
Inventive concept 159. The apparatus according to any one of inventive concept s 145-

151, wherein each of the fluorescent sensor molecules comprises exactly one fluorescent

moiety.

Inventive concept 160. The apparatus according to any one of inventive concept s 145-
151, wherein each of the fluorescent sensor molecules comprises exactly two fluorescent

moieties.

Inventive concept 161. The apparatus according to any one of inventive concept s 145-

151, wherein the implantable unit further comprises a dichroic mirror, which is configured
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to allow passage therethrough of the light at the excitation peak wavelength, and to reflect
and inhibit passage therethrough of the light at the emission peak wavelength.

There is also provided, in accordance with an inventive concept 162, a method for
detecting a concentration of an analyte in a subject, the method comprising:
5 implanting, in a body of the subject, an implantable unit, which comprises:

(a) fluorescent sensor molecules, each of which comprises (1) a binding
site for the analyte, and (ii) at least one fluorescent moiety configured to emit
fluorescent light; and

(b) an implantable-unit light source that is configured to generate light

10 having an illumination peak wavelength appropriate for excitation of the
fluorescent moietys;
placing an external reading unit of an external system above skin of the subject,
wherein the external reading unit comprises a light sensor, which is configured to sense
fluorescent light emitted from the fluorescent moiety having an emission peak
15  wavelength, wherein the emission peak wavelength is between 100 and 500 nm greater
than the illumination peak wavelength, and wherein the external system is physically
separate and distinct from the implantable unit; and
activating one or more processors of the external system to: (1) drive the
implantable-unit light source to generate the light, (2) receive, from the light sensor, at
20  least one measurement of the fluorescent light emitted from the fluorescent moiety, and
(3) calculate the concentration of the analyte in the subject based on the at least one

measurement.

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

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

25 BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic illustration of a system for transdermal detection of a
concentration of an analyte in a subject, in accordance with an application of the present

invention;

Fig. 2 is a schematic illustration of another system for transdermal detection of a
30  concentration of an analyte in a subject, in accordance with an application of the present
invention;

33



WO 2016/059635 PCT/IL2015/051022

Figs. 3A-C are schematic top-view illustrations of several configurations of an
implantable unit of the system of Fig. 2, in accordance with respective applications of the

present invention;

Fig. 4 is a schematic illustration of yet another system for transdermal detection of
5 aconcentration of an analyte in a subject, in accordance with an application of the present

invention;

Fig. 5 is a schematic top-view illustration of an implantable unit of the system of

Fig. 4, in accordance with an application of the present invention;

Fig. 6 is a schematic illustration of a still another system for transdermal detection
10 of a concentration of an analyte in a subject, in accordance with an application of the

present invention;

Fig. 7 is a schematic top-view illustration of an implantable unit of the system of

Fig. 6, in accordance with an application of the present invention;

Fig. 8 is a schematic cross-sectional illustration of a portion of the implantable unit

15  of Fig. 7, in accordance with an application of the present invention;

Fig. 9 is a schematic illustration of an alternative configuration of the system of

Fig. 6, in accordance with an application of the present invention;

Figs. 10A-E are schematic illustrations of configurations of an image sensor, in

accordance with respective applications of the present invention;

20 Fig. 11 is a schematic illustration of another system for transdermal detection of a
concentration of an analyte in a subject, in accordance with an application of the present

invention; and

Fig. 12 is a schematic illustration of yet another system for transdermal detection
of a concentration of an analyte in a subject, in accordance with an application of the

25  present invention.

DETAILED DESCRIPTION OF APPLICATIONS

Fig. 1 is a schematic illustration of a system 20 for transdermal detection of a
concentration of an analyte in a subject, in accordance with an application of the present
invention. System 20 comprises an implantable unit 30, which is configured to be

30 implanted in a body of the subject, and an external system 26, which is physically
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separate and distinct from implantable unit 30. External system 26 comprises an external

reading unit 32 and, optionally, an external monitor unit 28.

Implantable unit 30 comprises fluorescent sensor molecules 40, each of which
comprises a binding site for the analyte, and at least one fluorescent moiety. A number of
fluorescent compounds have been described in the literature for the purpose of analyte
sensing, including different fluorescent reporters, e.g., Concanavalin-A, fluorescein, and
fluorophores derived from various marine fauna, such as GFP and its derivatives. The
analyte sensing is based on different mechanisms, including, e.g., specific enzymes such
as glucose oxidase and glucose dehydrogenase, and bacterial-driven analyte-binding
proteins (see, for example, Pickup JC et al., "Fluorescence-based glucose sensors,"
Biosensors and Bioelectronics 20 (2005) 2555-2565 (available online November 21,

2004)). For some applications, the analyte is glucose, and the binding site is for glucose.

For some applications, fluorescent sensor molecules 40 comprise Fluorescence
Resonance Energy Transfer (FRET) sensor molecules. The fluorescent moiety of each of
fluorescent sensor molecules 40 comprises a donor fluorophore and an acceptor
fluorophore, as well as an analyte-binding moiety which reversibly changes its shape
following specific binding to the target analyte. Typically, the acceptor fluorophore of the
FRET sensor molecules is selected such that a substantial portion of the light emitted by
the acceptor fluorophore is able to penetrate through at least 0.5 mm, e.g., at least 1 mm,
such as at least 2 mm of tissue (which typically includes skin 80). For example, the
acceptor fluorophore may be selected such that a substantial portion (e.g., at least 10%,
such as at least 20%, e.g., at least 40%) of the emission spectrum of the acceptor
fluorophore is at a wavelength greater than 625 nm, e.g., greater than 650 nm, greater than
675 nm, or greater than 700 nm. Typically, the emission peak wavelength corresponds
approximately to this wavelength of the substantial portion of the emission spectrum, such
that the emission peak wavelength of the acceptor fluorophore is greater than 600 nm,
e.g., greater than 625 nm, greater than 650 nm, greater than 675 nm, or greater than 700

nm. For example, the emission peak may be between 625 nm and 675 nm.

For some applications, the system is configured to excite the FRET sensor
molecules with a single excitation frequency, and to measure the resulting emission from
the donor and the acceptor at two different frequencies, respectively, as is standard in the

FRET art. For other applications, the system is configured to excite the FRET sensor
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molecules at two different excitation frequencies, and to measure the resulting emission
from the FRET sensor molecules at a single acceptor emission frequency, such as

described hereinbelow with reference to Figs. 1 and 2.

For some applications, the FRET sensor molecules comprise a yellow fluorophore
having substantial emission in the range 500-650 nm, which is suitable for exciting red or
far-red fluorophores having an excitation spectrum substantially at the same wavelength

range.

For example, the acceptor fluorophore may comprise a far-red fluorophore, such
as mKate, mKate2, mRuby2, mCardinal, mNeptunel, mNeptune2, or mNeptune2.5, as are

known in the art.

For some applications, the donor fluorophore comprises a yellow fluorophore,
such as EYFP, Citrine, tagYFP, mVenus, mClover, mNeon, or mBanana, as are known in

the art.

For some applications, each of the FRET sensor molecules is a FRET protein,
which comprises (a) a green or yellow fluorescent protein as the donor fluorophore, (b) a
red or infrared fluorescent protein as the acceptor fluorophore, with at least 10%, such as
at least 20%, of the emission of the acceptor at wavelengths greater than 650 nm, and (c) a
glucose binding protein having a dissociation factor for glucose, for example, with a Kd in
the range of 2 to 10 mM, enabling sensitive measurement to be taken in the physiological

range of glucose concentrations.

For other applications, each of fluorescent sensor molecules 40 comprises exactly
one fluorescent moiety, rather than a FRET molecule. For some applications, each of

fluorescent sensor molecules 40 comprises exactly two fluorescent moieties.

For some applications, implantable unit 30 further comprises an implantable-unit
light source 42. Typically, implantable-unit light source 42 is configured to generate light
having a first illumination peak wavelength that is greater than 300 nm and less than 600
nm, typically less than 550 nm (e.g., less than 525 nm, such as less than 500 nm, e.g.,
about 470 nm) and appropriate for excitation of the fluorescent moiety. Upon excitation,
the fluorescent moiety emits fluorescent light having an emission peak wavelength.
Alternatively or additionally, for some applications, the emission peak wavelength is

between 100 and 500 nm greater than the first illumination peak wavelength, such as
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between 100 and 250 nm greater than the first illumination peak wavelength. For some
applications, the emission peak wavelength is at least 150 nm greater than the first

illumination peak wavelength.

For some applications, implantable-unit light source 42 comprises a laser;
typically, the laser generates the light at substantially a single wavelength, in which case
the single wavelength is the first illumination peak wavelength.  Alternatively,
implantable-unit light source 42 comprises a light emitting diode (LED); typically, the
first illumination peak wavelength of the LED is less than 550 nm, e.g., less than 525 nm,
such as less than 500 nm, and the full-width-half-maximum of the LED emission

spectrum is typically between 10-40 nm.

Implantable unit 30 typically comprises an enclosure 74, in which the other
components of the implantable unit are disposed. Enclosure 74 has at least one
transparent surface 76, which allows the light generated by fluorescent sensor molecules
40 to exit the implantable unit, and, for applications in which one or more external-unit
light sources are provided, for light generated by the external-unit light source(s) to enter
the implantable unit. Typically, implantable unit 30 has a volume of no more than 250
mm3, such as less than 100 mm3, e.g., less than 75 mm3. For some applications,
packaging is provided, in which implantable unit 30 is stored before implantation, and an

external surface of implantable unit 30 is sterile while stored in the packaging.

External reading unit 32 comprises a light sensor 44, which is configured to sense
fluorescent light emitted from the fluorescent moiety. For some applications, external
reading unit 32 comprises an optical unit 46, which comprises light sensor 44 and
additional optical components, such as at least one filter 48 and/or at least one lens 50.
For some applications, such as described hereinbelow with reference to Figs. 10A-E, light
sensor 44 comprises a plurality of sensor elements aligned toward respective portions of
the total field of view of optical unit 46 (optionally, though the same or different optical
elements), such as an array of sensor elements configured to generate an image of the
fluorescent signal, such as described hereinbelow with reference to Figs. 10A and 10B.
For some applications, implantable unit 30 comprises light sensor 44 (configuration not

shown).

External system 26 further comprises one or more processors, which are

configured to: (i) receive, from light sensor 44, at least one measurement of the
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fluorescent light emitted from the fluorescent moiety, and (ii) calculate the concentration
of the analyte in the subject based on the at least one measurement. Optionally, the one or
more processors are configured to drive implantable-unit light source 42 to generate the
light. For applications in which implantable unit 30 comprises minimal or no circuitry,
the one or more processors drive implantable-unit light source 42 to generate the light
substantially without any intervening processing by the implantable unit, i.e., the one or
more processors substantially directly drive the implantable-unit light source. For other
applications in which implantable unit 30 comprises more extensive circuitry (such as a
processor), the one or more processors of external system 26 drive the circuitry of the
implantable unit (such as by transmitting energy or data to the circuitry) to activate
implantable-unit light source 42 to generate the light. (These two ways of driving are
applicable to all configurations described herein in which the one or more processors of
the external system drive the implantable unit and/or implantable-unit light sources to
generate light.) Alternatively, the implantable unit is configured to periodically generate
the light, without triggering and without data communication from the external reading

unit.

For some applications, external reading unit 32 comprises a housing 62, which
contains both light sensor 44 and at least one processor 60 of the one or more processors
of external system 26, such as shown in Fig. 1. Processor 60 comprises digital and/or
analog components, and typically comprises one or more integrated circuits.
Alternatively or additionally, for other applications, at least one processor 64 of the one or
more of the processors are located outside of housing 62 of external reading unit 32, in
external monitor unit 28 of external system 26, which may comprise, for example, a
generic computer system, such as a conventional desktop computer, laptop computer,
smart phone, tablet computer, or other computer which comprises memory and/or a
display. External monitor unit 28 unit typically comprises software for carrying out at
least a portion of the functions prescribed by the present invention. This software may be
downloaded to the computer in electronic form over a network, for example, or it may
alternatively be supplied on tangible media, such as CD-ROM. For some applications, the
one or more processors comprise the at least one processor 60, which is located in the
external reading unit, and the at least one processor 64 that is located outside of the
external reading unit in the external monitor unit; for these applications, functions of the

one or more processors described herein, and recited in the claims herein, may optionally
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be distributed among the at least one processor 60 and the at least one processor 64. For
example, the at least one processor 60 of the external reading unit may be configured to
receive the measurements of light emitted from the fluorescent moiety, and the at least
one processor 64 of external monitor unit 28 may be configured to calculate the
concentration of the analyte. For applications in which external monitor unit 28 is
provided, external reading unit 32 is in data communication with external monitor unit 28,
such as via one or more wires, wirelessly, and/or over at least one network, e.g., a local

network and/or a wide area network, such as the Internet.

For some applications, system 20 is configured to measure the temperature at the
position of the implantable unit, and the one or more processors are configured to
generate calibration information using the measured temperature, and calculate the
concentration of the analyte using the calibration information, such as described
hereinbelow with reference to Figs. 1-12. Because sensor protein binding properties and
optical response may depend on temperature, and temperature in the tissue may change
over time, this calibration may substantially enhance the measured accuracy. The
calibration process may rely on either prior knowledge of the temperature sensitivity of
the sensor protein, or may be based on a learning system that uses data collected during
the calibration process and/or during continuous use of the system. Additionally, the
system may be configured to perform a measurement only if the sensor temperature is
between upper and lower temperature limit values. Providing such limits may avoid
producing erroneous measurements which are taken beyond the established accuracy
range of the temperature calibration. For example, the upper temperature limit value may
be at least 39 degrees C, e.g., at least 42 degrees C, and the lower temperature limit value

may be no more than 32 degrees C, e.g., no more than 28 degrees C.

For some applications, implantable unit 30 further comprises at least one sensor
molecule chamber 70, in which fluorescent sensor molecules 40 are disposed. For some
applications, such as described hereinbelow with reference to Figs. 3A-C, 5, and 7,
implantable unit 30 further comprises at least one cell chamber 86, typically adjacent to
the at least one sensor molecule chamber 70. The cell chamber contains live cells which
are engineered to produce and secrete the fluorescent sensor molecules, for example, as
described in WO 2006/006166 to Gross et al., which is incorporated herein by reference.
In these applications, implantable unit 30 typically further comprises a membrane 72

permeable to nutrients; membrane 72 optionally implements techniques described in WO
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2006/006166 to Gross et al. and/or WO 2014/102743 to Brill et al., which are
incorporated herein by reference. For other applications, implantable unit 30 comprises at
least one chamber that serves as both sensor molecule chamber 70 and cell chamber 86; in
other words, the cells secrete the fluorescent sensor molecules into the chamber, and the
fluorescent sensor molecules remain in the chamber with the cells. For other applications,
fluorescent sensor molecules 40 are disposed on a surface of enclosure 74 of implantable

unit 30, rather than in a chamber.

Implantable unit 30 is typically implanted between 0.5 mm and 3 mm below the
surface of skin 80 of the subject, for example in the dermis, in fat layers below the dermis,
or subcutaneously, typically above muscle. During measurement of the concentration of
the analyte, external reading unit 32 is placed above skin 80 (either in or not in contact
with the external surface of the skin). External reading unit 32 performs optical reading
of the light emitted from the implanted unit through the skin, and optionally provides
measurement data to external monitor unit 28, for example by wireless transmission, e.g.,
using Wi-Fi, Bluetooth, or an IR link. The external reading unit may perform the
transmission generally continuously, after each measurement point, and/or by request, in
which case data is stored in the external reading unit until requested by the external

monitor unit.

The external reading unit may be attached to the body, e.g., by adhesive tape;
loosely placed on the body, e.g., as a wristwatch; or manually placed on the skin surface

for each measurement.

External system 26 (e.g., external monitor unit 28 and/or external reading unit 32)
may perform calibration of the raw data to enable accurate measurement of the analyte
concentration. The external monitor unit and/or the external reading unit perform and
provide numerical and visual display to the user, and/or provide calibrated data to one or
more other systems, such as to a therapeutic system, e.g., a controller of an artificial

pancreas system, as known in the art.

For some applications, external reading unit 32 and external monitor unit 28 are
provided in a single, unified unit. This configuration may be particularly useful if
measurements are taken on-demand whenever the user brings the external reading unit

sufficiently close to the implantable unit.

For some applications, implantable unit 30 further comprises a wireless energy
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receiver 82, which is configured to receive electromagnetic radiation for powering
implantable-unit light source 42. Wireless energy receiver 82 is electrically coupled to
implantable-unit light source 42. For some applications, the wireless energy receiver,
when it receives the electromagnetic radiation, activates the implantable-unit light source.
For some applications, wireless energy receiver 82 comprises a coil or an antenna. For
some applications, external reading unit 32 comprises a wireless energy transmitter 84,
which is configured to transmit the electromagnetic radiation, as is typically done in RFID
systems, or, e.g., to transmit power by magnetic induction. For some applications, the
wireless energy transmitter comprises a coil or an antenna. For some applications,
external reading unit 32 transmits power to implantable unit 30 whenever a measurement

of the concentration of the analyte is required.

For some application, the one or more processors are configured to drive
implantable-unit light source 42 (and/or the other light sources described herein) to
generate the light in pulses. Each of the pulses typically has a duration of at least 0.01
msec, no more than 10 msec, and/or between 0.01 and 10 msec, such as between 1 and 3

msec.

Alternatively, for some applications, the implantable unit is configured to
illuminate the fluorescent sensor at a constant repetition interval without requiring an
external trigger and without data communication from the external reading unit. In this
implementation, the implantable unit may comprise a capacitor or battery (not shown) to
store energy between the time of charging and a later time in which illumination is
performed. The external charging of the implantable unit may suffice in this case for

multiple illumination cycles and need not be synchronized with the measurements.

Reference is still made to Fig. 1, and is additionally made to Fig. 2, which is a
schematic illustration of a system 120 for transdermal detection of a concentration of an
analyte in a subject, in accordance with an application of the present invention. System
120 may implement any of the techniques described herein regarding system 20,
described hereinabove with reference to Fig. 1. Like reference numeral refer to like
elements. System 120 comprises an implantable unit 130 and an external reading unit

132.

For some applications, fluorescent sensor molecules 40 comprise FRET sensor

molecules. The fluorescent moiety of each of fluorescent sensor molecules 40 comprises
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a donor fluorophore and an acceptor fluorophore, as well as an analyte-binding moiety

which reversibly changes its shape following specific binding to the target analyte.

For some applications, implantable-unit light source 42 is a first implantable-unit
light source 42, which is configured to generate light at the first illumination peak
wavelength appropriate for excitation of the donor fluorophore, while minimizing the
direct excitation of the acceptor fluorophore. For some of these applications, the system
(system 20 or 120) further comprises a second light source 122, which is configured to
generate light at a second illumination peak wavelength appropriate for direct excitation
of the acceptor fluorophore, while optionally minimizing the excitation of the donor
fluorophore. For some applications, second light source 122 comprises a second external-
unit light source 124, which external reading unit 132 comprises, such as shown in Fig. 1.
For other applications, second light source 122 comprises a second implantable-unit light
source 126, which implantable unit 130 comprises, such as shown in Fig. 2. For all
applications in the present application in which one or more external-unit light sources are
provided, associated optics may be provided, such as a lens 380, as shown by way of

example in Figs. 6 and 9, described hereinbelow.
For some applications, the one or more processors are configured to:

e during one or more first time periods: (a) drive first implantable-unit light source
42 to generate light having the first illumination peak wavelength, appropriate for
the excitation of the donor fluorophore, and (b) receive, from light sensor 44, one
or more first measurements (typically of the total energy or peak intensity) of the
fluorescent light emitted from the acceptor fluorophore, optionally after having
passed through the at least one filter 48. As a result, a significant portion of the
signal is related to the FRET effect and is thus sensitive to the concentration of the
analyte. Typically, the emission peak wavelength emitted from the acceptor
fluorophore is selected to have good transmission through tissue including skin 80,
and thus is typically in the red or infrared portions of the spectrum, e.g., between
650 and 1250 nm. Typically, the at least one filter 48 is configured to pass light
having a wavelength between 650 nm and 800 nm such that the majority of the
light emitted by the acceptor fluorophore and transmitted through skin 80 is able
to pass, while other wavelengths, which may contain background light, are

blocked by the filter;
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during one or more second time periods non-overlapping with the first time
periods: (a) drive second light source 122 to generate the light having the second
illumination peak wavelength, appropriate for direct excitation of the acceptor
fluorophore, and (b) receive, from light sensor 44, one or more second
measurements (typically of the total energy or peak intensity) of the fluorescent
light emitted from the acceptor fluorophore, optionally after having passed
through the at least one filter 48. These second measurements are thus largely
insensitive of the concentration of the analyte.  However, these second
measurements provide an optimal reference, because they of the same wavelength
as the first measurements, and are dependent in the same way as the first
measurement on a number of factors, including (a) the concentration of the FRET
sensor molecules, (b) transmission of the optical signal through tissue including
skin 80 and/or other intervening material, and through the same optical

components of the system, and (c) sensor sensitivity; and

calculate the concentration of the analyte in the subject based on the first and the
second measurements, such as by calculating the ratio of the first and the second
measurements. Typically, the one or more processors are configured to apply
calibration procedures to both the first and the second measurements, including,
for example, background subtraction and/or non-linearity correction. For some
applications, the one or more processors calculate the concentration by dividing
the first measurements (optionally calibrated) by the second measurements
(optionally calibrated). The ratio thus obtained is thus corrected for common
factors, including the amount of the FRET sensor molecules in the implantable
unit, their distribution, transmission of the full optical path, including tissue
(including skin 80), as well as the response of the collection channel. Differences
between the two measurements that relate to the different excitation conditions,
e.g., wavelength, optical path, and transmission through the tissue (including skin),

are either assumed constant or otherwise calibrated.

Typically, the same collecting optics and light sensor is used to measure the

emission from the acceptor fluorophore during the first and the second time periods.

In contrast, standard FRET measurements are made by illuminating the FRET

sensor at a single excitation wavelength, which excites the donor fluorophore, and two
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simultaneous measurements of fluorescence emitted from both the acceptor and the donor

fluorophores.

Typically, the emission peak wavelength of the acceptor fluorophore is at least
625 nm (in the red or infrared portion of the spectrum), which has better transmission
through skin 80 and other tissue than the lower-wavelength emissions from the donor
fluorophore in conventional FRET techniques. Thus, this technique, unlike convention
FRET measurement techniques, enables all signal collection to be done under optimal

tissue transmission conditions.

For some applications, first light source 42 generates light having the first
illumination peak wavelength that is greater than 300 nm and less than 550 nm, e.g., less
than 525 nm, such as less than 500 nm. Because light in this range of wavelengths is
generated by first implantable-unit light source 42, the light does not need to pass through
skin 80 or other tissue. Light in this range of wavelengths does not have good effective
penetration through tissue including skin, and thus the light reaching the implant would be

highly attenuated if generated by an external light source.

For some applications, second light source 122 generates light having the second

illumination peak wavelength that is greater than 300 nm and less than 650 nm.

For some applications, implantable unit 30 is configured to drive implantable-unit
light source 42 to generate light at the first illumination peak wavelength (appropriate for
excitation of the donor fluorophore), in a train of pulses beginning concurrently with
receipt of the electromagnetic radiation received by wireless energy receiver 82, and
continuing as long as energy transmission continues. For configurations in which
implantable-unit light source 42 comprises a plurality of light sources 42, e.g., two or
three light sources that generate light at different respective illumination peak
wavelengths, the train of pulses may comprise respective trains of pulses generated during
respective sequential time periods by the respective light sources. Implantable unit 30
may be configured to repeat the full train of pulses generated by all of the light sources
periodically as long as the energy transmission continues. Alternatively, implantable unit
30 may be configured to continue the train of pulses generated at the first illumination
peak wavelength (appropriate for excitation of the donor fluorophore), such as by first
implantable-unit light source 42, as long as the energy transmission continues. (It may be

appropriate to illuminate the donor fluorophore for a greater amount of time than the
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acceptor fluorophore, because the emission using excitation at the first illumination peak

wavelength typically has the smallest signal-to-noise ratio.

Reference is made to Figs. 3A-C, which are schematic top-view illustrations of
several configurations of implantable unit 130, in accordance with respective applications
of the present invention. Each of fluorescent sensor molecules 40 comprises a binding
site for the analyte, and is configured to emit fluorescent light having at least one emission
peak wavelength in response to excitation light. For some of these applications,
fluorescent sensor molecules 40 are fluorescent sensor proteins, and implantable unit 30
further comprises the at least one cell chamber 86, which contains live cells genetically
engineered to produce the proteins in situ, such as by continuously expressing the
proteins. For example, the proteins may comprise FRET proteins having FRET
complexes. For some applications, the cells secrete the sensor protein, while for other
applications, the cells express but do not secrete a sensor protein. The at least one cell
chamber 86 may be implemented using techniques described in WO 2006/006166 to
Gross et al. and/or WO 2014/102743 to Brill et al., mutatis mutandis. For some
applications, implantable unit 30 comprises circuitry, which receives power from wireless
energy receiver 82, and drives first and second implantable-unit light sources 42 and 126
to generate light. For some applications, implantable unit 30 may be pre-filled with any
fluorescent reporter and/or is repeatedly re-filled with a fluorescent reporter, e.g., through

a dedicated filling port.

Reference is now made to Fig. 4, which is a schematic illustration of a system 220
for transdermal detection of a concentration of an analyte in a subject, in accordance with
an application of the present invention. Reference is also made to Fig. 5, which is a
schematic top-view illustration of an implantable unit 230 of system 220, in accordance
with an application of the present invention. System 220 further comprises an external
reading unit 232. System 220 may implement any of the techniques described herein
regarding system 20 or system 120, described hereinabove with reference to Figs. 1 and 2,

respectively. Like reference numeral refer to like elements.

In this configuration, implantable unit 230 comprises at least one first implantable-
unit light source 42 and at least one second implantable-unit light source 126. External
reading unit 232 is configured to drive first and second implantable-unit light sources 42

and 126 to generate the light having the first and the second illumination peak
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wavelengths, respectively, by transmitting electromagnetic radiation at first and second
different RF frequencies, respectively. As mentioned above, the first illumination peak
wavelength is appropriate for excitation of the donor fluorophore, while minimizing the
direct excitation of the acceptor fluorophore, and the second illumination peak wavelength
is appropriate for direct excitation of the acceptor fluorophore, while optionally

minimizing the excitation of the donor fluorophore.

For some applications, implantable unit 230 comprises first and second wireless
energy receivers 82A and 82B, which are configured to receive the electromagnetic
radiation at the first and the second RF frequencies, respectively. First and second
wireless energy receivers 82A and 82B are electrically coupled to first and second
implantable-unit light sources 42 and 126, respectively, such that the first and second
wireless energy receivers, when they receive the electromagnetic radiation, activate the
first and second light sources, respectively. External reading unit 232 thus transmits the
electromagnetic radiation at the first RF frequency in order to activate first implantable-
unit light source 42, and at the second RF frequency in order to activate second
implantable-unit light source 126. Typically, first and second wireless energy receivers
82A and 82B comprise respective different sized coils and/or different capacitors in order
to tune the receivers to their respective RF frequencies. This configuration simplifies
implantable unit 230, because only minimal (possible discrete electronics) or no circuitry
is needed to activate the implantable-unit light sources. In this configuration, the length
and optionally also the power of the illumination is directly controlled by the energy
pulses transmitted by external reading unit 232, allowing direct control by the one or more
processors to compensate for variations in signal strength. Such variations may result, for
example, from variations in the concentration of fluorescent sensor molecules 40 from

implantable unit to implantable unit or as a function of time.

For some applications, external reading unit 232 comprises first and second
wireless energy transmitters 84A and 84B, which are configured to transmit the
electromagnetic radiation at the first and the second RF frequencies, respectively, and thus
activate first and second implantable-unit light sources 42 and 126, respectively.
Typically, first and second wireless energy transmitter 84A and 84B comprise respective
different sized coils and/or different capacitors in order to tune the transmitters to their
respective RF frequencies, thereby eliminating crosstalk between the transmitters.

Alternatively, external reading unit 232 comprises a wireless energy transmitter that is
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configured transmit at the first and the second RF frequencies under the control of the one

or more processors, for example comprising a single coil.

Reference is now made to Figs. 6 and 9, which are schematic illustrations of a
system 320 for transdermal detection of a concentration of an analyte in a subject, in
accordance with respective applications of the present invention. Reference is also made
to Fig. 7, which is a schematic top-view illustration of an implantable unit 330 of system
320 in the configuration shown in Fig. 6, in accordance with an application of the present
invention. System 320 further comprises an external reading unit 332. System 320 may
implement any of the techniques described herein regarding systems 20, 120, or 220.

Like reference numeral refer to like elements.

As mentioned above, each of fluorescent sensor molecules 40 comprises (i) a
binding site for the analyte, and (ii) at least one fluorescent moiety, which is configured to

be excited by light at the illumination peak wavelength.

Implantable unit 330 further comprises an upconversion material 390, which is
disposed in a vicinity of fluorescent sensor molecules 40. The at least one fluorescent
moiety of fluorescent sensor molecules 40 is configured to be excited by light between a
first absorption wavelength and a second absorption wavelength greater than the first
absorption wavelength. Upconversion material 390 is configured to produce emission of
light having an emission peak wavelength between the first absorption wavelength and the
second absorption wavelength, upon being excited with light having an excitation peak
wavelength that is greater than the second absorption wavelength. The excitation peak
wavelength is selected for good penetration through tissue including skin 80, and has

better tissue penetration than the emission peak wavelength.

For some applications, upconversion material 390 comprises nanocrystals.
Nanocrystals have been extensively explored for upconversion; for example, see Meng
Wang, et al., "Upconversion Nanoparticles: Synthesis, Surface Modification, and
Biological Applications,” Nanomedicine 2011 December 7(6):710-729. Commercially-
available nanocrystals for upconversion can also be purchased, for example, from Sigma-
Aldrich Corporation (St. Louis, MO) under the commercial name SunstoneTM,
employing a 976 nm excitation wavelength and emission wavelengths ranging between
475 nm and 804 nm. Specifically, 475 nm is a good choice for exciting many green

fluorophores that can be used as donors in the biosensor protein.
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Typically, in applications in which the fluorescent moiety is a fluorescent protein,
the emission light from the upconversion material, in order to be appropriate for excitation
of the fluorescent protein, has a peak wavelength within a range of wavelengths
determined by the fluorescent protein absorption spectrum. Typically, the absorption
spectrum of the fluorescent protein has significant absorption in a wavelength band of
about 100-150 nm width, and any light source having significant intensity within this

wavelength band is effective in exciting the fluorescent protein.

For some applications, such as shown in Fig. 6 and 7, upconversion material 390
is distributed in alternating areas of upconversion material and fluorescent sensor
molecules 40 within a single layer within the at least one sensor molecule chamber 70, in
order to provide close proximity of the upconversion material to the fluorescent sensor
molecules. For some applications, upconversion material 390 is disposed in a layer
adjacent fluorescent sensor molecules 40, such as above (as shown in Fig. 9) or below
(arrangement not shown), in order to provide close proximity of the upconversion
material to the fluorescent sensor molecules. For some applications, the upconversion
material is mixed with the fluorescent sensor molecules, e.g., by disposing both materials

within the same encapsulation material, e.g. hydrogel.

For some applications, the second absorption wavelength is less than 700 nm, and
the excitation peak wavelength is greater than 700 nm. For example, the excitation peak
wavelength may be greater than 800 nm, such as greater than 950 nm, e.g., greater than
1000 nm. For some applications, the first absorption wavelength is greater than 400 nm,
and the excitation peak wavelength is less than 1100 nm. Alternatively or additionally,
for some applications, the second absorption wavelength is at least 250 nm less than the
excitation peak wavelength. Further alternatively or additionally, for some applications,
the second absorption wavelength is less than 550 nm, and the excitation peak wavelength

is greater than 700 nm.

In the configurations described with reference to Figs. 6-9, external reading unit
332 typically comprises at least one external-unit light source 322, which is configured to
generate the light having the excitation peak wavelength, which is typically less than 700

nm for these configurations.

For some applications, external-unit light source 322 is a first external-unit light

source 322, and the excitation peak wavelength is a first excitation peak wavelength, and
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external reading unit 332 further comprises a second external-unit light source 324, which
is configured to generate light having a second excitation peak wavelength that is (a)
greater than 700 nm and (b) different from the first excitation peak wavelength. For some
applications, as described hereinabove, the fluorescent moiety of each of fluorescent
sensor molecules 40 comprises a donor fluorophore and an acceptor fluorophore. The
light generated by first external-unit light source 322 having the first excitation peak
wavelength 1is appropriate, after upconversion by upconversion material 390, for
excitation of the donor fluorophore. The light generated by second external-unit light
source 324 having the second excitation peak wavelength is appropriate, after
upconversion by upconversion material 390, for direct excitation of the acceptor

fluorophore.

For some applications, external reading unit 332 comprises optics and/or motion
systems that are configured to move the beam of the at least one external-unit light source
322 across a wide field of view, e.g., similar to the area of the external reading unit, until
the external reading unit identifies an optimal excitation efficiency (which is typically
better than that achieved by uniform illumination of the entire field of view).
Alternatively, such as described hereinbelow with reference to Figs. 10A-E, external
reading unit 132 may be configured to indicate to the user a desired movement direction
of the external reading unit using user interface 134, such that the user manually aligns the

at least one external-unit light source 322 at the optimal location.

For some applications, external reading unit 332 comprises multiple external-unit
light sources 322 having the same peak excitation wavelength, and one or more
processors enabling the selection of one or more external-unit light source enabling better

excitation efficiency as compare to operation of all external-unit light sources.
For some applications, the one or more processors are configured to:

e during one or more first time periods: (i) drive first external-unit light source 322
to generate light having the first excitation peak wavelength, and (ii) receive, from
light sensor 44, one or more first measurements of the fluorescent light emitted

from the acceptor fluorophore,

e during one or more second time periods non-overlapping with the first time
periods: (i) drive second external-unit light source 324 to generate light having the

second excitation peak wavelength, and (ii) receive, from light sensor 44, one or
49



10

15

20

25

30

WO 2016/059635 PCT/IL2015/051022

more second measurements of the fluorescent light emitted from the acceptor

fluorophore, and

e calculate the concentration of the analyte in the subject based on the first and the

second measurements.

For some applications, the acceptor fluorophore is configured to emit fluorescent

light having a peak wavelength greater than 625 nm, such as greater than 650 nm.

For some applications, upconversion material 390 comprises (a) a first
upconversion material, which is more efficient at upconverting the light at the first
excitation peak wavelength than the light at the second excitation peak wavelength, and
(b) a second upconversion material, which is more efficient at upconverting the light at
the second excitation peak wavelength than the light at the first excitation peak
wavelength. For some applications, the first and the second upconversion materials
comprise respective nanocrystals of different types, e.g., having different sizes, or
comprising different materials and/or coatings. The two different nanocrystal types may
be used together in order to optimize the upconversion efficiency at the two specific

wavelengths of the light sources of the external reading unit.

Reference is made to Fig. 8, which is a schematic cross-sectional illustration of a
portion of implantable unit 330, in accordance with an application of the present
invention. In this configuration, implantable unit 330 further comprises at least one
mirror 392 arranged at a bottom surface of upconversion material 390. The at least one
mirror 392 reflects the emission light from upconversion material 390 in a generally
perpendicular direction toward fluorescent sensor molecules 40. Alternatively or
additionally, implantable unit 330 further comprises a dichroic mirror 394 arranged at a
top surface of upconversion material 390. Dichroic mirror 394 is configured to be
transparent to the light at the excitation peak wavelength (e.g., infrared radiation or
specific portions of infrared radiation), while reflecting the light at the emission peak
wavelength (e.g., visible light or specific portions of visible light). Dichroic mirror 394
thus allows the light at the excitation peak wavelength (e.g., infrared) to pass into
upconversion material 390, while inhibiting the upconverted light at the emission peak
wavelength (e.g., visible light) from escaping in the direction of the dichroic mirror (and
light source). As a result, the light at the emission peak wavelength is better utilized

towards exciting fluorescent sensor molecules 40. For applications in which both mirror
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392 and dichroic mirror 394 are provided, the mirrors are generally placed on opposite

sides of upconversion material 390, such as shown in Fig. 8.

For some applications, each of the fluorescent sensor molecules comprises exactly
one fluorescent moiety. Alternatively, for some applications, each of the fluorescent

sensor molecules comprises exactly two fluorescent moieties.

Reference is made to Fig. 1-9, and is additionally made to Figs. 10A-E, which are
schematic illustrations of configurations of light sensor 44, in accordance with respective
applications of the present invention. In these applications, light sensor 44 comprises an
image sensor 398, i.e., a sensor that senses features of a spatial distribution of photons that
impinge on the sensor. Image sensor 398 comprises a plurality of sensor elements 400.
For some applications, the one or more processors are configured to use one or more
algorithms in order to separate between (a) the fluorescent light emitted from the
fluorescent moiety and (b) background (e.g., ambient) light, and to reduce (e.g., remove,
typically by subtracting) the contribution of the background light to the detected light
signal. Under ordinary illumination conditions, background light may give rise to a
background signal that is detected by most or all of sensor elements 400, regardless of
whether the sensor elements detect a significant level of emissions from fluorescent
sensor molecules 40. The one or more processors are configured to compare the signals
generated by the different sensor elements 400 to evaluate the background level that is
also sensed by those sensor elements that sense emission from fluorescent sensor
molecules 40. The one or more processors are configured to remove this background
(generally by subtraction), thereby minimizing the affect of ambient light conditions on

the performance of the system.

For some applications, the one or more algorithms utilize prior information
regarding the shape (including size), typically in two dimensions (and optionally in one or
three dimensions), of one or more regions of implantable unit 130 at which fluorescent
sensor molecules 40 are disposed, in order to identify the fluorescent light emitted from
the fluorescent moiety. For example, the algorithms may use a Fourier analysis in case of
a repetitive structure or any specific (e.g., matched) filter that enhances the signal because
of its known spatial distribution. For applications in which implantable unit 130
comprises the at least one sensor molecule chamber 70, which contains fluorescent sensor

molecules 40, the one or more algorithms utilize prior information regarding the shape

51



10

15

20

25

30

WO 2016/059635 PCT/IL2015/051022

(including size), typically in two dimensions (and optionally in one or three dimensions),
of the at least one sensor molecule chamber 70. For applications in which fluorescent
sensor molecules 40 are disposed on a surface of enclosure 74 of implantable unit 30, the
one or more algorithms utilize prior information regarding the shape (including size),
typically in two dimensions (and optionally in one or three dimensions), of the regions at
which fluorescent sensor molecules 40 are disposed. For some these applications, image
sensor 398 implements techniques described hereinbelow with reference to Fig. 11. In
these applications, the external reading unit comprises image sensor 398. It is noted that

Figs. 10A-E, like the other figures, are not drawn to scale.
For some applications, the one or more processors are configured to:

e calculate at least one intensity of the light representing emission from fluorescent
sensor molecules 40, based on distinguishing between (a) one or more emission
areas of the transdermal images corresponding to the locations, in one or two
dimensions, of fluorescent sensor molecules 40, and (b) background areas of the
transdermal images, e.g., by subtracting the average background intensity from the

sensor emission areas, and

e calculate the concentration of the analyte in the subject based on the at least one

intensity of the light emitted from fluorescent sensor molecules 40.

For some applications, as shown schematically in Figs. 10A and 10B, image
sensor 398 comprises an equally-spaced two-dimensional array 402 of equally-sized
sensor elements 400 arranged in a rectangular grid having at least two sensor elements in
each direction, e.g., a CCD or CMOS image sensor. The image sensor is configured to
generate one or more two-dimensional pixelated transdermal images of light passing from
the body through tissue including skin 80. For some applications, as shown schematically
in Fig. 10A (in which the actual size of the array is substantially larger than schematically
shown, for example 1024x1024 sensor elements), the image sensor is configured to
generate high-resolution images (for example, including at least 1024x1024 pixels), as is

known in the art, using, for example, a CCD or CMOS image sensor.

For other applications, image sensor 398 comprises a smaller number of sensor
elements 400, which are not necessarily arranged as a grid, such that image sensor 398 is
configured to generate low-resolution images. For example, image sensor 398 may

comprise no more than 1,024 sensor elements 400, such as no more than 64 sensor
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elements, no more than 32 sensor elements, no more than 25 sensor elements, no more
than nine sensors elements, or no more than four sensor elements. Typically, image
sensor 398 comprises at least three sensor elements 400, such as at least four or five
sensor elements 400, e.g., at least eight sensor elements 400. For some applications, each
of sensor elements 400 has a surface area of at least 1 mm2, such as at least 4 mm?2,

and/or no more than 100 mm2, such as no more than 50 mm?2.

In these applications, sensor elements 400 typically comprise respective sampling
circuitries 404. Typically, each of sampling circuitries 404 is configured to output a
digital or analogue value indicative of an intensity of light sensed by the corresponding
sensor element 400. Typically, the external reading unit comprises control electronics
458, which are configured to simultaneously read sampling circuitries 404 (typically
independently, and typically in parallel). (For clarity of illustration, control electronics
458 is shown only in Fig. 10C, and is shown connected to only a subset of the circuitries;
in practice, control electronics 458 is connected to all of the circuitries, and typically is
additionally provided in the configurations shown in Figs. 10B, 10D, and 10E.) (In
contrast, each image sensor in a CCD or CMOS image sensor does not have its own
dedicated sampling circuitry.) For some applications, control electronics 458 are
configured to sample all of sampling circuitries 404 in no more than 3 msec, such as no
more than 2 msec, e.g., no more than 1 msec. For some applications, these quick
sampling periods approximately match the duration of illumination of fluorescent sensor
molecules 40. For some applications, sampling circuitries 404 samples each of the sensor
elements during the illumination of fluorescent sensor molecules 40 and before and/or

after the illumination.

These techniques may thus provide a faster response time than a conventional
pixelated image sensor (e.g., a CCD or CMOS image sensor), which allows
synchronization of sensing with the illumination pulse, and thus may allow the one or
more processors to reject background that is not synchronized with the illumination pulse.
These techniques may also provide increased design flexibility. Thus the system may
enjoy the benefit of removing background both in time and in space while keeping the

high collection efficiency of the sensor.

For some of these applications, such as shown in Fig. 10B, image sensor 398

comprises equally-spaced two-dimensional array 402 of equally-sized sensor elements
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arranged in a rectangular grid having at least two sensor elements in each direction, and
the transdermal images comprise two-dimensional pixelated images. Typically, in these
applications, image sensor 398 comprises no more than 32 sensor elements in each
direction, e.g., no more than 16 sensor elements in each direction, such as no more than 5
sensor elements in each direction, e.g., 2x2, 3x3, 4x4, or 5x5 sensor elements. For

example, image sensor 398 may comprise an array of 12-30 sensor elements.

For some applications, such as shown by way of example in Figs. 10C, 10D, and
10E, sensor elements 400 are (a) arranged to sense light from different respective portions
of a total field of view of image sensor 398, and (b) not arranged as sensor elements of a
rectangular grid of sensor elements. For example, the field of view of the image sensor

may be about 20x20 mm.

For some applications, such as shown in Figs. 10C, 10D, and 10E, at least two of
sensor elements 400 have different respective surface shapes and/or different respective

surface areas.
For some applications, sensor elements 400 comprise:

e one or more central sensor elements 400A, which are disposed in a central area
406 of image sensor 398. Central sensor elements 400A are configured to obtain

the signal under the best orientation conditions; and

e (wo or more (e.g., four or more) peripheral sensor elements 400B, which are
disposed generally surrounding central sensor elements 400A (in a peripheral area
408 of image sensor 398). Peripheral sensor elements 400B are configured to

enable removal of background light and/or alignment of the external reading unit.

For some applications, at least one of the one or more central sensor elements
400A has a first surface shape, and at least one of the two or more peripheral sensor
elements 400B has a second surface shape that is different from the first surface shape.
For some applications, the one or more central sensor elements 400A comprise exactly
one central sensor element 400A. For some of these applications, as shown in Fig. 10C,
central sensor element 400A is polygonal and has more than four sides, e.g., is hexagonal
or octagonal. For others of these applications, such as shown in Figs. 10D and 10E,

central sensor element 400A is elliptical, e.g., circular.

For some applications, such as shown in Fig. 10E, peripheral sensor elements
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400B are arranged in two or more rings around the one or more central sensor elements

400A at respective average distances from the one or more central sensor elements 400A.
For some applications:

e the one or more central sensor elements 400A have a central sensor total surface

area in aggregate,

e the two or more peripheral sensor elements 400B have a peripheral sensor average

surface area,

e all of the sensor elements 400 (both the one or more central sensor elements 400A
and the two or more peripheral sensor elements 400B) have a total sensors surface

are in aggregate.

For some applications, the peripheral sensor average surface area is less than the
central sensor total surface area. For some applications, the central sensor total surface
area is at least 50% of the total sensors surface area, and/or no more than 35%, e.g., no
more than 25%, of the total sensors surface area. The use of one or more relatively large
central sensor elements 400A generally improves the signal-to-noise ratio, because the
signal typically scales with sensor element area, while noise typically scales at a lower
power, e.g., the square root of the area. It is therefore advantageous for best signal to
noise (SNR) to use only the signal coming from pixels (elements in an array) that detect
significant levels of signal and avoid using other elements that are providing mainly
background signal. It is therefore of advantage to use a specially designed sensor array

that can combine the benefits of both an array and a single sensor element.

For some applications, the one or more processors are configured to use the one or
more central sensor elements 400A to predominantly sense the light emitted by
fluorescent sensor molecules 40, and the two or more peripheral sensor elements 400B to
predominantly sense background light not emitted by fluorescent sensor molecules 40.
For some applications, the one or more processors are configured to ascertain the one or
more emission areas of the transdermal images corresponding to the locations, in one or
two dimensions, of the fluorescent sensor molecules by ascertaining that the one or more
central sensor elements 400A sense predominantly fluorescent light emitted by
fluorescent sensor molecules 40 (for example, at last 50% of the light sensed by the one or

more central sensor elements 400A is emitted from fluorescent sensor molecules 40), and,
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optionally, to further ascertain that the one or more peripheral sensor elements 400B sense
predominantly background (e.g., ambient) light not emitted by fluorescent sensor
molecules 40 (for example, at last 50% of the light sensed by the one or more peripheral

sensor elements 400B is not be emitted from fluorescent sensor molecules 40).

For some applications, sensor elements 400 may be arranged in a vector along a

single spatial axis (configuration not shown).

For some applications, the one or more processors evaluate the background (e.g.,

ambient) light level using image sensor 398 by:

e classifying sensor elements 400 such that some of the sensor elements 400 are
classified as sensing predominantly background (e.g., ambient) (e.g., at least 50%)
light ("background sensor elements"; these typically correspond to the one or more
peripheral sensor elements 400B) and some other sensor elements 400 are
classified as sensing predominantly (e.g., at least 50%) light generated by
fluorescent sensor molecules 40 ("signal sensor elements"; these typically

correspond to the one or more central sensor elements 400A), and

e based on the values and spatial distribution of the background sensor elements,
evaluate a background light level at the position of the signal sensor elements, e.g.,
by an average over the background sensor elements, or by fitting the background
sensor elements by a continuous function and evaluating the value of the function

at a central location representing the signal sensor elements.

For some applications, external reading unit 132 further comprises a user interface
134, which typically comprises a graphical display, other visual outputs, and/or an audio
generator. User interface 134 may be incorporated into housing 62 of external reading
unit 132, or may be in a separate component in data communication (wireless or wired)
with housing 62 of external reading unit 132. The one or more processors are configured
to (a) ascertain, responsively to one or more respective locations of the one or more
emission areas of the transdermal images, a desired movement of external reading unit
132 (e.g., of optical unit 46) with respect to an external surface of skin 80, and (b) output,
via user interface 134, an indication of the desired movement. A user moves external
reading unit 132 in order to better align the external reading unit with the implantable
unit. These techniques are optionally used in combination with the background removal

techniques described above; the one or more processors use the background light sensed
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by the sensor elements not positioned over fluorescent sensor molecules 40 after
centering, for correction of the light sensed from the fluorescent sensor molecules 40, as

described above.

For some applications, the indication of the desired movement includes a direction
of the desired movement with respect to the external surface of the skin. For some
applications, user interface 134 is configured to guide the user to position the external
reading unit at the most appropriate location, e.g., using crosshairs, arrows, or other visual
or audio indicators (e.g., including pitch and/or volume) of the desired location and/or
desired motion toward the desired location. For example, the most appropriate location
may be with a center of the field of view of image sensor 398 (e.g., the one or more
central sensor elements 400A) placed over fluorescent sensor molecules 40. For some
applications, the one or more processors are configured to: (a) ascertain, responsively to
one or more respective locations of the one or more emission areas of the transdermal
images, a desired change in disposition of the external reading unit with respect to an
external surface of the skin, and (b) output, via user interface 134, an indication of the
desired change in disposition. For example, the change in disposition may be a change in
position of external reading unit 132 with respect to the external surface of the skin,
and/or a change in orientation (e.g., rotational orientation) of the external reading unit
with respect to the external surface of the skin. Typically, the system generates an output
instructing the user to reposition the external reading unit only if the system detects a

positioning error beyond a certain limit.

For some applications, the one or more processors are configured to output the
indication upon ascertaining, by the one or more processors, that at least a portion of
fluorescent sensor molecules 40 does not appear in the transdermal images. For some
applications, the one or more processors are configured to output an indication, via user
interface 134, if the light signal cannot be measured, e.g., after a certain amount of time or
number of attempts, and/or when the implantable unit is located to be beyond a certain

distance from the center of the field of view of the image sensor.

As mentioned above, for some applications image sensor 398 comprises at least
three sensor elements, which comprise one or more central sensor elements 400A, which
are disposed in central area 406 of image sensor 398, and two or more peripheral sensor

elements 400B, which are disposed generally surrounding the one or more central sensor
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elements 400A. For some of these applications, the one or more processors are
configured to ascertain the desired movement of external reading unit 132 by ascertaining
that a first intensity of light sensed by one or more first ones of the peripheral sensor
elements 400B is greater than a second intensity of light sensed by one or more second
ones of the peripheral sensor elements 400B. For some of these applications, the one or
more processors are configured to ascertain that the desired movement is in a direction
from the one or more central sensor elements 400A toward the one or more first ones of
the peripheral sensor elements 400B. This is repeated until the intensity of light sensed by
all of the peripheral sensor elements 400B is approximately equal, indicating that the one
or more central sensor elements 400A are approximately centered over fluorescent sensor

molecules 40.

For some of these applications, the one or more central sensor elements 400A have
the central sensor total surface area in aggregate, and the two or more peripheral sensor
elements 400B have the peripheral average surface area, which is less than the central
sensor total surface area. For some of these applications, the one or more central sensor
elements 400A comprise exactly one central sensor element 400A. For some of these
applications, at least one of one or more central sensor elements 400A has a first surface
shape, and at least one of the two or more peripheral sensor elements 400B has a second

surface shape that is different from the first surface shape.

These techniques are optionally used in combination with the background removal
techniques described above; the background light sensed by the two or more peripheral
sensor elements 400B not after centering is used for correction of the light sensed by the
one or more central sensor elements 400A from the fluorescent sensor molecules 40, as

described above.

For some applications, the one or more processors are configured to calculate a
background intensity of the light at the at least one peak wavelength at the background
areas of the transdermal images, and to correct the calculated at least one intensity of light
representing the net emission from the fluorescent sensor molecules using the background
intensity. For some applications, the one or more processors are configured to correct the
calculated at least one intensity of the light representing the emission from fluorescent
sensor molecules 40 by subtracting the background intensity from an intensity of the light

in the one or more emission areas of the transdermal images.
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For some applications, the one or more processors are configured to use a one- or
two-dimensional representation of a spatial distribution of fluorescent sensor molecules
40 in implantable unit 130 as a factor in the analysis of the transdermal images for
ascertaining the one or more areas of the transdermal images corresponding to the
locations, in one or two dimensions, of fluorescent sensor molecules 40. For example, the
one- or two-dimensional representation may be loaded in a memory of external system 26
(e.g., the external reading unit) before the external reading unit is provided to the user.
The one or more processors are configured to analyze the one- or two-dimensional images
of the sensed light with reference to the one- or two-dimensional representation in order to
find a best fit between the images and the representation, and then to assume that light
outside of this best fit is background noise rather than emissions from fluorescent sensor

molecules 40.

For some applications, the fluorescent sensor molecules are distributed within the
implantable unit in a repetitive pattern, and/or in a non-uniform spatial distribution. For
some applications, fluorescent sensor molecules 40 are distributed within the implantable
unit such that in one or more (e.g., a plurality of) distinct areas, a different signal intensity
is detected as compared to other areas in which the fluorescent sensor molecules are
distributed. For example, sensor molecule chamber 70 containing the fluorescent sensor
molecules may have a lesser thickness in distinct areas 136 than in the other areas, or a

greater thickness in distinct areas 138 than in other areas.

As mentioned above, for some applications, implantable unit 130 further
comprises the at least one sensor molecule chamber 70, in which fluorescent sensor
molecules 40 are disposed. For some of these applications, the at least one sensor
molecule chamber 70 comprises (a) a substrate, which defines one or more surfaces, and
(b) a membrane. Fluorescent sensor molecules 40 are disposed in the at least one sensor
molecule chamber 70 between the membrane and the one or more surfaces of the
substrate. The one or more surfaces have an average reflectivity, and one or more sub-
areas of the one or more surfaces have a sub-area reflectivity that is greater than the
average reflectivity. The one or more processors are configured to use one or more
respective locations of one or more areas of the transdermal images corresponding to
locations, in one or two dimensions, of the sub-areas in as a factor in the analysis of the
transdermal images for ascertaining the locations of the one or more areas of transdermal

images corresponding to the locations, in one or two dimensions, of the fluorescent sensor
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molecules. For some applications, the sub-area reflectivity is at least twice the average
reflectivity.  Alternatively or additionally, for some applications, the sub-areas are

distributed within the at least one sensor molecule chamber 70 in a repetitive pattern.

For some applications, the one or more processors are configured to use the known
spatial distribution, in one or two dimensions, of the fluorescent sensor molecules in the
implantable unit as a factor in the analysis of the transdermal images for ascertaining the
one or more areas of location of the implantable unit in the transdermal images
corresponding to the locations, in one or two dimensions, of the fluorescent sensor

molecules.

For some applications, the one or more processors are configured to, during one or
more third time periods non-overlapping with the first time periods described hereinbelow
with reference to Figs. 1-12: (a) drive the one or more light sources to generate the light
having the second illumination peak wavelength, and (b) calculate the concentration of
fluorescent sensor molecules 40, by analyzing a spatial distribution of the fluorescent light
in the transdermal images. For some applications, the one or more processors are
configured to, during the one or more third time periods, analyze the distribution of the
fluorescent light in the transdermal images by calculating an extent of absorption of the
fluorescent light emitted from the acceptor fluorophore as a function of distance from the

one or more second light sources.

For some applications, the one or more processors may be configured to use
measurements at different times in order to remove background emissions. For example,
the one or more processors may be configured to evaluate the background signal using
one or more measurements taken before and/or after the light source(s) generate light, and
subtract such background signal from the measured light, e.g., to measure the signal at
several times during generation of light by the light source(s) and to fit the measured
values to the known function of the generated light. This technique may be practiced in

combination with the background removal techniques described above.

Reference is now made to Fig. 11, which is a schematic illustration of a system
420 for transdermal detection of a concentration of an analyte in a subject, in accordance
with an application of the present invention. System 420 comprises an implantable unit
30 and an external reading unit 432, which is physically separate and distinct from

implantable unit 30. Implantable unit 30 may implement any of the techniques described
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hereinabove regarding implantable units 30, 130, 230, and/or 330. Other than as
described below, external reading unit 432 may implement any of the techniques
described herein regarding external reading units 32, 132, 232, 332, and/or 532, described
hereinabove with reference to Figs. 1-9 and/or Figs. 10A-E.

External reading unit 432 comprises light sensor 44, which, in this configuration,
comprises image sensor 398, which may implement any of the configurations described
hereinabove with reference to Figs. 10A-E. External reading unit 432 further comprises
at least one fast response sensor element 454, e.g., a photodiode. A beam splitter 452 may
be provided to share the optical detection path with the image sensor and the at least one
fast response sensor element. One or more light sources may be provided in external
reading unit 432 (such as shown in Figs. 1, 6, and/or 9), and/or in implantable unit 30
(such as shown in Figs. 1, 2, and/or 4). If the light source(s) are provided in the external
reading unit, the light source(s) may share part of the optical path with the collection
channel, such as using a beam splitter. Alternatively, for some applications, the image
sensor and the fast response sensor element are aimed at non-identical portions of the total
field of view, without using a beam-splitter. The non-identical portions may either

partially overlap one another, or may be entirely non-overlapping with one another.

For some applications, the one or more processors are configured to use image
sensor 398 to identify the location of fluorescent sensor molecules 40 (and thus
implantable unit 30) and guide the user to improve the position of external reading unit
432 with respect to the implantable unit, such as to position the implantable unit in the
center of the field of view of the image sensor. For example, such guidance may be
provided using the techniques described hereinabove with reference to Figs. 1-9 and 10A-
E. Alternatively or additionally, for some applications, the one or more processors are
configured to use image sensor 398 to evaluate the background signal generated by
ambient light, such as using the techniques described hereinabove with reference to Figs.

1-9 and 10A-E.

External reading unit 432 comprises a high-frequency electronic circuit 456,
which samples fast response sensor element 454, thereby enabling the integration of only
the signal that is synchronized with the illumination pulses generated by the light sources,
rejecting all ambient light that is collected at different times. External reading unit 432

may also comprise control electronics 458, for processing the signal(s) generated by
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image sensor 398.

For some applications, using both types of sensors (image sensor 398 and fast

response sensor element 454) combines the benefits of both types of sensors and provides

enhanced measurement accuracy. For example, the one or more processors may be

configured to:

drive the one or more light sources to provide pulse illumination to fluorescent

sensor molecules 40 in implantable unit 30;

synchronize the measurements of both image sensor 398 and the at least one fast
response sensor element 454 such that the pulse of the light source is included in

the integration time of both measurement channels;

evaluate the background (e.g., ambient) light level using image sensor 398 by: (a)
classifying all sensor elements 400 of the image such that some of the sensor
elements 400 are classified as containing predominantly background light (e.g., at
least 50%, such as at least 80%) ("background sensor elements") and some other
sensor elements are classified as containing predominantly signal/fluorescent light
(e.g., at least 50%, such as at least 80%) generated by fluorescent sensor
molecules 40 ("signal sensor elements"”), and (2) based on the values and spatial
distribution of the background sensor elements, evaluate a background light level
at the position of the signal sensor elements, e.g., by an average over the
background sensor elements, or by fitting the background sensor elements by a
continuous function and evaluating the value of the function at a central location

representing the signal sensor elements; and/or

adjust the background light level for the differences in integration times and
sensitivity between the two sets of sensors, and remove the adjusted background
light level from the signal generated by the at least one fast response sensor

element, as taken at the time of the illumination pulse generated by light source(s).

These techniques generally provide good accuracy of the measured signal, because

both spatial filtering enabled by image sensor 398 and the temporal filtering enabled by

the at least one fast response sensor element 454 provide improved removal of

background noise.

Reference is now made to Fig. 12, which is a schematic illustration of a system
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520 for transdermal detection of a concentration of an analyte in a subject, in accordance
with an application of the present invention. The features of this configuration may be
implemented in combination with any of the techniques described herein; like reference
numeral refer to like elements. For example, system 520 may implement the techniques
for individually driving the implantable-unit light sources from the external unit described
hereinabove with reference to Fig. 4. System 520 comprises an implantable unit 530, and

an external reading unit 532.

Implantable unit 530 comprises three light sources: (a) first implantable-unit light
source 42, which is configured to emit light appropriate for excitation of the donor
fluorophore, (b) second implantable-unit light source 126, which is configured to emit
light appropriate for direct excitation of the acceptor fluorophore, (c) a third implantable-
unit light source 528 configured to emit light having a peak wavelength appropriate for
effective penetration through the tissue (which typically includes skin 80), e.g., greater
than 650 nm. The strength of the signal emitted by third implantable-unit light source 528
does not vary based on the level of sensor protein or analyte, and thus may be useful for

several functions, such as described below.

Typically, third implantable-unit light source 528 is configured to illuminate in the
general direction of the external reading unit. Alternatively or additionally, at least one
reflective surface located within the implantable unit may reflect the light from third
implantable-unit light source 528 in the general direction of the external reading unit.
Alternatively, third implantable-unit light source 528 is directed in any general direction,
e.g., in the direction of sensor molecule chamber 70, and light arrives to light sensor 44 of

external reading unit 432 via scattering.

For some applications, external reading unit 532 is configured to activate third
implantable-unit light source 528 to operate at third time periods not overlapping the first

and second time periods during which the first and the second light sources operate.

For some applications, external reading unit 532 is configured to operate third
implantable-unit light source 528 in order to enable easier alignment of the external
reading unit location with respect to the implantable unit, as discussed above regarding
embodiments in which the user receives an indication of desired movement of the external
reading unit. The light generated by third implantable-unit light source 528 may also be

useful for locating the implantable unit for extraction of the unit from the subject's body.
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Alternatively or additionally, the light generated by third implantable-unit light source
528 may provide an indication that the circuitry of the implantable unit is functioning
properly even when no light can be detected from the acceptor fluorophore. By
calculating the ratio between the intensity of the emission when exciting using second
implantable-unit light source 126 (which directly excites the acceptor fluorophore) and
the intensity measured with third implantable-unit light source 526, the one or more
processors may obtain additional information, e.g., regarding the amount of active
biosensor protein in the implantable unit. By tracking this ratio over a long time, e.g., by
comparing the current value to the value immediately following implantation, the one or
more processors may alert the user of the need to replace the implantable unit within some
time, based on a decline in this ratio. Because the emission when exciting the acceptor
fluorophore directly is not dependent on glucose concentration, such a measurement and

alert cannot be confounded by current glucose values.

Alternatively or additionally, for some applications, external reading unit 532 is
configured to evaluate the transmission through the tissue of the light generated by third
implantable-unit light source 528, and to utilize this information for the calibration of the

measurement of the analyte concentration and/or for the alignment process.

Alternatively or additionally, for some applications, external reading unit 532 is
configured to operate third implantable-unit light source 528 as a reference in order to
evaluate the amount of fluorescent sensor molecules, e.g., fluorescent protein, in the
implantable unit and utilize this information as an indication of the sensor unit status, or
as an input factor in order to adjust the duration and/or the intensity of the illumination of

the first and/or second light sources.

Alternatively or additionally, the implantable unit is configured to use third
implantable-unit light source 528 to transmit a signal indicative of a measured
temperature at the position of the implantable unit, such as described hereinbelow with

reference to Figs. 1-12.

Reference is made to Figs. 1-12. In some applications of the present invention, the
one or more processors are configured to change a ratio of the duration or the total energy
of the light pulse at the first illumination peak wavelength to the duration or the total
energy of the light pulse at the second illumination peak wavelength. Such a change in

ratio (which may include repeated changes over time) may be desirable to achieve
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acceptable signal levels and/or correct for changes (typically decreases) in the
concentration of fluorescent sensor molecules 40 in the implantable device over time,
typically in configurations in which each of fluorescent sensor molecules 40 comprises (1)
a binding site for the analyte, (ii) a donor fluorophore, and (iii) an acceptor fluorophore,
such as described hereinabove. For some applications, the one or more processors are

configured to:

e drive one or more light sources (external-unit light sources, internal-unit light
sources, or a combination of external-unit and internal-unit light sources) to (a)
during a plurality of first time periods, generate light having the first illumination
peak wavelength appropriate for excitation of the donor fluorophore, and (b)
during a plurality of second time periods non-overlapping with the first time
periods, generate light having the second illumination peak wavelength
appropriate for direct excitation of the acceptor fluorophore; techniques may be
used that are described hereinabove with reference to Figs. 1 and 2 for calculating

the concentration of the analyte;

e receive, from light sensor 44, respective measurements of the fluorescent light
emitted from the acceptor fluorophore during (a) the first time periods and (b) the
second time periods; techniques may be used that are described hereinabove with

reference to Figs. 1 and 2 for calculating the concentration of the analyte;

e calculate the concentration of the analyte in the subject based on the respective
measurements; techniques may be used that are described hereinabove with

reference to Figs. 1 and 2 for calculating the concentration of the analyte;

e during a first operational period that includes one or more of the first time periods
and one or more of the second time periods, set a ratio of an aggregate duration of
the first time periods to an aggregate duration of the second time periods to have a

first value; and

e during a second operational period that is after the first operational period and that
includes one or more of the first time periods and one or more of the second time
periods, set the ratio to have a second value that is different from the first value,

such as greater than the first value of the ratio.

For some applications, the first operation period has a duration of at least one
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week.

For some applications, the one or more processors are configured to set the ratio to
have the second value based on a decrease in signal strength of fluorescent sensor
molecules 40. For some applications, the one or more processors are configured to set the
ratio to have the second value based on a decrease in a concentration of fluorescent sensor
molecules 40. For some applications, the one or more processors are configured to

ascertain the decrease in the concentration of fluorescent sensor molecules 40.

For some applications, light sensor 44 comprises an image sensor, which is
configured to generate one or more transdermal images of the fluorescent light emitted
from the acceptor fluorophore. The one or more processors are configured to, during one
or more third time periods non-overlapping with the first time periods: (a) drive the one or
more light sources to generate the light at the second illumination peak wavelength, and
(b) calculate the concentration of fluorescent sensor molecules 40, by analyzing a spatial
distribution of the fluorescent light in the transdermal images. For some applications, the
one or more processors are configured to, during the one or more third time periods,
analyze the distribution of the fluorescent light in the transdermal images by calculating
an extent of absorption of the fluorescent light emitted from the acceptor fluorophore as a

function of distance from the one or more second light sources.

For some applications, the one or more light sources comprise one or more first
light sources and one or more second light sources. The one or more processors are
configured to drive the one or more first light sources to generate the light at the first
illumination peak wavelength, and the one or more second light sources to generate the
light at the second illumination peak wavelength. For some applications, the implantable
unit comprises the one or more first light sources and the one or more second light
sources, such as described hereinabove with reference to Fig. 4. For other applications,
the implantable unit comprises the one or more first light sources, and the external reading

unit comprises the one or more second light sources.

Reference is again made to Figs. 1-12. In some applications of the present
invention, typically in configurations in which each of fluorescent sensor molecules 40
comprises (i) a binding site for the analyte, (ii) a donor fluorophore, and (iii) an acceptor

fluorophore, such as described hereinabove, the one or more processors are configured to:

e drive the one or more light sources to, during a plurality of first time periods
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alternating with a plurality of second time periods non-overlapping with the first

time periods:

(a) during the first time periods, (i) generate light having a first illumination peak
wavelength appropriate for excitation of the donor fluorophore, and (ii) receive,
from the light sensor, measurements of first intensities of the fluorescent light

emitted from the acceptor fluorophore, and

(b) during the second time periods, (i) generate light having a second illumination
peak wavelength appropriate for direct excitation of the acceptor fluorophore, and
(i1) receive, from the light sensor, measurements of second intensities of the

fluorescent light emitted from the acceptor fluorophore,

e for each of a plurality of the first and the second time periods, respectively, set a
first energy of the light (i.e., the integral overtime of the intensity of the light)
generated having the first illumination peak wavelength, and a second energy of
the light generated having the second illumination peak wavelength, so as to
regulate, toward a target value, a relationship of values of the first and the second
intensities of the sensed fluorescent light; for example, the one or more processors
may regulate a ratio of the values, or may regulate a difference between the values
(e.g., reduce a difference between the values, and/or minimize a difference

between the values), and

e calculate the concentration of the analyte in the subject based in part on the first
energy of the generated light having the first illumination peak wavelength and the
second energy of the generated light having the second illumination peak
wavelength, for example, based in part on a ratio of (a) the first energy of the
generated light having the first illumination peak wavelength and (b) the second

energy of the generated light having the second illumination peak wavelength.

This technique may correct for changes (typically decreases) in the concentration
of fluorescent sensor molecules 40 in the implantable device over time. For example, a
lower concentration of fluorescent sensor molecules 40 under given illumination
conditions may result in a lower signal. The system thus increases the illumination
energy (e.g., by increasing the intensity and/or pulse length), resulting in a higher signal.
This is repeated until the signal is within a predefined band of values. This technique may

thus help maximize the measurement signal-to-noise ratio to enable accurate
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measurement, such as by using relatively higher excitation energies when the response
from the implantable unit is low, e.g., because of a low concentration of fluorescent
sensor molecules or a low concentration of the analyte, e.g., glucose. This technique thus
provides automatic compensation for low fluorescent sensor molecules 40 concentration,
which enables measurement while the concentration is too low for accurate measurement
under standard conditions. To the extent that changing the excitation energy from pulse
to pulse creates changes in background, the techniques described hereinabove with

reference to Figs. 1-9 and 10A-E may optionally be used to remove the background.

For some applications, the one or more light sources comprise one or more first
light sources and one or more second light sources, and the one or more processors are
configured to drive the one or more first light sources to generate the light at the first
illumination peak wavelength, and the one or more second light sources to generate the
light at the second illumination peak wavelength. For some applications, the implantable
unit comprises the one or more first light sources and the one or more second light
sources, such as described hereinabove with reference to Fig. 4. For other applications,
the implantable unit comprises the one or more first light sources, and the external reading

unit comprises the one or more second light sources.

Reference is again made to Figs. 1-12. In some applications of the present
invention, the implantable unit is configured to measure the temperature at the position of
the implantable unit, and to transmit the measured temperature to the external reading
unit, such as for generation of calibration information, as described hereinabove with
reference to Fig. 1. For example, the implantable unit may comprise at least one
temperature-sensitive electronic element such that the time delay between the triggering
of the illumination by the external reading unit and the actual timing of the illumination
pulse depends on implantable unit temperature. The triggering of the illumination in this
context may be, for example, the beginning of the charging pulse supplied to the
implantable unit, and the timing of the illumination pulse may be measured, for example,
from the timing of the peak intensity of the detected light in the sensor. Alternatively, for
applications in which the implant circuitry is configured to generate a train of light pulses
(such as using third implantable-unit light source 528, described hereinabove with
reference to Fig. 12), the implantable unit may be configured such that the at least one
temperature-sensitive element in the circuitry causes a change in the time between

successive light pulses as a function of temperature; such a change can be readily
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identified by the external reading unit by analyzing the received optical signal. The
temperature-sensitive element may comprise, for example, a thermistor or a temperature

sensitive capacitor.

These techniques may be used in combination with any of the configurations of

the system described herein.

The scope of the present invention includes embodiments described in the
following applications, which are assigned to the assignee of the present application and
are incorporated herein by reference. In an embodiment, techniques and apparatus
described in one or more of the following applications are combined with techniques and

apparatus described herein:
e US Patent 7,951,357 to Gross et al.;
e US Patent Application Publication 2010/0160749 to Gross et al.;
e US Patent Application Publication 2010/0202966 to Gross et al.;
e US Patent Application Publication 2011/0251471 to Gross et al.;
e US Patent Application Publication 2012/0059232 to Gross et al.;
e US Patent Application Publication 2013/0006069 to Gil et al.;
e PCT Publication WO 2006/006166 to Gross et al.;
e PCT Publication WO 2007/110867 to Gross et al.;
e PCT Publication WO 2010/073249 to Gross et al.;
e PCT Publication WO 2013/001532 to Gil et al.;
e PCT Publication WO 2014/102743 to Brill et al.;
e US Provisional Patent Application 60/588,211, filed July 14, 2004;
e US Provisional Patent Application 60/658,716, filed March 3, 2005;
e US Provisional Patent Application 60/786,532, filed March 27, 2006;
e US Provisional Patent Application 61/746,691, filed December 28, 2012; and
e US Provisional Patent Application 61/944,936, filed February 26, 2014.

It will be appreciated by persons skilled in the art that the present invention is not
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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.
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CLAIMS

1. Apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:
an implantable unit, which is configured to be implanted in a body of the subject,
5  and comprises:

(a) fluorescent sensor molecules, each of which comprises (1) a binding
site for the analyte, and (ii) at least one fluorescent moiety configured to emit
fluorescent light; and

(b) an implantable-unit light source that is configured to generate light

10 having an illumination peak wavelength appropriate for excitation of the
fluorescent moiety; and
an external system, which is physically separate and distinct from the implantable
unit, and which comprises:

(a) an external reading unit, which comprises a light sensor, which is

15 configured to sense fluorescent light emitted from the fluorescent moiety having
an emission peak wavelength, wherein the emission peak wavelength is between
100 and 500 nm greater than the illumination peak wavelength; and

(b) one or more processors, which are configured to: (1) drive the

implantable-unit light source to generate the light, (2) receive, from the light
20 sensor, at least one measurement of the fluorescent light emitted from the
fluorescent moiety, and (3) calculate the concentration of the analyte in the subject

based on the at least one measurement.

2. The apparatus according to claim 1, wherein the emission peak wavelength is

between 100 and 250 nm greater than the illumination peak wavelength.

25 3. The apparatus according to claim 1, wherein the emission peak wavelength is at

least 150 nm greater than the illumination peak wavelength.

4. The apparatus according to claim 1, wherein the fluorescent moiety of each of the

fluorescent sensor molecules comprises a donor fluorophore, and an acceptor fluorophore.

5. The apparatus according to claim 1, wherein each of the fluorescent sensor

30  molecules comprises exactly one fluorescent moiety.
6. The apparatus according to claim 1, wherein each of the fluorescent sensor
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molecules comprises exactly two fluorescent moieties.

7. The apparatus according to claim 1, wherein the implantable unit further
comprises at least one sensor molecule chamber, in which the fluorescent sensor

molecules are disposed.

8. The apparatus according to claim 1, wherein the implantable unit comprises
circuitry, and wherein the one or more processors are configured to drive the implantable-
unit light source to generate the light by driving the circuitry of the implantable unit to

activate the implantable-unit light source to generate the light.

9. The apparatus according to claim 1, wherein the fluorescent sensor molecules are

fluorescent sensor proteins.

10. The apparatus according to any one of claims 1-9, wherein the analyte is glucose,

and wherein the binding site is for the glucose.

11. The apparatus according to any one of claims 1-9, wherein the illumination peak

wavelength is greater than 300 nm and less than 550 nm.

12. The apparatus according to claim 11, wherein the illumination peak wavelength is

less than 525 nm.

13. The apparatus according to claim 12, wherein the illumination peak wavelength is

less than 500 nm.

14. The apparatus according to any one of claims 1-9, wherein the implantable unit

has a volume of no more than 250 mm?3.

15. The apparatus according to any one of claims 1-9, further comprising packaging,
in which the implantable unit is stored before implantation, wherein an external surface of

the implantable unit is sterile while stored in the packaging.

16. The apparatus according to any one of claims 1-9, wherein the apparatus is
configured to measure a temperature at the implantable unit, and wherein the one or more
processors are configured to generate calibration information using the measured
temperature, and calculate the concentration of the analyte using the calibration

information.

17. Apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:
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an implantable unit, which is configured to be implanted in a body of the subject,
and comprises:
(a) fluorescent sensor molecules, each of which comprises (1) a binding
site for the analyte, and (i) at least one fluorescent moiety; and
(b) an implantable-unit light source that is configured to generate light
having an illumination peak wavelength that is greater than 300 nm and less than
550 nm and appropriate for excitation of the fluorescent moiety; and
an external system, which is physically separate and distinct from the implantable
unit, and which comprises:
(a) an external reading unit, which comprises a light sensor, which is
configured to sense fluorescent light emitted from the fluorescent moiety; and
(b) one or more processors, which are configured to: (i) receive, from
the light sensor, at least one measurement of the fluorescent light emitted from the
fluorescent moiety, and (ii) calculate the concentration of the analyte in the subject

based on the at least one measurement.

18. The apparatus according to claim 17, wherein the one or more processors are

configured to drive the implantable-unit light source to generate the light.

19. The apparatus according to claim 18, wherein the implantable unit comprises
circuitry, and wherein the one or more processors are configured to drive the implantable-
unit light source to generate the light by driving the circuitry of the implantable unit to

activate the implantable-unit light source to generate the light.

20. The apparatus according to claim 17, wherein the illumination peak wavelength is

less than 525 nm.

21. The apparatus according to claim 20, wherein the illumination peak wavelength is

less than 500 nm.

22. The apparatus according to claim 17, wherein the fluorescent moiety of each of the

fluorescent sensor molecules comprises a donor fluorophore, and an acceptor fluorophore.

23. The apparatus according to claim 17, wherein each of the fluorescent sensor

molecules comprises exactly one fluorescent moiety.

24. The apparatus according to claim 17, wherein each of the fluorescent sensor

molecules comprises exactly two fluorescent moieties.
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25. The apparatus according to claim 17, wherein the implantable unit further
comprises at least one sensor molecule chamber, in which the fluorescent sensor

molecules are disposed.

26. The apparatus according to claim 17, wherein the fluorescent sensor molecules are

fluorescent sensor proteins.

27. The apparatus according to any one of claims 17-26, wherein the analyte is

glucose, and wherein the binding site is for the glucose.

28. The apparatus according to any one of claims 17-26, wherein the fluorescent
moiety is configured to emit the fluorescent light having an emission peak wavelength

that is between 100 and 500 nm greater than the illumination peak wavelength.

29. The apparatus according to claim 28, wherein the emission peak wavelength is

between 100 and 250 nm greater than the illumination peak wavelength.

30. The apparatus according to claim 28, wherein the emission peak wavelength is at

least 150 nm greater than the illumination peak wavelength.

31. The apparatus according to any one of claims 17-26, wherein the implantable unit

has a volume of no more than 250 mm?3.

32. The apparatus according to any one of claims 17-26, further comprising
packaging, in which the implantable unit is stored before implantation, wherein an

external surface of the implantable unit is sterile while stored in the packaging.

33. The apparatus according to any one of claims 17-26, wherein the apparatus is
configured to measure a temperature at the implantable unit, and wherein the one or more
processors are configured to generate calibration information using the measured
temperature, and calculate the concentration of the analyte using the calibration

information.

34. Apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:
an implantable unit, which is configured to be implanted in a body of the subject,
and comprises:
(a) fluorescent sensor molecules, each of which comprises (1) a binding

site for the analyte, (i1) a donor fluorophore, and (iii) an acceptor fluorophore; and
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(b) a first implantable-unit light source that is configured to generate
light having a first illumination peak wavelength appropriate for excitation of the
donor fluorophore;

a second light source that is configured to generate light having a second
illumination peak wavelength appropriate for direct excitation of the acceptor
fluorophore; and

an external system, which is physically separate and distinct from the implantable
unit, and which comprises:

(a) an external reading unit, which comprises a light sensor, which is
configured to sense fluorescent light emitted from the acceptor fluorophore; and

(b) one or more processors, which are configured to:

(1) during one or more first time periods: (a) drive the first
implantable-unit light source to generate the light having the first
illumination peak wavelength, and (b) receive, from the light sensor, one or
more first measurements of the fluorescent light emitted from the acceptor
fluorophore,

(i1) during one or more second time periods non-overlapping
with the first time periods: (a) drive the second light source to generate the
light having the second illumination peak wavelength, and (b) receive,
from the light sensor, one or more second measurements of the fluorescent
light emitted from the acceptor fluorophore, and

(iii)  calculate the concentration of the analyte in the subject

based on the first and the second measurements.

35. The apparatus according to claim 34, wherein the external reading unit comprises

the second light source.

36. The apparatus according to claim 34, wherein the implantable unit comprises the

second light source.

37. The apparatus according to claim 36, wherein the external reading unit is
configured to drive the first and the second light sources to generate the light having the
first and the second illumination peak wavelengths, respectively, by transmitting

electromagnetic radiation at first and second different frequencies, respectively.

38. The apparatus according to claim 34, wherein the implantable unit further
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comprises at least one sensor molecule chamber, in which the fluorescent sensor

molecules are disposed.

39. The apparatus according to claim 34, wherein the fluorescent sensor molecules are

fluorescent sensor proteins.

40. The apparatus according to any one of claims 34-39, wherein the first illumination

peak wavelength is greater than 300 nm and less than 550 nm.

41. The apparatus according to claim 40, wherein the first illumination peak

wavelength is less than 525 nm.

42. The apparatus according to claim 41, wherein the first illumination peak

wavelength is less than 500 nm.

43. The apparatus according to any one of claims 34-39, wherein the second

illumination peak wavelength is greater than 300 nm and less than 650 nm.

44, The apparatus according to any one of claims 34-39, wherein the first illumination
peak wavelength is greater than 300 nm and less than 550 nm, and the second illumination

peak wavelength is greater than 300 nm and less than 650 nm.

45. The apparatus according to any one of claims 34-39, wherein the acceptor
fluorophore is configured to emit the fluorescent light having an emission peak
wavelength that is between 100 and 500 nm greater than the first illumination peak

wavelength.

46. The apparatus according to any one of claims 34-39, wherein the analyte is

glucose, and wherein the binding site is for the glucose.

47. The apparatus according to any one of claims 34-39, wherein the implantable unit

has a volume of no more than 250 mm?3.

48. The apparatus according to any one of claims 34-39, further comprising
packaging, in which the implantable unit is stored before implantation, wherein an

external surface of the implantable unit is sterile while stored in the packaging.

49. The apparatus according to any one of claims 34-39, wherein the apparatus is
configured to measure a temperature at the implantable unit, and wherein the one or more
processors are configured to generate calibration information using the measured

temperature, and calculate the concentration of the analyte using the calibration
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information.

50.

Apparatus for detecting a concentration of an analyte in a subject, the apparatus

comprising:

an implantable unit, which is configured to be implanted in a body of the subject,

and comprises (a) fluorescent sensor molecules, each of which comprises (1) a binding site

for the analyte, (ii) a donor fluorophore, and (ii1) an acceptor fluorophore;

one or more light sources;

a light sensor, which is configured to sense fluorescent light emitted from the

acceptor fluorophore; and

51.

one or more processors, which are configured to:

drive the one or more light sources to (a) during a plurality of first time
periods, generate light having a first illumination peak wavelength appropriate for
excitation of the donor fluorophore, and (b) during a plurality of second time
periods non-overlapping with the first time periods, generate light having a second
illumination peak wavelength appropriate for direct excitation of the acceptor
fluorophore,

receive, from the light sensor, respective measurements of the fluorescent
light emitted from the acceptor fluorophore during (a) the first time periods and
(b) the second time periods,

calculate the concentration of the analyte in the subject based on the
respective measurements,

during a first operational period that includes one or more of the first time
periods and one or more of the second time periods, set a ratio of an aggregate
duration of the first time periods to an aggregate duration of the second time
periods to have a first value, and

during a second operational period that is after the first operational period
and that includes one or more of the first time periods and one or more of the
second time periods, set the ratio to have a second value that is different from the

first value.

The apparatus according to claim 50, wherein the second value of the ratio is

greater than the first value of the ratio.

52.

The apparatus according to claim 50, wherein the first operation period has a
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duration of at least one week.

53. The apparatus according to claim 50, wherein the one or more processors are
configured to set the ratio to have the second value based on a decrease in signal strength

of the fluorescent sensor molecules.

54. The apparatus according to claim 50, wherein the one or more processors are
configured to set the ratio to have the second value based on a decrease in a concentration

of the fluorescent sensor molecules.

55. The apparatus according to claim 54, wherein the one or more processors are
configured to ascertain the decrease in the concentration of the fluorescent sensor

molecules.

56. The apparatus according to claim 55,

wherein the light sensor comprises an image sensor, which is configured to
generate one or more transdermal images of the fluorescent light emitted from the
acceptor fluorophore, and

wherein the one or more processors are configured to, during one or more third
time periods non-overlapping with the first time periods: (a) drive the one or more light
sources to generate the light having the second illumination peak wavelength, and (b)
calculate the concentration of the fluorescent sensor molecules, by analyzing a spatial

distribution of the fluorescent light in the transdermal images.

57. The apparatus according to claim 56, wherein the one or more processors are
configured to, during the one or more third time periods, analyze the distribution of the
fluorescent light in the transdermal images by calculating an extent of absorption of the
fluorescent light emitted from the acceptor fluorophore as a function of distance from the

one or more second light sources.

58. The apparatus according to claim 50,

wherein the one or more light sources comprise one or more first light sources and
one or more second light sources, and

wherein the one or more processors are configured to drive the one or more first
light sources to generate the light having the first illumination peak wavelength, and the
one or more second light sources to generate the light having the second illumination peak

wavelength.
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59. The apparatus according to claim 58, wherein the implantable unit comprises the

one or more first light sources and the one or more second light sources.

60. The apparatus according to claim 59, wherein the one or more processors are
configured to drive the first and the second light sources to generate the light having the
first and the second illumination peak wavelengths, respectively, by transmitting

electromagnetic radiation at first and second different frequencies, respectively.

61. The apparatus according to claim 58, further comprising an external reading unit,
which is physically separate and distinct from the implantable unit, and which comprises
the one or more second light sources, wherein the implantable unit comprises the one or

more first light sources.

62. The apparatus according to claim 50, wherein the implantable unit further
comprises at least one sensor molecule chamber, in which the fluorescent sensor

molecules are disposed.

63. The apparatus according to claim 50, wherein the fluorescent sensor molecules are

fluorescent sensor proteins.

64. The apparatus according to any one of claims 50-63, wherein the analyte is

glucose, and wherein the binding site is for the glucose.

65. The apparatus according to any one of claims 50-63, wherein the implantable unit

has a volume of no more than 250 mm?3.

66. The apparatus according to any one of claims 50-63, further comprising
packaging, in which the implantable unit is stored before implantation, wherein an

external surface of the implantable unit is sterile while stored in the packaging.

67. The apparatus according to any one of claims 50-63, further comprising an
external reading unit, which is physically separate and distinct from the implantable unit,

and which comprises the light sensor.

68. The apparatus according to any one of claims 50-63, wherein the implantable unit

comprises the light sensor.

69. The apparatus according to any one of claims 50-63, wherein the apparatus is
configured to measure a temperature at the implantable unit, and wherein the one or more

processors are configured to generate calibration information using the measured
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temperature, and calculate the concentration of the analyte using the calibration

information.

70. Apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:

an implantable unit, which is configured to be implanted in a body of the subject,
and comprises (a) fluorescent sensor molecules, each of which comprises (i) a binding site
for the analyte, (ii) a donor fluorophore, and (ii1) an acceptor fluorophore;

one or more light sources;

a light sensor, which is configured to sense fluorescent light emitted from the
acceptor fluorophore; and

one or more processors, which are configured to:

drive the one or more light sources to, during a plurality of first time
periods alternating with a plurality of second time periods non-overlapping with
the first time periods:
(a) during the first time periods, (1) generate light having a first
illumination peak wavelength appropriate for excitation of the donor
fluorophore, and (ii) receive, from the light sensor, measurements of first
intensities of the fluorescent light emitted from the acceptor fluorophore,
and
(b) during the second time periods, (i) generate light having a
second illumination peak wavelength appropriate for direct excitation of
the acceptor fluorophore, and (ii) receive, from the light sensor,
measurements of second intensities of the fluorescent light emitted from
the acceptor fluorophore,
for each of a plurality of the first and the second time periods, respectively,
set a first energy of the light generated having the first illumination peak
wavelength, and a second energy of the light generated having the second
illumination peak wavelength, so as to regulate, toward a target value, a
relationship of values of the first and the second intensities of the sensed
fluorescent light, and

calculate the concentration of the analyte in the subject based in part on the
first energy of the generated light having the first illumination peak wavelength

and the second energy of the generated light having the second illumination peak
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wavelength.
71. Apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising:

an implantable unit, which is configured to be implanted in a body of the subject,
and comprises fluorescent sensor molecules, each of which comprises a binding site for
the analyte, and is configured to emit fluorescent light in response to excitation light; and
an external system, which is physically separate and distinct from the implantable
unit, and which comprises an external reading unit, which comprises an image sensor,
which is configured to generate one or more transdermal images of light passing from the
body through skin; and
one or more processors, which are configured to:
calculate at least one intensity of the light representing emission from the
fluorescent sensor molecules, based on distinguishing between (a) one or more
emission areas of the transdermal images corresponding to locations, in one or two
dimensions, of the fluorescent sensor molecules, and (b) background areas of the
transdermal images, and
calculate the concentration of the analyte in the subject based on the at

least one intensity of the light emitted from the fluorescent sensor molecules.

72. Apparatus for detecting a concentration of an analyte in a subject, the apparatus
comprising an implantable unit, which is configured to be implanted in a body of the
subject, and comprises:

fluorescent sensor molecules, each of which comprises (i) a binding site for the
analyte, and (ii) at least one fluorescent moiety, which is configured to be excited by light
between a first absorption wavelength and a second absorption wavelength greater than
the first absorption wavelength; and

an upconversion material, which is disposed in a vicinity of the fluorescent sensor
molecules, and which is configured to produce emission of light having an emission peak
wavelength between the first absorption wavelength and the second absorption
wavelength, upon being excited with light having an excitation peak wavelength that is

greater than the second absorption wavelength.
73. A method for detecting a concentration of an analyte in a subject, the method
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comprising:
implanting, in a body of the subject, an implantable unit, which comprises:
(a) fluorescent sensor molecules, each of which comprises (1) a binding
site for the analyte, and (ii) at least one fluorescent moiety configured to emit
fluorescent light; and
(b) an implantable-unit light source that is configured to generate light
having an illumination peak wavelength appropriate for excitation of the
fluorescent moietys;
placing an external reading unit of an external system above skin of the subject,
wherein the external reading unit comprises a light sensor, which is configured to sense
fluorescent light emitted from the fluorescent moiety having an emission peak
wavelength, wherein the emission peak wavelength is between 100 and 500 nm greater
than the illumination peak wavelength, and wherein the external system is physically
separate and distinct from the implantable unit; and

activating one or more processors of the external system to: (1) drive the
implantable-unit light source to generate the light, (2) receive, from the light sensor, at
least one measurement of the fluorescent light emitted from the fluorescent moiety, and
(3) calculate the concentration of the analyte in the subject based on the at least one

measurement.
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This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-33

Apparatus for detecting a concentration of an analyte in a
subject, with fluorescent sensor molecules, and an
implantable 1ight source and external 1ight sensor
configured to illuminate or sense at specified wavelengths

2. claims: 34-70

Apparatus for detecting a concentration of an analyte in a
subject, with donor and acceptor fluorophores, an
implantable 1ight source for excitation of the donor
fluorophore, a second light source for excitation of the
acceptor fluorophore, and a 1ight sensor for sensing
fluorescent Tight emitted from the acceptor fluorophore

3. claim: 71

Apparatus for detecting a concentration of an analyte in a
subject, with fluorescent sensor molecules, an implantable
unit and an external system comprising an image sensor
configured to generate one or more transdermal images

4, claim: 72

Apparatus for detecting a concentration of an analyte in a
subject with fluorescent sensor molecules, with an
implantable unit comprising an upconversion material
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