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SENSOR SYSTEMS
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Patent Applications No.

61/851,603 filed March 11, 2013, and No. 61/927,683 filed January 15, 2014, each of which

is incorporated herein by reference in its entirety.
BACKGROUND

[0002] The present invention relates to sensor systems for detecting analytes and

applications for such sensor systems.

[0003] There is a continuing need for improved sensor systems for medical and industrial

purposes.
SUMMARY

[0004] In one embodiment, the invention provides a sensor sheath for a catheter. The
sensor sheath includes a substrate having at least one sensor associated therewith; and an
electronics unit in communication with the at least one sensor, wherein the substrate is

configured to attach to a catheter.

[0005] In another embodiment the invention provides a sensor system. The sensor
system includes a substrate having a least one hydrogel sensor associated therewith; a
magnetometer adjacent the at least one hydrogel sensor; and a plurality of magnetic particles

associated with the at least one hydrogel sensor.

[0006] Other aspects of the invention will become apparent by consideration of the

detailed description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
[0007] Figure 1 shows an overview of a magnetic particle-hydrogel sensor system.

[0008] Figure 2 shows a diagram of steps leading from a change in concentration of an

analyte to a change in magnetic field in a magnetic particle-hydrogel sensor system.
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[0009] Figure 3 shows a sensor system associated with a catheter using a sheath which

wraps around the catheter.

[0010] Figure 4 shows an exploded view of an electronics system for use with a catheter-

associated sensor system as shown in Figure 3.

[0011] Figure 5 shows a distal end of a catheter (left) and a distal end of a sheath (right)

to which one or more sensors may be attached and configured to wrap around a catheter.

[0012] Figure 6 shows a distal end of a catheter sheath, in a flattened configuration,

showing several sensors along with electrical traces.

[0013] Figure 7 shows an embodiment of a sensor system which is mounted at the end of

a probe, for example for use in a bioreactor.

[0014] Figure 8 shows an embodiment of a sensor system which can be mounted under a
subject’s skin, with a magnetometer for measurement being located either under (top) or over

(bottom) the subject’s skin.

[0015] Figure 9 shows another embodiment of a sensor system for use adjacent a

subject’s skin.

[0016] Figure 10 shows a series of test samples of hydrogel having concentrations of

0.25% (left), 0.50% (center), or 1.0% (right) (w/w) of magnetic particles.

[0017] Figure 11 shows an experimental setup for initial testing of magnetic field strength

of samples such as those shown in Figure 10.

[0018] Figure 12 is a graph of magnetic field strength vs. distance using the setup of
Figure 11 and the samples of Figure 10.

[0019] Figure 13 shows changes in magnetic field strength as a function of distance

[0020] Figure 14 shows changes in glucose concentration measured using a glucose-

sensitive magnetic particle hydrogel.

[0021] Figure 15 shows changes in ionic strength measured using an ionic strength-

sensitive magnetic particle hydrogel.
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[0022] Figure 16 shows alignment of magnetic particles in a hydrogel in a Halbach array.
[0023] Figure 17 shows alignment of magnetic particles in a hydrogel in a uniform array.

[0024] Figure 18 shows a particle-containing layer on top of a hydrogel in which the

particle-containing layer is perforated to permit the analyte to access the hydrogel.
DETAILED DESCRIPTION

[0025] Before any embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited in its application to the details of construction and
the arrangement of components set forth in the following description or illustrated in the
following drawings. The invention is capable of other embodiments and of being practiced

or of being carried out in various ways.

[0026] In various embodiments, the present invention includes sensor systems for various
applications including medical and industrial uses. In some embodiments, the sensor system
includes at least one hydrogel sensor, and in particular embodiments the at least one hydrogel
sensor is a smart hydrogel sensor, as discussed further below. In certain embodiments the
sensor system is associated with a substrate, where the substrate may be part of a specialized

sensor system such as a sheath for attaching to a catheter or a probe for use in a bioreactor.
[0027] Hydrogel sensors

[0028] Hydrogel sensors take advantage of a change in measurable properties of
hydrogels upon interaction with a particular analyte (Figures 1-2). Generally, the analyte
may interact with a hydrogel itself or a binding moiety within the hydrogel to provoke a
change in a measurable property of the hydrogel, and information regarding the analyte may
be extracted by measuring the change in the measurable property. Accordingly, the
hydrogel-based sensor systems may include suitable mechanisms to detect the change in the

measurable property.

[0029] Suitable hydrogels for use with this invention include any hydrogel that responds
to the presence of an analyte with some change in at least one property of the hydrogel. In
certain embodiments, the hydrogel may respond to the presence of an analyte with a change
in physical properties, electrical properties, optical properties, mechanical properties,

chemical properties or a combination thereof. In certain embodiments, the hydrogel may
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respond to the presence of an analyte with a change in size/volume, density, porosity, index
of refraction, elasticity, viscosity, modulus or a combination thereof. In certain
embodiments, the hydrogel may respond to the presence of an analyte by swelling or

shrinking relative to its initial volume.

[0030] In certain embodiments, the hydrogel may respond to the presence of an analyte
by swelling to occupy at least about 1.001 times its initial volume, at least about 1.01, at least
about 1.1, at least about 1.2, at least about 1.3, at lcast about 1.4, at least about 1.5, at least
about 1.6, at least about 1.7, at least about 1.8, at lecast about 1.9, at least about 2.0, at least
about 2.5, at least about 3.0, at least about 3.5, at least about 4.0, at least about 4.5, at least
about 5.0, at least about 6.0, at least about 7.0, at least about 8.0, at least about 9.0, at least
about 10.0, at least about 11.0, at least about 12.0, at lcast about 13.0, at least about 14.0, at
least about 15.0, at least about 20.0, or at least about 25.0 times its initial volume. In certain
embodiments, the hydrogel may response to the presence of an analyte by swelling to occupy
at most about 100 times its initial volume, at most about 90, at most about 80, at most about
75, at most about 70, at most about 65, at most about 60, at most about 55, at most about
50.0, at most about 45.0, at most about 40.0, at most about 35.0, at most about 30.0, at most
about 29.0, at most about 28.0, at most about 27.0, at most about 26.0, at most about 25.0, at
most about 24.0, at most about 23.0, at most about 22.0, at most about 21.0, at most about
20.0, at most about 19.0, at most about 18.0, at most about 17.0, at most about 16.0, at most
about 15.0, at most about 14.0, at most about 13.0, at most about 12.0, at most about 11.0, at
most about 10.0, at most about 9.0, at most about 8.0, at most about 7.0, at most about 6.0, or
at most about 5.0 times it initial volume. This includes embodiments where the hydrogel
responds to the presence of an analyte by swelling to occupy volumes ranging from about
1.001 to about 100 times its initial volume, including, but not limited to, volumes ranging
from about 1.01 to about 50 times its initial volume, or volumes ranging from about 1.1 to

about 25.0 times its initial volume.

[0031] In certain embodiments, the hydrogel may comprise a smart hydrogel. As used
herein, the term “smart” refers to a hydrogel’s ability to selectively bind one or more

particular analyte species at the selective exclusion of one or more other species.

[0032] In certain embodiments, the hydrogel may comprise a material selected from the
group consisting of synthetic materials, biological materials, biohybrid materials, and

combinations thereof. In certain embodiments, the hydrogel may comprise a material
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selected from the group consisting of poly(acrylic acid) and derivatives thereof, poly(2-
glucosyloxyethyl methacrylate) (poly(GEMA)) and derivatives thereof, poly(hydroxyethyl
methacrylate) (PHEMA) and derivatives thereof, poly(ethylene glycol) (PEG) and derivatives
thereof, poly(vinyl alcohol) (PVA) and derivatives thereof, polyacrylamide (PAAm) and
derivatives thereof, poly(methacrylic) acid and derivatives thereof, poly(diethylaminoethyl
methacrylate) and derivatives thereof, poly(dimethylaminoethyl methacrylate) and
derivatives thereof, poly(N-isopropylacrylamide) (PNIPAAm) and derivatives thereof,
Polyelectrolyte multilayers (PEM), Poly(2-oxazoline)s and derivatives thereof, and
combinations thereof. In certain embodiments, the hydrogel may comprise a material
selected from the group consisting of proteins, polysaccharides, DNA, and combinations
thereof. In certain embodiments, the hydrogel may comprise a material selected from the
group consisting of collagen, hyaluronic acid (HA), fibrin, alginate, agarose, chitosan, and

combinations thereof.

[0033] In certain embodiments, the hydrogel may comprise one or more specific binding
sites. The specific binding sites may be responsible for imparting the “smart” nature of a
hydrogel. In certain embodiments, the specific binding site may comprise reversible or non-

reversible binding sites.

[0034] Examples of suitable hydrogels for use with this invention include, but are not
limited to, those disclosed in U.S. Patent Nos. 5,415,864, 5,447,727, 6,268,161, 6,333,109,
6,475,750, 6,514,689, 6,753,191, 6,835,553, 6,848,384, 7,150,975, 7,179,487, 7,556,934,
7,625,951, 7,988,685, 8,221,773, 8,283,384, and 8,324,184, and U.S. Patent Application Pub.
Nos. 2005/0169882, 2006/0239986, 2008/0206894, 2008/0044472, 2008/0275171,
2008/0311670, 2009/0170209, 2009/0215923, 2010/0285094, 2011/0044932, 2011/0280914,
2012/0170050, 2012/0029430, 2012/0234465, 2013/0129797, 2013/0143821, and
2013/0172985, and 2013/0267455, each of which is incorporated herein by reference in its

entirety.
[0035] Catheter Sensors

[0036] In some embodiments the sensor system includes one or more sensors coupled to
a substrate that is associated with a catheter (Figures 3-6). In one such embodiment, the
hydrogels may be situated on a substrate that is part of a sheath which is associated with an

outer surface of the catheter.
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[0037] As discussed above, the hydrogels may be “smart” hydrogels which are
chemically designed to reversibly and sclectively bind to analytes dissolved in blood serum,
such as fibrinogen and various clotting factors including, but not limited to, thrombin.
Binding of an analyte to the appropriate hydrogel may be detected in a number of ways,
generally involving detection of a change in size or pressure resulting from the binding of the
analyte to the hydrogel, including piezoresistive pressure transducers, magnetometers
(discussed below), or other means of converting the hydrogel size or shape change into an
electrical signal. Other hydrogel changes that may occur include changes in impedance or
fluorescence. By continuously monitoring these electrical signals, the serum concentration of
analytes such as fibrinogen or various clotting factors such as thrombin may be accurately

and rapidly determined as a function of time.

[0038] One particular use of a sensor system associated with a catheter relates to tests of
blood coagulation that are used to monitor the anticoagulant effect of heparin or other
anticoagulants infused into patients during heart surgery or during stays in critical care
facilities. After a cardiovascular event such as a myocardial infarction or during heart
surgery, it is common practice to infuse into a patient an anticoagulant such a heparin in order
to reduce the risk of blood clots. For a given patient, the anticoagulant infusion rate must be
continuously adjusted using the results of coagulation tests performed on the blood such as
the Activated Clotting Time (ACT). In the ACT test, whole blood is intermittently removed
from the patient, placed in a tube outside the body, and the time to clot is measured after
addition to the blood of a clotting activator such as diatomaceous ecarth. The current
technology for the ACT test suffers from limitations such as slow response time, intermittent
measurements, and the necessity of removing the blood sample for analysis outside of the

patient’s body.

[0039] Another blood coagulation test that is more diagnostic than the ACT test is the
endogenous thrombin generation test. Thrombin is the primary enzyme found in blood
coagulation, and the endogenous thrombin generation test measures the conversion kinetics
of a synthetic thrombin substrate. The current technology for the endogenous thrombin
generation test also suffers from limitations such as slow response time, intermittent
measurements, and the necessity of removing a blood sample from the patient’s body.
Methods have been proposed for the continuous measurement of the thrombin concentration

in blood, using thrombin recognition elements such fibrinogen, aptamers for thrombin, and
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molecularly-imprinted aptamers for thrombin. However, the prior art does not teach a
method for simultaneous and continuous measurement in vivo of the concentration of
multiple clotting factors. Methods have also been proposed for the measurement of the
soluble fibrinogen concentration in aqueous solutions. However, prior art does not teach a
method for continuous real-time measurement in vivo of the fibrinogen concentration using

stimuli-responsive hydrogels as a replacement for the ACT test.

[0040] The present embodiment of a sensor system provides a sensor array associated
with an indwelling catheter for continuously measuring the concentration of fibrinogen,
thrombin, and/or other various clotting factors within blood. The sensor array may contain
several different types of stimuli-responsive (i.e. “smart”) hydrogels for selective and
reversible binding of the analytes of interest. In various embodiments, a stimuli-responsive
smart hydrogel is a cross-linked polymer network that reversibly changes its properties in
response to the change in a given environmental signal, including a change in the

concentration of an analyte such as thrombin.

[0041] One way that a stimuli-responsive hydrogel can be fabricated to be responsive to a
given analyte is using the process of molecular imprinting. In molecular imprinting,
polymerization of a “functional” monomer is carried out in the presence of a porogenic
solvent and the target analyte, the latter which is called the ‘template’. After
crosslinking/polymerization, the template is extracted, leaving behind cavities that contain a
stereochemical arrangement of functional groups corresponding to the structure of the
template. Hence the cavities will re-bind the analyte with high selectivity and sensitivity. For
best results, a functional monomer needs be chosen that forms strong yet reversible physical
bonds with the template molecule. Reversibility of analyte binding can be obtained by
varying the identity and mole ratio of the functional monomers used to synthesize the
imprinted hydrogel. For example, imprinted hydrogels can be obtained which reversibly bind
proteins such as lysozyme, fibrinogen, and tumor-specific glycoproteins. For reversible
binding of thrombin, suitable functional monomers can include methacrylic acid and 3-
acyrliamido phenyl boronic acid. The latter contains the boronic acid moiety which can

reversibly bind to the glycosylated regions of thrombin.

[0042] Binding of the correct analyte(s) to the appropriate hydrogel will induce a change
in a property of the hydrogel such as swelling degree, impedance, fluorescence, and/or

magnetic field, each of which may be transduced into an electrical signal. These electrical
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signals can then be used to rapidly and continuously monitor the blood concentration of the
analytes of interest. In some embodiments, in order to determine the ACT time blood will
flow in or adjacent the catheter past a fibrinogen-responsive hydrogel after flowing through a
porous bed of clotting activator such as diatomaceous earth. The clotting activator will
initiate clotting and the subsequent incorporation of soluble fibrinogen into fibrin-based
blood clots. Hence time-dependent clot formation and the ACT can be determined from the
measured decrease in fibrinogen concentration. Alternatively, the increase in thrombin
concentration can be measured from the signal obtained from the thrombin-responsive
hydrogel and correlated to the endogenous thrombin potential. Because binding of the
analytes to the hydrogels will be rapid and reversible, it will be possible to measure the value
of the ACT and the endogenous thrombin potential continuously in vivo, which are distinct

advantages relative to known systems.
[0043] Catheter Sheath

[0044] In one embodiment, a catheter-associated sensor system may include a sheath with
one or more sensors attached thereto where the sheath can be attached to a catheter, for
example by attaching to a side of, or wrapping around, the catheter (Figures 3-6). In certain
embodiments, the sheath is fabricated using flex circuits (e.g. made of materials such as
Parylene, Silicones, Polyurethanes, or Polyimides) so that the sheath can be wrapped around
another structure such as a catheter. A sheath designed for catheter mounting may be

elongated so that it can be wrapped around the shaft of the catheter.

[0045] The sheath may wrap around the entire length of the catheter or just at the distal
end (Figures 3, 5). To facilitate wrapping around the catheter, the sheath may be formed into
a curled shape (for example during a curing process, ¢.g. using heat; see Figures 3, 5) or the
sheath may be rolled and joined along the edge to retain the rolled shape, and/or the sheath

may be attached to the catheter, e.g. using adhesive, to help maintain the curled shape.

[0046] The sheath may have one or more sensors associated therewith, for example
located at the distal end or disposed along its length (Figures 3, 5, 6). In some embodiments
the sensors may include hydrogel sensors, and in one particular embodiment the sensors may

be magnetic hydrogel sensors.
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[0047] In the embodiment shown in Figures 3-6, the sheath includes a narrow body with
a wide portion at a distal end. One or more sensors are attached to the sheath at the wide
portion, which wraps around a distal end of the catheter (Figures 3, 5, 6). A plurality of
electrical connections run from each sensor along the narrow body of the sheath to the
proximal end, where the electrical connections connect with an electronics unit, which

collects data from the sensors.

[0048] The electronics unit may also include a power supply (e.g. one or more batteries)
and a telemetry system including an antenna for wireless communications (e.g. for receiving
commands and transmitting data) (Figure 4). Wireless communications may be conducted
using any number of suitable protocols such as Bluetooth or ZigBee. The electronics unit
may communicate with other computers or smartphones that are local or remote from the
sheath using wireless communications or in a wired configuration. Data transfer may be
initiated in several ways, including by activation of a touch-sensitive switch on the
clectronics unit. The electronics unit may be housed in a small package that can be mounted
at an end of the catheter, for example distal from the location of the sensors. In some
embodiments the narrow body of the sheath may extend through a coupling of the catheter

and connect to the electronics unit inside the coupling (Figure 4).

[0049] In particular embodiments, the sheath may be made of one or more flexible and/or
biocompatible materials (e.g. Parylene, Silicones, PU, PI) and has embedded therein
clectrical traces and interconnects from the sensor array to a circular processor unit. The
processor unit may be dimensioned such as to fit exactly on the top part of the catheter

structure, extending the length by less than 5 mm.

[0050] Various types of sensors can be used with the sheath , although in one particular
embodiment the sensors include smart hydrogels with magnetic particles associated therewith
in which a magnetometer is used to detect changes in the hydrogel due to interaction with the
analyte (see below). In various embodiments the sensors that may be used with the sheath
include amperometric (current), potentiometric (voltage), optical (e.g. fluorescence),
mechanical (e.g. pressure, volume), magnetic, and inductive (RF frequency shift) sensors. In
addition to hydrogels, sensing mechanisms may include various enzymatic and non-
enzymatic mechanisms including those employing antibodies and other protein-based

SCNSOrs.
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[0051] The disclosed catheter sheath sensor system allows intraprocedural, real-time
monitoring of changes in electrolytes, blood coagulation status, and injury markers (enzyme
etc.) and will save a significant amount of blood draws, additional testing and ensure a higher

level of safety by detecting changes in critical blood values as they happen in real-time.
[0052] Bioreactor

[0053] When used as part of a bioreactor, an array having one or more sensors is located
at the end of a probe to be inserted into the bioreactor (Figure 7). In some embodiments the
probe may have two or more separate portions including a disposable sleeve containing one
or more sensors (e.g. hydrogel sensors) and a magnetic detector insert which is inserted into
the sleeve. In this configuration, the sleeve interacts with the contents of the bioreactor while
the magnetic detector insert is shielded from the contents and therefore can be reused. In this
configuration it is particularly advantageous to use magnetic hydrogel sensors such as those
disclosed herein, because the magnetic detectors can monitor changes in the magnetic
particles associated with the hydrogel sensors without making direct contact. When the
magnetic detector insert is inserted into the sleeve, the sensors on the sleeve align with the
array of magnetic detectors on the insert, permitting the magnetic sensors to ‘interrogate’ the
magnetic hydrogels. The sleeve in various embodiments may include a porous end portion
(e.g. a hemispherical mesh cover as shown) which permits passage of analytes so that the
analytes can interact with the sensors while protecting the sensors. The electronics for
controlling the sensors may be included in the insert portion of the probe adjacent to the

magnetic detectors or may be at a remote location.
[0054] Magnetic Particle-Based Hydrogel Sensors

[0055] In certain embodiments, the sensor system includes magnetic hydrogel sensors.
Magnetic hydrogel sensors use hydrogels, including smart hydrogels, as described above, in
which the hydrogel changes shape due to its interaction with an analyte, and detection of the
change in the measureable property is detected using magnetic particles, including

nanoparticles, associated with the hydrogel.

[0056] Thus, the volumetric response of stimuli-responsive hydrogels can be monitored
by measuring the change in magnetic field intensity (MFT) by the embedded magnetic

nanoparticles. Results indicate that it is possible to construct a hydrogel-magnetic particle

10
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composite and measure the changes in MFI with the changes in density of magnetic particles

and distance from the magnetometer.

[0057] The disclosed techniques provides a unique combination of magnetic sensors with
analyte-responsive hydrogels. Nanoparticles have previously been embedded in hydrogels as
part of controlled drug-delivery applications, although the techniques disclosed herein are
versatile and can be used in a wide range of applications. As noted above, the specific
chemistry of the synthesized hydrogels causes them to respond to a unique stimulus (e.g.
interaction with an analyte) by swelling or deswelling up to 300% their original volume in

proportion to the concentration or intensity of the stimulus.

[0058] In some embodiments, the magnetic particles or nanoparticles may be arranged in
a particular alignment in or adjacent to the hydrogel. For example, in one embodiment the
sensor system includes a smart hydrogel having magnetic nanoparticles embedded therein,
where the magnetic fields of the nanoparticles are vertically aligned. The vertically aligned
magnetic nanoparticles embedded in the smart hydrogels will transduce the hydrogel
actuation as a change in magnetic field intensity in and around the hydrogel, which is
detected by a magnetometer adjacent to the hydrogel (Figures 1, 2). This approach provides
several advantages relative to other techniques for monitoring hydrogels such as monitoring
pressure changes caused by swelling of the hydrogel, chemical sensing techniques (e.g.
electrochemical methods), and optical sensing techniques. The hydrogels can be adapted in a
number of ways to respond to concentrations of almost any analyte, expanding the potential

impact of the proposed technique enormously.

[0059] One advantage of the disclosed magnetic nanoparticle hydrogel sensor system is
its ability to respond to multiple analytes using different hydrogels within the same sensor
platform and its adaptability to a wide variety of sensing applications such as in bioreactor
composition sensing, point-of-care medical treatment, or as fully-implantable, chronic
(continuous) sensors of physiological biomarkers to monitor diseases or treatment states. For
example, passive ‘magnetic-hydrogel’ composites may be implanted in a subject’s
subcutaneous region and active components may be placed on the skin surface for long-term
continuous monitoring of biomarkers (Figure 8). In one embodiment an array of sensors may
be implanted under a subject’s skin with a wired connection to an electronics unit outside the
surface of the subject’s skin (Figure 8, top). In another embodiment, an array of magnetic

particle-hydrogel sensors is implanted under the subject’s skin and a magnetometer and

11
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clectronics unit is placed over the hydrogel sensors to detect changes in the magnetic fields
induced by analyte-dependent changes in the hydrogels (Figure 8, bottom). In one particular
embodiment a pair of magnetic particle-hydrogel sensors may be implanted near one another,
with one being sensitive to an analyte (e.g. glucose) and the other being analyte-insensitive
(Figure 9). Magnetometer readings are then collected from both sensors and a differential
signal is determined based on the pairs of readings, canceling out changes in signal due to
factors other than changes in analyte level, such as the subject’s hydration level and body
temperature, among other factors. Sensors may be located in a subject’s skin in one or more
locations throughout the subject’s body including in the arms, legs, torso, or head (including,

for example, the earlobe).

[0060] Preliminary experiments support the many advantages of the disclosed technique.
In these experiments processes have been developed to disposed magnetic nanoparticles
within a 2 mm thick layer of polydimethylsiloxane (PDMS) and align the particles in strong
external magnetic field before the PDMS is completely cured (generally using thermal
techniques). Three PDMS composite samples were built for three different concentrations
(0.25%, 0.5%, 1% w/w) of magnetic particles (N=3x3) and changes in magnetic-field
intensity with distance were measured using a commercial magnetometer for all samples
(Figures 10, 11). These initial experiments were conducted using a commercially-available
coarse triple axis magnetometer (HMCS5883L from Honeywell), although other types of
magnetic sensing systems may be used. As seen from the results the sensor is overloaded or
saturated in the presence of the 0.5% and 1% composites at closer distances (Figure 12).
However it should be noted that (1) there is no hysteresis (a major problem with current
techniques) in the measurements, (2) there is a significant (easily resolvable) difference in the
field intensity between all the concentrations tested at any particular distance. These initial

results convincingly support the listed advantages.

[0061] Other experiments show the high sensitivity of the magnetic field measurements
as a function of distance from the magnetometer (Figure 13) as well as the sensitivity of the
system using a glucose-sensitive magnetic particle hydrogel (Figure 14) or an osmotic
strength-sensitive magnetic particle hydrogel (Figure 15). Figure 13 shows the sensitivity of
an off-the-shelf magnetometer. Measured changes in the magnetic field are due the
movement of a magnetic strip by 5 micrometer increments 2mm above the magnetometer.

The magnetic strip was moved using an automatic (computer controlled) linear actuator 20

12
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times from 0-200 micrometers and the data shows excellent repeatability. This experiment
was conducted to demonstrate the ability of magnetically measuring fine physical movements
relatively far away (three orders of magnitude) from a low-cost magnetometer. Figure 14
demonstrates the ability to measure the changes in glucose concentration using a magnetic-
hydrogel. In this case the hydrogel is synthesized to be glucose responsive and a
prefabricated magnetic film was placed over the hydrogel to form the magnetic hydrogel. The
hydrogel was attached to the inside wall a glass-beaker while the magnetometer was aligned
to the hydrogel on the outside of the beaker. At a constant pH of 7.3 and in a constant 1x
phosphate buffered solution, glucose concentration was changed from 0 mM to 5 mM and the
resulting change in the magnetic field was measured using the magnetometer. The solution in
the beaker was mildly stirred throughout the experiment. The data artifact seen after the first
cycle in Figure 14 is caused during the act of changing solutions in the beaker. The setup
used in experiment that resulted in Figure 15 is similar to that described above for Figure 14.
Here the hydrogel used was one sensitive to ionic strength. Ionic strength was changed using
an automatic flow control system from 1x to 2x PBS in the beaker and the change in
magnetic field was measured using the magnetometer. The drift in the data is caused due to

the conditioning of the hydrogel.

[0062] The number and variety of applications of the disclosed magnetic nanoparticle-
hydrogel sensor system is enhanced by the ongoing research and development of hydrogel
properties and specificities, which will help in the application of this invention in medical

device/diagnostic field, among others.

[0063] In various embodiments, the disclosed sensors may be adapted for use in a variety
of fields. In the neurology and psychiatry fields, sensors may be adapted for diagnosing and
monitoring symptoms related to addiction, depression, Parkinson’s disease, stroke, and blood
pressure. In the oral/gastrointestinal field, sensors may be adapted for detection of smoking,
monitoring intake of various medications and other drugs, and monitoring changes in acid
levels in the esophagus and stomach. In the pulmonology field, sensors may be adapted for
monitoring of inhalers as well as diagnosis, monitoring, and management of symptoms
related to conditions of the lungs such as asthma and chronic obstructive pulmonary disease
(COPD).

[0064] In the cardiac field, sensors may be adapted for use related to interventional

procedures such as monitoring of pH, electrolytes, glucose, troponin, C-reactive protein,
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troponin, cholesterol components, and guidance and monitoring use of anticoagulants such as
monitoring of factors Xa and thrombin. Also in the cardiac field, sensors may be adapted for
use with devices such as ICD leads (e.g. for sensing of heart failure and heart attacks), PM
leads (e.g. for monitoring of heart failure and heart attacks), and for monitoring clot
formation including thrombin generation (thrombin-antithrombin [TAT] complex),
endothelial dysfunction (asymmetric dimethylarginine [ADMAY]), and platelet-derived
inflammation (soluble CD40 ligand [sCD40L]).

[0065] In the hepatology field, sensors may be adapted for monitoring and/or diagnosing
liver enzymes, hepatitis C, fat liver, and liver transplants; in addition, pancreatic activity can
be evaluated through monitoring of blood glucose levels in order to assess an individual’s or
population’s diabetes risk level. In the renal field, sensors may be adapted for measuring
creatinine levels, monitoring kidney transplants, and monitoring the physiology of dialysis
patients. In the hematology field, sensors may be adapted for monitoring iron and
hemoglobin levels as well as diagnosing and monitoring treatment of blood cancers (e.g.
detecting particular markers). In the urology field, sensors may be adapted for monitoring the
prostate including PSA levels. Finally, sensors may be adapted for use before, during, and
after surgery to monitor a subject’s levels of pH, electrolytes, blood anticoagulation factors,

hemoglobin, and lactate levels.

[0066] Among the advantages of the disclosed magnetic nanoparticle-hydrogel sensor

system:

[0067] (1) No by-products: Unlike electrochemical sensing, the disclosed methods do not

produce by-products from the sensing mechanism;

[0068] (2) Long lifetime: Unlike other common sensing techniques that consume raw
materials during sensing, the disclosed hydrogel-based sensing technique does not depend on

chemical reactions;

[0069] (3) Response to multiple analytes: A particular advantage of the proposed
approach is its ability to respond to multiple analytes using different hydrogels within the
same sensor platform and its adaptability to a wide variety of sensing applications such as in
bioreactor composition sensing, point-of-care medical treatment, or as fully implantable,

chronic sensors of physiological biomarkers to monitor diseases or treatment states; and
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[0070] (4) Minimum exposure to exogenous materials: In medical device applications,
the disclosed sensors are expected to have fewer problems due to a subject’s body reacting to
foreign objects associated with the sensor because the implanted portion can be as little as the
passive hydrogel portion, while the remaining detection components (e.g. the magnetometer

and related electronics) can be placed on the surface of the subject’s body/skin.

[0071] Among the many possible applications for the disclosed magnetic nanoparticle-

hydrogel sensor system:
[0072] (1) Bioreactor composition sensing, especially for one-time use reactors;
[0073] (2) Point-of-care medical treatment;

[0074] (3) Fully implantable, chronic/continuous sensors of physiological biomarkers to

monitor disease states or progress of treatments; and
[0075] (4) Continuous metabolic sensing in animal research.

[0076] One possible limitation of the disclosed magnetic nanoparticle-hydrogel sensor
system is possible interference when used in high magnetic-field environments, such as in or
near MRI systems. The sensing MFI range of the proposed sensor in some embodiments may
range from about 300uT to about 4000uT. While this range is much higher than the earth’s
magnetic field range (25-65uT), it is lower than that seen in magnetic resonance imaging
(MRI). Sensor readings may be influenced by strong external magnetic fields, although one
way to overcome this limitation may be to have an auxiliary reference magnetometer at a
distance from the sensor, for example in a hand-held monitoring device, so that differential

magnetic readings can be taken.

[0077] Figures 16 and 17 show alignment of magnetic particles in or adjacent to a
hydrogel. Figures 16 and 17 each show a hydrogel mounted on a substrate with a layer
containing magnetic particles on top of the hydrogel. The hydrogel may be continuously
attached to the substrate during use, or the substrate may only be present during formation of
the hydrogel and removed from the hydrogel prior to use. In some embodiments, a larger
portion of the hydrogel (with or without a separate top layer) may be made and then divided

into smaller sections for use. In use, a magnetometer is placed near the hydrogel, for

15



WO 2014/164731 PCT/US2014/023352

example under the substrate, when present, or near the hydrogel, to detect magnetic fields

from the particles associated with the hydrogel.

[0078] Although the magnetic particles are contained in a layer on top of the hydrogel, in
some embodiments the hydrogel itself (or a portion thereof) may contain the particles. The
particle-containing layer, when present, may be solid or it may be porous or contain
perforations to permit access by the analytes to the hydrogel (Figure 18). The particle-
containing layer may be made of a hydrogel (the same or different from the underlying

hydrogel), another polymer, or silicone, among various possible materials.

[0079] In certain embodiments, a hydrogel and/or top layer may be formed according to

the following procedures:

[0080] (1) Prepare the pre-gel (hydrogel, silicone, epoxy, etc.) and mix magnetic particles

to form a homogenous solution;

[0081] (2) Form a thin layer of solution on a substrate and ensure that the magnetic

particles are uniformly dispersed;

[0082] (3) Subject the film to an external magnetic field with desired field pattern during

the polymerization process to ensure that particles in the polymerized layer are aligned;

[0083] (4) If formed as a separate layer, this layer may then be placed over an analyte-

sensitive hydrogel.

[0084] The depth of the plane along which the particles are aligned may be altered by

controlling the magnitude of the externally-applied magnetic fields during the curing process.

[0085] The magnetic particles in Figure 16 are arranged in a Halbach array (Figure 16,
inset). The particular arrangement of particles (e.g. with adjacent vertically-aligned and
horizontally-aligned particles having their magnetic fields in opposite directions) causes the
magnetic field to extend primarily in one direction away from the plane of the hydrogel or
particle layer. Figure 17 shows another arrangement in which the particles are uniformly
aligned, for example horizontally, as shown (Figure 17, inset), or vertically. In the case of a
uniform particle arrangement, the magnetic fields extend relatively equally in both directions

away from the plane of the hydrogel or particle layer. In various embodiments, the operating
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distance at which the magnetic fields are detectable range from tens of micrometers to several

millimeters from the particles.

[0086] The Halbach array or uniform magnetic field may be generated in the layer or
hydrogel by subjecting the layer or hydrogel to a suitable magnetic field during curing. In
particular, the Halbach array particle arrangement may be realized in one of several possible
ways: (1) one way to generate this array is to dispense ferromagnetic particles in a polymer
homogeneously and form a magnetic composite sheet, as discussed above, and then
magnetize the sheet using a magnetizer with a pre-configured pattern. Polymers that can be
used, for example but not limited to, are silicones, polyurethanes, polyethylenes, hydrogels,
and other polymers; (2) another way is to select a prefabricated, commercially-available
Halbach array sheet material and use it to “mirror’ its magnetic arrangement into the
hydrogel. This may be accomplished by uniformly dispersing permanently magnetized
particles on a selected Halbach array, making sure the particles form an array pattern on the
sheet. Then the hydrogel pre-gel solution can be dispensed on the sheet containing arranged
magnetic particles, followed by polymerization of the pre-gel solution to form a magnetic
hydrogel composite. Magnetic particles may be surface modified to polymerize with the pre-

gel solution and/or to promote biocompatibility.

[0087] In various other embodiments, other arrangements of magnetic particles which
maximize the magnetic field gradient are also possible, including a setup having an internal
and external (to hydrogel) arrangement of magnetic particles/source to (1) shield noise (2)

improve the magnetic field gradient.

[0088] Possible magnetic nanoparticle materials include permanent magnetic particles
such as ferro- or ferri-magnetic particles, rare-earth alloys (samarium-cobalt, neodymium-
iron-boron), ceramic ferrites (barium or strontium ferrite), and other magnetic materials. The
magnetic particle/nanoparticle sizes may range from 20 nm to tens of micrometers, with a
typical size being about 1 micrometer. In various embodiments the magnetic
particle/nanoparticle concentration range, in either the hydrogel and/or in a separate film
layer, is up to 10% by weight. A non-limiting list of analytes that the hydrogel may interact
with include glucose, fructose, ionic strength/osmolality, oxidative stress, hydration, pH,
CO,, Oy, lactate, thrombin and other proteins, and particular cell types. The hydrogel-based
sensor systems disclosed herein may be used to determine the presence and levels of the

various analytes.
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[0089] Various features and advantages of the invention are set forth in the following

claims.
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CLAIMS

What is claimed is:

1. A sensor sheath for a catheter, comprising:
a substrate having at least one sensor associated therewith; and
an electronics unit in communication with the at least one sensor,

wherein the substrate is configured to attach to a catheter.

2. The sensor sheath of claim 1, wherein the at least one sensor comprises a hydrogel
sensor.
3. The sensor sheath of claim 2, wherein the at least one sensor further comprises a

plurality of magnetic particles associated with the hydrogel sensor.

4. The sensor sheath of claim 3, wherein the magnetic particles comprise magnetic
nanoparticles.
5. The sensor sheath of claim 3, wherein each of the plurality of magnetic particles has a

magnetic field, and wherein the magnetic fields of the plurality of magnetic particles are

aligned in the same direction.
6. The sensor sheath of claim 3, wherein each of the plurality of magnetic particles has a
magnetic field, and wherein the magnetic fields of the plurality of magnetic particles are

aligned in a Halbach array.

7. The sensor sheath of claim 3, wherein the magnetic particles are embedded within the

hydrogel sensor.

8. The sensor sheath of claim 3, wherein the hydrogel sensor is sensitive to an analyte.

9. The sensor sheath of claim 3, wherein the magnetic particles are in a layer on top of

the hydrogel sensor.
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10. The sensor sheath of claim 3, wherein the at least one sensor further comprises a

magnetometer adjacent the hydrogel sensor.

11. The sensor sheath of claim 1, wherein the substrate comprises a flexible,

biocompatible material, at least a portion of which is curved so as to wrap around a catheter.
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12. A sensor system, comprising:
a substrate having a least one hydrogel sensor associated therewith;
a magnetometer adjacent the at least one hydrogel sensor; and

a plurality of magnetic particles associated with the at least one hydrogel sensor.

13. The sensor system of claim 12, wherein each of the plurality of magnetic particles has
a magnetic field, and wherein the magnetic fields of the plurality of magnetic particles are

aligned in the same direction.
14. The sensor system of claim 12, wherein each of the plurality of magnetic particles has
a magnetic field, and wherein the magnetic fields of the plurality of magnetic particles are

aligned in a Halbach array.

15. The sensor system of claim 12, wherein the plurality of magnetic particles comprise

magnetic nanoparticles.

16. The sensor system of claim 12, wherein the substrate comprises a sheath configured to

attach to a catheter.

17. The sensor system of claim 16, wherein the sheath comprises a flexible,

biocompatible material, at least a portion of which is curved so as to wrap around a catheter.

18. The sensor system of claim 12, further comprising an electronics unit in

communication with the at least one hydrogel sensor.

19. The sensor system of claim 12, wherein the magnetic particles are embedded within

the at least one hydrogel sensor.

20. The sensor system of claim 12, wherein the magnetic particles are in a layer on top of

the at least one hydrogel sensor.

21. The sensor system of claim 12, wherein the at least one hydrogel sensor is sensitive to

an analyte.
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