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(57) ABSTRACT

The present invention generally relates to systems and meth-
ods for determining oxygen in a sample, or in a subject. In one
aspect, the present invention is generally directed to an article
exhibiting a determinable feature responsive to oxygen, such
as oxygen-sensitive particles. The particles may exhibit a
determinable change with a change in oxygen concentration,
and such particles can accordingly be used to determine oxy-
gen. For example, in one set of embodiments, the particles
may be at least partially coated with a protein, such as hemo-
globin, that is able to interact with oxygen. In some cases, the
protein may aggregate under certain conditions (e.g., under
relatively low oxygen concentrations), and such protein
aggregation may be used, for example, to cause the particles
to become aggregated, which can be determined in some way.
In some cases, such aggregation may be irreversible; i.e., the
degree of aggregation corresponds to the most extreme oxy-
gen concentrations that the proteins were exposed to. Such
articles may be used, for example, to determine oxygen
within a sample, or within a subject, such as a human subject.
For instance, the article may be formed as a skin patch, or
administered to the skin ofa subject, e.g., onthe surface of the
skin, within the dermis or epidermis, etc., to determine oxy-
gen within the subject.
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OXYGEN SENSOR

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 61/163,710, filed Mar. 26,
2009, entitled “Systems and Methods for Creating and Using
Suction Blisters or Other Pooled Regions of Fluid within the
Skin,” by Levinson, et al.; U.S. Provisional Patent Applica-
tion Ser. No. 61/156,632, filed Mar. 2, 2009, entitled “Oxygen
Sensor,” by Levinson, et al.; U.S. Provisional Patent Appli-
cation Ser. No. 61/269,436, filed Jun. 24, 2009, entitled
“Devices and Techniques associated with Diagnostics,
Therapies, and Other Applications, Including Skin-Associ-
ated Applications,” by Levinson, et al.; and U.S. Provisional
Patent Application Ser. No. 61/257,731, filed Nov. 3, 2009,
entitled “Devices and Techniques associated with Diagnos-
tics, Therapies, and Other Applications, Including Skin-As-
sociated Applications,” by Bernstein, et al. Each of the above
is incorporated herein by reference.

FIELD OF INVENTION

[0002] The present invention generally relates to systems
and methods for determining oxygen in a sample, or in a
subject.

BACKGROUND

[0003] The blood delivers vital oxygen from the lungs to
the cells of the body. However, various medical conditions are
characterized by low levels of oxygen within the blood (hy-
poxemia) or within the body (hypoxia). Under such condi-
tions, tissues within the body are deprived of adequate oxygen
supply, and such tissues may be temporarily or permanently
harmed as a result. Such conditions may arise, for example,
dueto sleep apnea, pressure ulcers or blisters, bed sores, or in
certain infants. Systems and methods for the determination of
oxygen within a subject are thus of great importance.

SUMMARY OF THE INVENTION

[0004] The present invention generally relates to systems
and methods for determining oxygen in a sample, or in a
subject. The subject matter of the present invention involves,
in some cases, interrelated products, alternative solutions to a
particular problem, and/or a plurality of different uses of one
or more systems and/or articles.

[0005] Inone aspect, the present invention is directed to an
article. According to one set of embodiments, the article
includes a skin delivery device able to selectively determine
localized oxygen within one of the dermis, the epidermis, the
interstitial fluid, or the blood within the skin when the skin
delivery device is applied to a subject.

[0006] Inanother set of embodiments, the article includes a
device at least partially insertable into the skin of a subject. In
some cases, the device is able to determine oxygen concen-
tration of or proximate at least a portion of the skin of the
subject.

[0007] The article, in yet another set of embodiments,
includes a skin patch exhibiting a determinable feature
responsive to oxygen when the skin patch is applied to a
subject. In still another set of embodiments, the article
includes a skin delivery device containing a plurality of
agents that exhibit increasing aggregation with decreasing
oxygen concentration.
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[0008] Inaccordance with yet another set of embodiments,
the article includes a plurality of particles at least partially
coated with sickle-cell hemoglobin. The article, in another set
of'embodiments, includes a skin delivery device containing a
plurality of particles at least partially coated with a hemoglo-
bin.

[0009] In one set of embodiments, the article includes a
liquid containing a plurality of agents that are able to aggre-
gate when the concentration of oxygen within the liquid is
less than about 90% of the saturation oxygen concentration of
the liquid, but are not able to substantially aggregate when the
liquid is saturated with oxygen.

[0010] The article, in accordance with another set of
embodiments, includes a liquid containing a plurality of par-
ticles coated with a polymer that exhibits at least about 10%
polymerization when the concentration of oxygen within the
liquid is less than about 90% of the saturation oxygen con-
centration of the liquid, but is not able to substantially poly-
merize when the liquid is saturated with oxygen.

[0011] In still another set of embodiments, the article
includes a plurality of particles coated with a polymer that
exhibits at least about 10% polymerization when exposed to
blood containing a concentration of oxygen less than about
90% of the saturation oxygen concentration of the blood.
[0012] Inanotheraspect,the present invention is directed to
a device able to determine localized oxygen proximate the
skin when the device is applied to the skin of a subject.
[0013] The invention, in yet another aspect, is directed to a
method. In one set of embodiments, the method includes an
act of determining blood oxygen in a subject by administering
an oxygen-sensitive agent to the subject.

[0014] According to another set of embodiments, the
method includes an act of determining blood oxygen in a
subject by applying a skin patch to the subject.

[0015] The method, in yet another set of embodiments,
includes an act of administering a plurality of particles at least
partially coated with hemoglobin to the skin of a subject.
According to still another set of embodiments, the method
includes an act of determining a region on the skin of a subject
having low oxygen, relative to the oxygen of the blood of the
subject, by applying a skin patch to the subject. In yet another
set of embodiments, the method includes an act of determin-
ing a region on the skin of a subject having low oxygen,
relative to the blood of the subject, by administering a plural-
ity of particles to the skin of the subject.

[0016] In one set of embodiments, the method includes an
act of diagnosing a subject suspected or at risk of having sleep
apnea by determining a determinable feature of a skin patch
applied to the subject prior to the subject sleeping. In another
set of embodiments, the method includes an act of diagnosing
a subject suspected or at risk of having sleep apnea by deter-
mining a determinable feature of a plurality of particles
applied to the skin of the subject.

[0017] The method, in still another set of embodiments,
includes an act of applying an oxygen-sensitive agent to a
tissue.

[0018] Inanotheraspect, the present invention is directed to
a method of making one or more of the embodiments
described herein, for example, an article exhibiting a deter-
minable feature responsive to oxygen. In another aspect, the
present invention is directed to a method of using one or more
of'the embodiments described herein, for example, an article
exhibiting a determinable feature responsive to oxygen.
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[0019] Other advantages and novel features of the present
invention will become apparent from the following detailed
description of various non-limiting embodiments of the
invention when considered in conjunction with the accompa-
nying figures. In cases where the present specification and a
document incorporated by reference include conflicting and/
or inconsistent disclosure, the present specification shall con-
trol. If two or more documents incorporated by reference
include conflicting and/or inconsistent disclosure with
respect to each other, then the document having the later
effective date shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Non-limiting embodiments of the present invention
will be described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical or
nearly identical component illustrated is typically repre-
sented by a single numeral. For purposes of clarity, not every
component is labeled in every figure, nor is every component
of'each embodiment of the invention shown where illustration
is not necessary to allow those of ordinary skill in the art to
understand the invention. In the figures:

[0021] FIG. 1 illustrates one embodiment of the invention
comprising a patch applied to the skin of a subject;

[0022] FIG. 2 illustrates another embodiment of the inven-
tion in which particles are administered into the skin of a
subject;

[0023] FIGS. 3A-3B illustrate the aggregation of particles
having first and second regions, according to yet another
embodiment of the invention;

[0024] FIGS. 4A-4B illustrate devices according to certain
embodiments of the invention;

[0025] FIGS.5A-5C illustrate devices according to various
embodiments of the invention;

[0026] FIG. 5D illustrates a kit containing more than one
device, in yet another embodiment of the invention; and
[0027] FIG.5E illustrates a device according to still another
embodiment of the invention.

DETAILED DESCRIPTION

[0028] The present invention generally relates to systems
and methods for determining oxygen in a sample, or in a
subject. The invention provides, in some embodiments, com-
positions and devices to be positioned on, in, or proximate the
skin of a subject, which can determine oxygen levels associ-
ated with skin, blood, and/or interstitial fluid, and/or which
delivers a signal indicative of oxygen level. As described
more fully below, the signal can be visual, or another sensory
signal such as a stimulus affecting feel, smell, taste, or the
like, or a signal readable by an instrument. The signal can be
readable by the subject in which oxygen level determination
is being made, or by another person or machine, or other
entity. In several embodiments, devices of the invention func-
tion by including one or more agents which can react with or
otherwise be affected by oxygen, or by another species in a
subject that can be used to determine oxygen level. In most of
the description herein, the agents are particles that are func-
tionalized so as to interact with the species in the subject, for
example by clustering and providing a different visual
appearance relative to a non-clustered state in the absence of
the species. Other particle behaviors and signaling techniques
are provided below. It is to be understood that wherever
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particles are described as useful in devices and to techniques
of the invention, other agents, as described generally below,
can be substituted.

[0029] In one aspect, devices of the invention are provided
that can monitor oxygen level within a subject either continu-
ously, or at any discrete point in time, or both. For example, a
device can be constructed to provide constant, real-time sig-
nal production indicative of oxygen level, or as another
example, a device that changes color, or color intensity,
reversibly and/or essentially instantaneously in reaction to
skin oxygen contents. Or, a device of the invention can be
constructed to measure oxygen at a particular point in time
and “hold” the signal indicative of that oxygen content at that
point in time, for example, a point in time during the night
when a subject is sleeping. Or, a device can be constructed to
measure and report a highest-level and/or lowest-level oxy-
gen content; a device can be applied to the skin and at the end
of'a determination period (for example, overnight) report the
lowest oxygen level of the subject during that measuring
period of time. As a non-limiting example, in some embodi-
ments, the device may include agents such as particles that
interact with oxygen, and can exhibit aggregation as a func-
tion oxygen concentration, reversibly and/or irreversibly; this
aggregation may be determined to determine oxygen levels
within a subject.

[0030] Species that can interact with agents (e.g., particles)
and devices of the invention to measure and report oxygen
content can be natural bodily-occurring species, non-natu-
rally occurring species that are added to a subject, or the like.
In some cases, devices and compositions of the invention can
be provided in the form of skin-adhesive patches, implants,
devices otherwise held proximate the skin (on or in, for
example, lotion, clothes, and/or other personally proximate
objects such as bandages, jewelry, stocking, etc.).

[0031] The above introductory description outlines, gener-
ally, various aspects of the invention. More details of various
aspects and embodiments are provided below.

[0032] In one aspect, the present invention is generally
directed to an article exhibiting a determinable feature
responsive to oxygen, such as oxygen-sensitive particles. The
particles may exhibit a determinable change with a change in
oxygen concentration, and such particles can accordingly be
used to determine oxygen. For example, in one set of embodi-
ments, the particles may be at least partially coated with a
protein, such as hemoglobin, that is able to interact with
oxygen. In some cases, the protein may aggregate under
certain conditions (e.g., under relatively low oxygen concen-
trations), and such protein aggregation may be used, for
example, to cause the particles to become aggregated, which
can be determined in some way. In some cases, such aggre-
gation may be irreversible; i.e., the degree of aggregation
corresponds to the most extreme oxygen concentrations that
the proteins were exposed to. Such articles may be used, for
example, to determine oxygen within a sample, or within a
subject, such as a human subject. For instance, the article may
be formed as a skin patch, or administered to the skin of a
subject, e.g., on the surface of the skin, within the dermis or
epidermis, etc., to determine oxygen within the subject.
[0033] Thus, various aspects of the present invention are
generally directed to systems and methods for determining
oxygen amounts or concentrations in a sample, or in a subject.
Such determinations of oxygen may be quantitative, and/or
qualitative in some cases, e.g., the determination may be that
the amount or concentration of oxygen within a sample has
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increased or decreased in some fashion, or that there are
sufficient or insufficient levels of oxygen present. “Deter-
mine,” in this context, generally refers to the analysis of a
species such as oxygen, for example, quantitatively or quali-
tatively, and/or the detection of the presence or absence of the
species. The species may be, for example, a bodily fluid
and/or an analyte suspected of being present in the bodily
fluid. For instance, the concentration or the amount of oxygen
may be determined. “Determining” may also refer to the
analysis of an interaction between two or more species, for
example, quantitatively or qualitatively, and/or by detecting
the presence or absence of the interaction, e.g. determination
of'the binding between oxygen and another species, such as is
discussed below.

[0034] Certain embodiments are directed to the determina-
tion of amounts or concentrations of oxygen in a subject, such
as a human subject. In some cases, however, the subject may
be a non-human animal. Examples of such subjects include,
but are not limited to, a mammal such as a dog, a cat, a horse,
a rabbit, a cow, a pig, a sheep, a goat, a rat (e.g., Rattus
Norvegicus), a mouse (e.g., Mus musculus), a guinea pig, a
hamster, a primate (e.g., a monkey, a chimpanzee, a baboon,
an ape, a gorilla, etc.), a bird, a reptile, a fish, or the like. In
certain cases, as discussed below, the oxygen concentration
within the skin of the subject is determined in some fashion.
For example, a skin delivery device or a skin patch may be
applied to the skin of a subject, and used to determine oxygen
within the subject, e.g., within the skin or within the blood of
the subject, depending on placement.

[0035] However, in other embodiments, the amount or con-
centration of oxygen within a sample may be determined, for
example, a biological sample or a chemical sample such as a
solution or a liquid. As non-limiting examples, in one
embodiment, the amount or concentration of oxygen within a
tissue sample or an isolated organ may be determined In
another example, the amount or concentration of oxygen
within a reactor may be determined In yet another example,
the amount or concentration of oxygen within a food, a drug
or a pharmaceutical preparation, or a consumer item may be
determined.

[0036] As a non-limiting example, an embodiment of the
invention, as used to determine the oxygen concentration
within the skin of a subject, is now described with reference to
the schematic diagram shown in FIG. 1 (not to scale). In this
figure, skin patch 10 is disposed on the surface of the skin 20
of a subject. Typically, a skin patch includes one or more
layers of material that are adhered to the surface of the skin.
For instance, in this example, skin patch 10 includes a first
adhesive layer 11, which is used to affix the patch to the
surface of the skin; a detection layer 12 for determining
oxygen concentrations or amounts; and a selectively imper-
meable layer 13 to prevent the detection layer from being
exposed to the external environment (e.g., containing atmo-
spheric oxygen, water, etc.) surrounding the patch. In this
example, oxygen from skin 20 is able to pass through adhe-
sive layer 11 into detection layer 12; thus, adhesive layer 11
may be formed from an oxygen-permeable material, or adhe-
sive layer 11 may be sufficiently porous to allow oxygen
transport to occur therethrough, etc. In contrast, selectively
impermeable layer 13 may be sufficiently impermeable to
oxygen such that detection layer 12 is not significantly
affected by the concentration of oxygen outside of selectively
impermeable layer 13 (although in some cases, selectively
impermeable layer 13 may be permeable to species other than
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oxygen, i.e., the impermeability of layer 13 is determined
with reference to oxygen, not to other species). Thus, “selec-
tively impermeable” layer, as used herein, means that the
layer that is essentially impermeable to a species that would
affect the technique adversely (e.g., oxygen), but which may
ormay not be permeable to other species, e.g., to other species
that do not adversely affect the assay or other technique of the
invention. “Essentially” impermeable, in this context, means
that the layer resists permeability to species that would
adversely affect the assay or other technique, e.g., within the
time frame of the assay or other technique.

[0037] Detection layer 12, in this example, includes an
agent that exhibits a determinable change when exposed to
different concentrations or amounts of oxygen, i.e., the agent
is one that is “oxygen-sensitive.” For instance, in one set of
embodiments, detection layer 12 may contain a plurality of
particles that are at least partially coated with a protein, such
as hemoglobin, that is able to interact with oxygen. For
example, the protein may be one that can aggregate or poly-
merize under certain conditions, such as under relatively low
oxygen concentrations. In one embodiment, the hemoglobin
may be a sickle cell hemoglobin or other modified hemoglo-
bin that shows increased sensitivity to oxygen, relative to
unmodified hemoglobin. By controlling the amount of pro-
tein coated on the particle, e.g., by controlling the location
and/or concentration of protein on the surface of the particle,
the amount of sensitivity of the particles to oxygen may be
controlled. Thus, for example, the particles may exhibit sub-
stantially no aggregation when exposed to normal concentra-
tions of oxygen (for example, normal concentrations of atmo-
spheric oxygen, normal concentrations of dissolved oxygen
within the blood), but the particles may exhibit some aggre-
gation as the concentration of oxygen decreases, e.g., below a
certain threshold concentration. As discussed below, the
detection of such particles, e.g., within detection layer 12,
may be achieved due to aggregation of the particles (e.g.,
causing a difference in appearance, color, light scattering,
etc.), or in some cases, the particles, when aggregated may
produce a determinable signal, e.g., a change in temperature,
or color. It should be noted that detection layer 12, in this
example, is able to detect oxygen in or proximate the skin, as
oxygen diffusing across the skin into the device may be deter-
mined as outlined above.

[0038] As another non-limiting example, FIG. 2 illustrates
another embodiment of the invention where oxygen-sensitive
particles 30, such as those discussed above, are administered
or delivered directly to the skin 20 of a subject. In some cases,
the particles may be administered to any suitable location
within the skin of the subject, e.g., to the epidermis, dermis, or
below the dermis in some cases. In one embodiment the
particles are administered to a suction blister, as discussed
below. Such particles may, for example, exhibit relatively
little or no aggregation when exposed to normal concentra-
tions of oxygen (e.g., within the skin or blood of the subject),
but exhibit some aggregation at lower concentrations of oxy-
gen. By determining the degree of aggregation, the concen-
tration of oxygen may be determined.

[0039] As discussed, several aspects of the present inven-
tion are directed to varying agents that exhibits a determin-
able change when exposed to different concentrations or
amounts of oxygen. Such agents may, in some cases, be
contained within suitable articles, which can be delivered to a
sample, or to a subject. Non-limiting examples of an oxygen-
sensitive agent include particles, such as anisotropic particles,
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that exhibit oxygen sensitivity. Other examples of oxygen-
sensitive agents include, but are not limited to, polymers that
exhibit different degrees of polymerization when exposed to
different oxygen concentrations, dyes or other entities sensi-
tive to oxygen, methelyne blue, or 2,6-dichlorophindophenol.
Methylene blue or 2,6-dichlorophindophenol are generally
colorless until oxidized in the presence of O,. For instance,
under exposure to at least 30 mmHg O,, methylene blue or
2,6-dichlorophindophenol may change colors, indicating the
presence of oxygen. The response time for such dyes may be
between 20-30 s to 1 hour in some cases.

[0040] Accordingly, certain embodiments of the invention
are directed to oxygen-sensitive particles that may be deliv-
ered to a sample, or to a subject. The particles may include
microparticles and/or nanoparticles in some cases. The par-
ticles may be chosen, in some embodiments, to be relatively
non-toxic or non-reactive, i.e., to the sample or to the subject,
depending on the application, and examples of compositions
of such particles are discussed in detail below.

[0041] In one set of embodiments, the particles may be
rendered oxygen-sensitive by using an agent that exhibits a
determinable change when exposed to different concentra-
tions or amounts of oxygen, for example, a change in aggre-
gation, polymerization, or the like. The agent may be formed
as part of the particle or homogenously contained within the
particle, or in some cases, the agent may be one that is coated
on at least a portion of the surface of the particle, for instance,
covalently attached to the surface of the particle.

[0042] Forexample, at least a portion of the particle may be
functionalized, i.e. comprising surface functional moieties, to
which a protein or other agent may be bound to, thereby
coating at least a portion of the surface of the particle with the
protein or other agent. The functional moieties may include
simple groups, selected from the groups including, but not
limited to, —OH, —CHO, —COOH, —SO;H, —CN,
—NH,, —SH, —COSH, —COOR, or halide; biomolecular
entities including, but not limited to, amino acids, proteins,
sugars, DNA, antibodies, antigens, and enzymes; grafted
polymer chains, selected from a group of polymers including,
but not limited to, polyamide, polyester, polyimide, poly-
acrylic; a thin coating covering the surface of the particle,
including, but not limited to, the following groups of materi-
als: metals, semiconductors, and insulators, which may be a
metallic element, an oxide, an sulfide, a nitride, a selenide, a
polymer, a polymer gel, or the like. The protein or other agent
can then be reacted with the functional moiety, e.g., using a
suitable cross-linking reagent, such as glutaradehyde.
[0043] Inonesetofembodiments, the agentis a protein that
is able to interact with oxygen, and in some cases, the protein
may bind to oxygen, e.g., through coordination chemistry.
Non-limiting examples of such proteins include hemoglobin,
myoglobin, hemocyanin, hemerythrin, chlorocruorin,
vanabin, erythrocruorin, pinnaglobin, leghemoglobin, etc.
The protein may be human or from another species. If the
protein is hemoglobin, the hemoglobin may be adult hemo-
globin (e.g. human hemoglobin A) or fetal hemoglobin (e.g.,
human hemoglobin F). Upon interaction with oxygen, the
protein may exhibit a conformational change, and/or a change
in a physical property, that alters the ability of the protein to
interact with other species, e.g., with other proteins or
ligands. Thus, as an example, oxyhemoglobin (hemoglobin
bound to oxygen) may exhibit a first affinity to a surface (e.g.,
to another particle), while deoxyhemoglobin (hemoglobin
free of oxygen) may exhibit a second affinity to the surface,
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and thus, the surface may have different concentrations of
particles adsorbed thereon, depending on the concentration of
oxygen.

[0044] Inonesetof embodiments, the protein may be sickle
cell hemoglobin, where the hemoglobin contains one or more
mutations that causes the hemoglobin to agglomerate or poly-
merize in solution, in some cases forming fibers or other
aggregates. For instance, one form of sickle cell hemoglobin
has a sequence that is the same as that of normal (wild-type)
hemoglobin except that glutamic acid in position 6 (in the
beta chain) has been mutated to valine. This mutation allows
the deoxygenated form of the sickle cell hemoglobin to poly-
merize, and the degree of polymerization is dependent, at
least in part, on the concentration of oxygen. Other mutations
to hemoglobin, not necessarily in patients having sickle cell
anemia, may also have exhibit similar polymerization or
aggregation tendencies. Accordingly, one embodiment of the
invention comprises a plurality of particles containing a
sickle-cell hemoglobin, for example, such that the surfaces
are at least partially coated with sickle-cell hemoglobin.
Sickle-cell hemoglobins can be obtained commercially from
anumber of different suppliers, obtained from patients exhib-
iting symptoms of sickle-cell anemia, or synthesized using
techniques known to those of ordinary skill in the art.

[0045] Other agents that exhibit a determinable change
when exposed to different concentrations or amounts of oxy-
gen may be used in certain embodiments of the invention. For
example, in one set of embodiments, a monomer such as
ethene that is able to polymerize to form polymers may be
used. In certain cases, oxygen concentrations may at least
partially inhibit certain types of polymerization reactions
such as free-radical chain polymerization, as oxygen may
inhibit such reactions by consuming free radicals, thereby
limiting the free-radical polymerization reaction. Thus, the
degree of polymerization exhibited by such agents may be
related to the concentration of oxygen present, and particles
coated with such monomers may be allowed to polymerize to
determine the concentration of oxygen present. As another
example of a suitable agents, certain compounds may be used
that are sensitive to dissolved oxygen concentrations, such as
tris(4,4'-diphenyl-2,2'-bipyridine) ruthenium (II) chloride
pentahydrate, methylene blue, or 2,6-dichlorophindophenol.
In some embodiments, such agents may be contained within
particles, e.g., on the surface and/or within the particles. Par-
ticles containing such agents, e.g., within and/or on their
surfaces, may be delivered to a sample, or to a subject, and a
determinable feature (e.g., color) may be determined to deter-
mine oXygen amounts or concentrations, e.g., in, on, or proxi-
mate to the skin of the subject.

[0046] Particles containing such agents may, in certain
instances, exhibit polymerization or aggregation that is a
function of the amount or concentration of oxygen surround-
ing the particles, e.g., contained within a gas or liquid (water,
blood, interstitial fluid, media, etc.) surrounding the particles.
For instance, the amount of polymerization or aggregation
may increase (or decrease) with decreasing oxygen concen-
tration, depending on the embodiment, and the amount of
polymerization or aggregation can be controlled in some
cases by controlling the concentration or location of protein
within and/or on the surface of the particles. Such particles
can be readily optimized for a particular application, using
routine optimization techniques and the like. For instance, the
polymerization or aggregation of such particles may be con-
trolled such that the particles are not able to aggregate when
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the surrounding liquid (e.g., aqueous solution, blood, inter-
stitial fluid, etc., depending on the application) is saturated
with oxygen, but are able to aggregate when the concentration
of'oxygen is less than about 95%, less than about 90%, about
80% or about 70% of this value, e.g., at least about 10% or
about 20% ofthe particles are able to aggregate or polymerize
under such conditions.

[0047] Insome cases, the aggregation or polymerization is
irreversible, for example, as with certain sickle cell hemoglo-
bins or polymerization reactions. Such irreversibly-aggregat-
ing particles may be useful in certain applications, for
example, to determine the most extreme oxygen concentra-
tions that the particles were exposed to. Thus, for instance,
particles may be applied to a sample, or to a subject, and then
analyzed at a later point in time (e.g., the following day) to
determine the lowest oxygen concentrations the particles
were exposed to during that time interval. As specific
examples, such information may be useful for subjects having
or at risk for pressure blisters, bed sores, or the like, or in
applications where the particles are shipped with another
material where information regarding oxygen exposure is
desirable (e.g., food, organs for transplant, or the like).
[0048] Particles that have aggregated or polymerized may
be determined using any suitable technique, for example, via
a change in an optical property (e.g., color), a change in the
temperature of the particles, a change in an electrical property
of'the particles, etc. In some cases, the change may be one that
is determinable by a human, unaided by any equipment that
may be directly applied to the human. For instance, the deter-
minable change may be a change in appearance (e.g., color),
a change in temperature, a change in sensation, the produc-
tion of an odor, etc. In other cases, however, the aggregation
or polymerization may be determined using suitable equip-
ment or assays.

[0049] In some embodiments, multiple particles, when
aggregated, may become visible, e.g., as discrete aggregates
and/or as a change in color. In another example, the aggre-
gates themselves may not be visible, but an optical property of
the medium containing the aggregates may be altered in some
fashion (e.g., exhibiting different light scattering properties,
different opacities, different degrees of transparency, etc.),
which can be determined to determine oxygen. In some cases,
as discussed below, the aggregation of particles may bring
two or more reaction entities contained on or in the particles
into close proximity, and the reactants may react in some
fashion that can be determined, e.g., by producing light, pro-
ducing heat, etc. In cases where a reaction entity is present,
e.g., on the surface (or at least a portion of the surface) of the
particle, the reaction entity may be any entity able to interact
with and/or associate with an analyte (e.g., oxygen), or
another reaction entity, for example, chemically and/or physi-
cally. For instance, the reaction entity may be a binding part-
ner able to bind an analyte. For example, the reaction entity
may be a molecule that can undergo binding with a particular
analyte, for example proteins such as those described herein.
[0050] Insome cases, the aggregates may precipitate and/or
flocculate. For instance, if the particles are present in a solu-
tion, the aggregates may separate from the solution, and
optionally can be removed or otherwise analyzed. As addi-
tional examples, other properties of the particles may be
determined to determine oxygen, e.g., a change in a chemical
property of the particles, a change in the appearance and/or
optical properties of the particles, a change in the temperature
of the particles, a change in an electrical property of the
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particles, etc. In some cases, the change may be one that is
determinable by a human, unaided by any equipment that
may be directly applied to the human. For instance, the deter-
minable change may be a change in appearance (e.g., color),
a change in temperature, the production of an odor, etc.,
which can be determined by the human eye without the use of
any equipment.

[0051] One example of an embodiment that uses a change
in color is now discussed. In some cases, the particles may
comprise a first surface region and a second surface region.
The first surface region may, for instance, have a first color
and the second region may have a second color, where the first
surface region is coated with an oxygen-sensitive agent that
exhibits increasing aggregation with decreasing oxygen con-
centration. At normal oxygen concentrations, the particles
remain largely unaggregated, thereby giving the appearance
of a blend of the first color and the second color, as is illus-
trated in FIG. 3 with particles 38 having a first region 31 and
a second region 32, which are randomly distributed in this
figure. However, at lower concentrations of oxygen, some of
the particles may aggregate, and aggregate such that the first
regions of the particles become oriented towards each other,
e.g. due to the presence of the oxygen-sensitive agent on first
region 31 but not on second region 32. As this occurs, the
second color of the particles may dominate over the first color
as the particles aggregate. Accordingly, in this example, the
concentration of oxygen may be determined by determining
color.

[0052] Other properties may also be determined besides
color. Accordingly, it should be understood that the use of
“color” with respect to particles as used herein is by way of
example only, and other properties may be determined
instead of or in addition to color. For instance, aggregation of
particles may cause a change in an electrical or a magnetic
property of the particles, which can be determined by deter-
mining an electrical or a magnetic field. For example, an
aggregate of particles may have a different magnetic moment
than isolated particles, which can be determined by determin-
ing a magnetic property of the particles. As another example,
the particles may contain a first region and a second region
having different reactivities (e.g., the first region may be
reactive to an enzyme, an antibody, etc.), and aggregation of
the particles may cause a net change in the reactivity. As still
another example, size may be used. For instance, the aggre-
gates may be visually identifiable, the aggregates may form a
precipitant, or the like. Thus, for example, the particles
(which may be anisotropic or not anisotropic) may appear to
be a first color when separate, and a second color when
aggregation occurs. In some cases, an assay (e.g., an agglu-
tination assay) may be used to determine the aggregation.

[0053] A non-limiting example of how an aggregate of
particles may produce a chemical reaction follows. In one
embodiment, there may be first particles containing a first
reaction entity and a second reaction entity that reacts with the
first reaction entity; when the particles aggregate, the first and
second reaction entities may react. As a specific example, the
reaction between the first and second reaction entities may be
an endothermic or an exothermic reaction; thus, when the
particles are brought together, a temperature change is pro-
duced, which can be determined in some fashion. Thus, the
reaction between the first and second reactants can be induced
or at least accelerated by brining the particles closer together.
The first and second reactants may be any suitable reactants.
For instance, the first and second reactants can produce heat
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(e.g., as in an exothermic reaction), cold (e.g., as in an endot-
hermic reaction), a change in color, a product which can then
be determined, or the like. As another example, a reaction
between the first and second reactants may cause the release
of'a material. In some cases, the material may be one that can
be sensed by a subject, e.g., capsaicin, an acid, an allergen, or
the like. Thus, the subject may sense the change as a change
in temperature, pain, itchiness, swelling, taste, or the like.
Examples of suitable capsaicin and capsaicin-like molecules
include, but are not limited to, dihydrocapsaicin, nordihydro-
capsaicin, homodihydrocapsaicin, homocapsaicin, or noni-
vamide.

[0054] A non-limiting example of a change in temperature
follows. The first particle may contain barium hydroxide
(Ba(OH),), while the second particle may contain ammo-
nium nitrate (NH,NO;). The particles may be present in
solution or suspension, and only a low level of reaction
between the barium hydroxide and the ammonium nitrate
occurs. Each particle may also contain an oxygen-sensitive
agent that exhibits increasing aggregation with decreasing
oxygen concentration. When oxygen is added, aggregation of
the particles may occur due to this agent. As the particles
aggregate, the reaction rate between the reactants may
increase as the particles are brought closer to each other. In
this case, the reaction between barium hydroxide and the
ammonium nitrate is an endothermic reaction that yields
barium nitrate (Ba(NO,),) and ammonium (NHj;). This reac-
tion may be determined by determining a drop in temperature.
[0055] In some cases, the first and second reactants may
each be present on the same particles, but the reactants on the
same particles may not be able to react with each other, e.g.,
due to spatial separation on the particles. However, when
aggregated, different particles may come into contact with
each other, thereby allowing a reaction to occur.

[0056] Inone aspect, particles or other agents that exhibits
a determinable change when exposed to different concentra-
tions or amounts of oxygen may be administered to a subject,
e.g., to determine amounts or concentrations of oxygen
within the subject. In some cases, the determination may
localized, e.g., to the skin, to a specific region within the skin,
and/or to a specific region of the body. For example, depend-
ing on where the particles or other agents are delivered, the
oxygen concentration determined may be that of the dermis,
the epidermis, the interstitial fluid, the blood, etc. In some
cases, e.g., during surgical procedures or the like, the particles
(or other agents) may be desirably administered to other
locations, tissues, or organs within a subject. For example, the
particles may be administered to the heart during cardiac
surgery to monitor the condition of the heart during the opera-
tion.

[0057] It should be understood, however, that the applica-
tion of the particles or other agents to a subject, such as a
human subject, is by way of example only, and in other cases,
the particles or other agents may be applied to other samples,
which may be biological or non-biological. For instance, the
oxygen concentration within a tissue sample, an isolated
organ, a liquid sample, or the like may be determined using
the systems and methods described herein, e.g., by applying
the particles or other agents to such samples.

[0058] In certain embodiments, a skin delivery device can
be used to administer the particles or other agents to a subject.
For instance, the skin delivery device may be a handheld
device that is applied to the surface of the skin of a subject. In
some cases, the device may be sufficiently small or portable
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that the subject can self-administer the device. In certain
instances, the device may be applied to the surface of the skin,
and is not inserted into the skin. In other embodiments, how-
ever, at least a portion of the device may be inserted into the
skin, for example, mechanically. For example, in one embodi-
ment, the device may include a cutter, such as a hypodermic
needle, a knife blade, a piercing element (e.g., a solid needle),
or the like. In some cases, the device may be designed such
that portions of the device are separable. For example, a first
portion of the device may be removed from the surface of the
skin, leaving other portions of the device behind on the skin
Such devices may be useful, for instance, for determining
oxygen amounts or concentrations, on, or proximate to the
skin of the subject.

[0059] In one set of embodiments, the skin delivery device
may take the form of a skin patch. Typically, a skin patch
includes one or more layers of material that are adhered to the
surface of the skin, and can be applied by the subject or
another person. In certain embodiments, layers or portions of
the skin patch may be removed, leaving other layers or por-
tions behind on the skin. Often, the skin patch lacks an exter-
nal power source, although the various layers of the patch
may contain various chemicals, such as drugs, therapeutic
agents, diagnostic agents, reaction entities, etc. In some cases,
the skin patch may also include mechanical elements as well,
for example, a cutter, such as a hypodermic needle, a knife
blade, a piercing element (e.g., a solid needle), or the like.

[0060] As discussed, in some cases, the skin patch may
contain an adhesive layer, a detection layer, and a selectively
impermeable layer, e.g., as is shown in FIG. 1. In some
embodiments, other materials and/or layers within the patch
may be present in addition to these layers. The adhesive layer
may be used to affix the patch to the surface of the skin, and
may comprise any suitable adhesive, e.g., temporary or per-
manent. For example, the adhesive layer may comprise pres-
sure sensitive adhesives including polyisobutylene, polysty-
rene-block-polyisoprene-block-polystyrene,  polysiloxane
adhesives, polyacrylic adhesives, or the like. The adhesive
layer may be at least partially oxygen permeable, e.g., such
that at least some oxygen is able to be transported through the
adhesive layer, and in some cases, at a transport rate greater
than the characteristic detection rate of the portion of the
detection layer that is able to determine the oxygen trans-
ported therethrough, i.e., the adhesive layer does not present
a significant transport barrier to oxygen, and the ability of the
detection layer to determine oxygen is not substantially sta-
tistically different when the adhesive layer is present versus
when the adhesive layer is absent. In some cases, the adhesive
layer itself is inherently at least partially oxygen permeable,
e.g., due to the composition of the adhesive layer. In other
cases, the adhesive layer may comprise a relatively oxygen-
impermeable material, but the adhesive layer may nonethe-
less be sufficiently oxygen permeable due to its structure. For
example, the adhesive layer may have one or more holes that
allow oxygen to pass therethrough, or the adhesive layer may
be porous, etc.

[0061] The detection layer within the skin patch may com-
prise an oxygen-sensitive agent that exhibits a determinable
change when exposed to different concentrations or amounts
of oxygen, for instance, oxygen-sensitive particles such as
those described herein. Thus, the oxygen-sensitive agent may
exhibit a determinable property that is a function of the oxy-
gen concentration or amount, for example, an optical prop-
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erty (e.g., color), temperature, sensation, odor, pain, itchi-
ness, swelling, taste, etc., as previously described.

[0062] The patch may also contain, in some cases, a selec-
tively impermeable layer, which can be used to isolate the
detection layer from the outside environment surrounding the
patch. Thus, the oxygen concentration or amount determined
by the detection layer may be a function of the oxygen within
the subject (e.g., within the skin of the subject), instead of
being contaminated or conflated with environmental oxygen.
It should be noted, however, that the selectively impermeable
layer may be permeable to species other than oxygen, in some
cases. Examples of suitable materials that may be used to
form the selectively impermeable layer include, but are not
limited to, polypropylene, low-density polyethylene, or other
suitable materials. As used herein, a material is sufficiently
oxygen impermeable when the transport rate of oxygen
through the selectively impermeable layer is at least one order
of magnitude less than the transport rate of oxygen through
the adhesive layer (if present) or otherwise from the subject to
the detection layer. Thus, the oxygen impermeable material
need not be one that is perfectly oxygen impermeable.
[0063] Inanother setof embodiments, the particles or other
agents may be administered directly to the skin, e.g., to the
surface of the skin, to the bloodstream, etc. If the particles are
delivered to the skin of the subject, the particles may be
delivered to any location within the skin (or below the skin),
e.g., to the epidermis, to the dermis, subcutaneously, intra-
muscularly, etc. In some cases, a “depot” of particles may be
formed within the skin, and the depot may be temporary or
permanent. For instance, the particles within the depot may
eventually degrade (e.g., if the particles are biodegradable),
enter the bloodstream, or be sloughed off to the environment.
As an example, if the particles are delivered primarily to the
epidermis, many of the particles can eventually be sloughed
off to the environment (as the epidermis is sloughed off), i.e.,
such that the particles are present within the subject on a
temporary basis (e.g., on a time scale of days or weeks).
However, if the particles are delivered to lower layers of
tissue, e.g., to the dermis or lower, then the particles may not
be as readily sloughed off to the environment (or the particles
may take longer to be sloughed off into the environment), and
thus the particles may be present in the skin on a longer basis.
For instance, the particles may be present within the subject
for weeks, months, or years.

[0064] Insome cases, especially if the particles are colored,
the particles after delivery may give the appearance of a
“tattoo” or a permanent mark within the skin, and the tattoo or
other mark may be of any color and/or size. However, as
discussed, other properties besides color may be determined,
e.g., temperature changes, chemical reactions (e.g., capsai-
cin), or the like.

[0065] The particles may be delivered to the skin using any
suitable technique, and various techniques for delivery into
various layers of the skin (or below the skin) are well-known
to those of ordinary skill in the art. In many cases, the particles
may be dissolved and/or suspended in a carrying fluid or
liquid, e.g., saline, or the particles may be contained within a
matrix, e.g., a porous matrix that is or becomes accessible by
interstitial fluid or blood after delivery. For instance, the
matrix may be formed from a biodegradable and/or biocom-
patible material such as polylactic acid, polyglycolic acid,
poly(lactic-co-glycolic acid), etc., or other similar materials.
[0066] In some cases, the matrix may prevent or at least
inhibit an immunological response by the subject to the pres-
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ence of the particles, while allowing equilibration of oxygen,
etc. with the particles to occur, e.g., if the matrix is porous. For
instance, the pores of a porous matrix may be such that
immune cells are unable to penetrate. The pores may be, for
instance, less than about 5 micrometers, less than about 4
micrometers, less than about 3 micrometers, less than about 2
micrometers, less than about 1.5 micrometers, less than about
1.0 micrometers, less than about 0.75 micrometers, less than
about 0.6 micrometers, less than about 0.5 micrometers, less
than about 0.4 micrometers, less than about 0.3 micrometers,
less than about 0.1 micrometers, less than about 0.07
micrometers, and in other embodiments, or less than about
0.05 micrometers. The matrix may comprise, for example,
biocompatible and/or biodegradable polymers such as poly-
lactic and/or polyglycolic acids, polyanhydride, polycapro-
lactone, polyethylene oxide, polybutylene terephthalate,
starch, cellulose, chitosan, and/or combinations of these, and/
or other materials such as agarose, collagen, fibrin, or the like.

[0067] Other non-limiting examples of various devices of
the invention are shown in FIG. 4. In FIG. 4A, device 90 is
used for withdrawing a fluid from a subject when the device
is placed on the skin of a subject. Device 90 includes sensor
95 and fluid transporter 92, e.g., aneedle, a microneedle, etc.,
as discussed herein. In fluidic communication with fluid
transporter 92 via fluidic channel 99 is sensing chamber 97. In
one embodiment, sensing chamber 97 may contain particles,
or another agent that exhibits a determinable change when
exposed to different concentrations or amounts of oxygen. In
some cases, fluid may be withdrawn using fluid transporter 92
by a vacuum, for example, a self-contained vacuum contained
within device 90. Optionally, device 90 also contains a dis-
play 94 and associated electronics 93, batteries or other power
supplies, etc., which may be used to display sensor readings
obtained via sensor 95. In addition, device 90 may also
optionally contain memory 98, transmitters for transmitting a
signal indicative of sensor 95 to a receiver, etc.

[0068] In some cases, a fluid transporter may be used to
transport an agent into the skin, and/or transport a fluid out of
the skin. As used herein, “fluid transporter” is any component
or combination of components that facilitates movement of a
fluid from one portion of the device to another. For example,
at or near the skin, a fluid transporter can be a hollow needle
when a hollow needle is used or, if a solid needle is used, then
if fluid migrates along the needle due to surface forces (e.g.,
capillary action), then the solid needle can be a fluid trans-
porter. If fluid (e.g. blood or interstitial fluid) partially or fully
fills an enclosure surrounding a needle after puncture of skin
(whether the needle is or is not withdrawn from the skin after
puncture), then the enclosure can define a fluid transporter.
Other components including partially or fully enclosed chan-
nels, microfluidic channels, tubes, wicking members,
vacuum containers, etc. can be fluid transporters

[0069] In the example shown in FIG. 4A, device 90 may
contain a vacuum source (not shown) that is self-contained
within device 90, although in other embodiments, the vacuum
source may be external to device 90. (In still other instances,
other systems may be used to deliver and/or withdraw fluid
from the skin, as is discussed herein.) In one embodiment,
after being placed on the skin of a subject, the skin may be
drawn upward into a recess containing fluid transporter 92,
for example, upon exposure to the vacuum source. Access to
the vacuum source may be controlled by any suitable method,
e.g., by piercing a seal or a septum; by opening a valve or
moving a gate, etc. For instance, upon activation of device 90,
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e.g., by the subject, remotely, automatically, etc., the vacuum
source may be put into fluidic communication with the recess
such that skin is drawn into the recess containing fluid trans-
porter 92 due to the vacuum. Skin drawn into the recess may
come into contact with fluid transporter 92 (e.g., solid or
hollow needles), which may, in some cases, pierce the skin
and allow a fluid to be delivered and/or withdrawn from the
skin. In another embodiment, fluid transporter 92 may be
actuated and moved downward to come into contact with the
skin, and optionally retracted after use.

[0070] Another non-limiting example of a device is shown
in FIG. 4B. This figure illustrates a device useful for deliver-
ing a fluid to the subject. Device 90 in this figure includes fluid
transporter 92, e.g., aneedle, a microneedle, etc., as discussed
herein. In fluidic communication with fluid transporter 92 via
fluidic channel 99 is chamber 97, which may contain particles
or other agents that exhibits a determinable change when
exposed to different concentrations or amounts of oxygen.
These may be delivered to the subject. In some cases, fluid
may be delivered with a pressure controller, and/or with-
drawn using fluid transporter 92 by a vacuum, for example, a
self-contained vacuum contained within device 90. For
instance, upon creating a vacuum, skin may be drawn up
towards fluid transporter 92, and fluid transporter 92 may
pierce the skin Fluid from chamber 97 can then be delivered
into the skin through fluid channel 99 and fluid transporter 92.
Optionally, device 90 also contains a display 94 and associ-
ated electronics 93, batteries or other power supplies, etc.,
which may be used control delivery of fluid to the skin. In
addition, device 90 may also optionally contain memory 98,
transmitters for transmitting a signal indicative of device 90
or fluid delivery to a receiver, etc.

[0071] Yet another non-limiting example of a device of the
invention is shown in FIG. 5. FIG. 5A illustrates a view of the
device (with the cover removed), while FIG. 5B schemati-
cally illustrates the device in cross-section. In FIG. 5B, device
50 includes a needle 52 contained within a recess 55. Needle
52 may be solid or hollow, depending on the embodiment.
Device 50 also includes a self-contained vacuum chamber 60,
which wraps around the central portion of the device where
needle 52 and recess 55 are located. A channel 62 connects
vacuum chamber 60 with recess 55, separated by a foil or a
membrane 67. Also shown in device 50 is button 58. When
pushed, button 58 breaks foil 67, thereby connecting vacuum
chamber 50 with recess 55, thereby creating a vacuum in
recess 55. The vacuum may be used, for example, to draw skin
into recess 55, preferably such that it contacts needle 52 and
pierces the surface, thereby gaining access to an internal fluid.
The fluid may be controlled, for example, by controlling the
size of needle 52, and thereby the depth of penetration. For
example, the penetration may be limited to the epidermis,
e.g., to collect interstitial fluid, or to the dermis, e.g., to collect
blood. In some cases, the vacuum may also be used to at least
partially secure device 50 on the surface of the skin, and/or to
assist in the withdrawal of fluid from the skin. For instance,
fluid may flow into channel 62 under action of the vacuum,
and optionally to sensor 61, e.g., for detection of oxygen
contained within the fluid (such as by exposure to particles or
other agents that exhibits a determinable change when
exposed to different concentrations or amounts of oxygen).
For instance, sensor 61 may produce a color change if oxygen
is present (e.g., due to agglomeration), or otherwise produce
a detectable signal.
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[0072] Other components may be added to the example of
the device illustrated in FIG. 5, in some embodiments of the
invention. For example, device 50 may contain a cover, dis-
plays, ports, transmitters, sensors, microfluidic channels,
chambers, fluid channels, and/or various electronics, e.g., to
control or monitor fluid transport into or out of device 50, to
determine oxygen in the subject, to determine the status ofthe
device, to report or transmit information regarding the device
and/or analytes, or the like, as is discussed in more detail
herein. As another example, device 50 may contain an adhe-
sive, e.g., on surface 54, for adhesion of the device to the skin.

[0073] Yet another non-limiting example is illustrated with
reference to FIG. 5C. In this example, device 500 includes a
support structure 501, and an associated fluid transporter
system 503. Fluid transporter system 503 includes a plurality
of microneedles 505, although other fluid transporters as
discussed herein may also be used. Also shown in this figure
is sensor 510, connected via channels 511 to recess 508
containing needles or microneedles 505. Chamber 513 may
be a self-contained vacuum chamber, and chamber 513 may
be in fluidic communication with recess 508 via channel 511,
for example, as controlled by a controller or an actuator (not
shown). In this figure, device 500 also contains display 525,
which is connected to sensor 510 via electrical connection
522. As an example of use of device 500, when fluid is drawn
from the skin (e.g., blood, interstitial fluid, etc.), the fluid may
flow through channel 511 to be determined by sensor 510,
e.g., due to action of the vacuum from vacuum chamber 513.
In some cases, the vacuum is used, for example, to draw skin
into recess 508, e.g., such that it contacts needles or micron-
eedles 505 and pierces the surface of the skin to gain access to
a fluid internal of the subject, such as blood or interstitial
fluid, etc. The fluid may be controlled, for example, by con-
trolling the size of needle 52, and thereby the depth of pen-
etration. For example, the penetration may be limited to the
epidermis, e.g., to collect interstitial fluid, or to the dermis,
e.g., to collect blood. Upon determination of the fluid and/or
an analyte present or suspected to be present within the fluid,
a microprocessor or other controller may display on display
525 a suitable signal. It should be noted that a display is
shown in this figure by way of example only; in other embodi-
ments, no display may be present, or other signals may be
used, for example, lights, smell, sound, feel, taste, or the like.

[0074] In some cases, more than one fluid transporter sys-
tem may be present within the device. For instance, the device
may be able to be used repeatedly, and/or the device may be
able to deliver and/or withdraw fluid at more than one location
onasubject, e.g., sequentially and/or simultaneously. In some
cases, the device may be able to simultaneously deliver and
withdraw fluid to and from a subject. A non-limiting example
of'a device having more than one fluid transporter system is
illustrated with reference to FIG. 5E. In this example, device
500 contains a plurality of structures such as those described
herein for delivering to and/or withdrawing fluid from a sub-
ject. For example, device 500 in this example contains 3 such
units, although any number of units are possible in other
embodiments. In this example, device 500 contains three such
fluid transporter systems 575. Each of these fluid transporter
systems may independently have the same or different struc-
tures, depending on the particular application, and they may
have structures such as those described herein.

[0075] Inanother set of embodiments, the device may com-
prise a mechanism able to cut or pierce the surface of the skin.
The cutter may comprise any mechanism able to create a path
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to a pooled region of fluid through which fluids may be
delivered and/or withdrawn from the pooled region. For
example, the cutter may comprise a hypodermic needle, a
blade (e.g., a knife blade, a serrated blade, etc.), a piercing
element (e.g., a solid or a hollow needle), or the like, which
can be applied to the skin to create a suitable conduit for the
withdrawal of fluid from the pooled region of fluid from the
skin In one embodiment, a cutter is used to create such a
pathway and removed, then fluid may be delivered and/or
withdrawn via this pathway. In another embodiment, the cut-
ter remains in place within the skin, and fluid may be deliv-
ered and/or withdrawn through a conduit within the cutter.
[0076] In some cases, a hypodermic needle or similar
device may be used to deliver particles into various tissues.
Hypodermic needles are well-known to those of ordinary skill
in the art, and can be obtained with a range of needle gauges.
As another example, microneedles such as those disclosed in
U.S. Pat. No. 6,334,856, issued Jan. 1, 2002, entitled
“Microneedle Devices and Methods of Manufacture and Use
Thereof,” by Allen, et al., may be used to deliver the particles
to the dermis and/or the epidermis, depending on the shape
and/or size of the microneedles, as well as the location of
delivery. The microneedles may be formed from any suitable
material, e.g., metals, ceramics, semiconductors, organics,
polymers, and/or composites. Examples include, but are not
limited to, pharmaceutical grade stainless steel, gold, tita-
nium, nickel, iron, gold, tin, chromium, copper, alloys of
these or other metals, silicon, silicon dioxide, and polymers,
including polymers of hydroxy acids such as lactic acid and
glycolic acid polylactide, polyglycolide, polylactide-co-gly-
colide, and copolymers with polyethylene glycol, polyanhy-
drides, polyorthoesters, polyurethanes, polybutyric acid,
polyvaleric acid, polylactide-co-caprolactone, polycarbon-
ate, polymethacrylic acid, polyethylenevinyl acetate, polytet-
rafluorethylene, or polyesters. In some cases, the particles
may be delivered via the microneedles; in other cases, how-
ever, the microneedles may be first applied to the skin and
removed to create passages through the skin (e.g., through the
stratum corneum, which is the outermost layer of the skin),
then the particles subsequently applied to the skin.

[0077] As still another example, pressurized fluids may be
used to deliver the particles, for instance, using a jet injector
or a “hypospray.” Typically, such devices produce a high-
pressure “jet” of liquid or powder (e.g., a biocompatible lig-
uid, such as saline) that drives the particles into the skin, and
the depth of penetration may be controlled, for instance, by
controlling the pressure of the jet. The pressure may come
from any suitable source, e.g., a standard gas cylinder or a gas
cartridge. A non-limiting example of such a device can be
seen in U.S. Pat. No. 4,103,684, issued Aug. 1, 1978, entitled
“Hydraulically Powered Hypodermic Injector with Adapters
for Reducing and Increasing Fluid Injection Force,” by Ism-
ach.

[0078] As yet another example, the particles may be con-
tained within a cream or a lotion which can be rubbed onto the
skin to deliver the particles. The cream or lotion may contain,
for instance, an emulsion of a hydrophobic and a hydrophilic
material (e.g., oil and water), distributed in any order (e.g.,
oil-in-water or water-in-oil), and the particles may be present
in any one or more of the emulsion phases. In some cases, the
particles may be administered by a medical practitioner; in
other cases, however, the particles may be self-administered.
[0079] In one set of embodiments, one or more skin inser-
tion objects may be used to deliver the particles. The skin
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insertion objects can be constructed to deliver the particles to
the dermis and/or to the epidermis, depending on the specific
application. The skin insertion objects may be constructed
such that at least a portion of the objects is inserted into the
skin and include a plurality of particles (or other objects) that,
when the skin insertion objects are delivered into the skin, are
released into the skin. Accordingly, the skin insertion objects
may have any suitable shape that allows this to occur, e.g.,
having the shape of a solid or a hollow needle, which may be
cylindrical or may be tapered, etc. For instance, the particles
may be fastened to the skin insertion objects with a degree of
adhesion such that, when the skin insertion objects are deliv-
ered, at least a portion of the particles remain in the dermis
and/or epidermis when the skin insertion objects are
removed, e.g., due to friction. As another example, a portion
of'the skin insertion objects may break off upon entry into the
skin, thereby delivering the particles. As mentioned, in some
cases, one or more skin insertion objects may be present, e.g.,
immobilized relative to a substrate for simultaneous delivery.
The skin insertion objects may be formed out of any suitable
material, including biocompatible and/or biodegradable
materials such as those described herein. In other cases, how-
ever, the skin insertion objects are formed from other mate-
rials that are not necessarily biocompatible and/or biodegrad-
able. The skin insertion objects may be delivered to the skin
manually, or in some cases, with the aid of a device.

[0080] In yet another set of embodiments, fluid may be
delivered and/or withdrawn using an electric charge. For
example, reverse iontophoresis may be used. Without wish-
ing to be bound by any theory, reverse iontophoresis uses a
small electric current to drive charged and highly polar com-
pounds across the skin. Since the skin is negatively charged at
physiologic pH, it may act as a permselective membrane to
cations, and the passage of counterions across the skin can
induce an electroosmotic solvent flow that may carry neutral
molecules in the anode-to-cathode direction. Components in
the solvent flow may be analyzed as described elsewhere
herein. In some instances, a reverse iontophoresis apparatus
may comprise an anode cell and a cathode cell, each in contact
with the skin The anode cell may be filled, for example, with
an aqueous buffer solution (i.e., aqueous Tris buffer) having a
pH greater than 4 and an electrolyte (i.e. sodium chloride).
The cathode cell can be filled with aqueous buffer. As one
example, a first electrode (e.g., an anode) can be inserted into
the anode cell and a second electrode (e.g., a cathode) can be
inserted in the cathode cell. In some embodiments, the elec-
trodes are not in direct contact with the skin.

[0081] A current may be applied to induce reverse ionto-
phoresis, thereby extracting a fluid from the skin. The current
applied may be, for example, greater than 0.01 mA, greater
than 0.3 mA, greater than 0.1 mA, greater than 0.3 mA,
greater than 0.5 mA, or greater than 1 mA. It should be
understood that currents outside these ranges may be used as
well. The current may be applied for a set period of time. For
example, the current may be applied for greater than 30 sec-
onds, greater than 1 minute, greater than 5 minutes, greater
than 30 minutes, greater than 1 hour, greater than 2 hours, or
greater than 5 hours. It should be understood that times out-
side these ranges may be used as well.

[0082] Inonesetofembodiments, the device may comprise
an apparatus for ablating the skin. Without wishing to be
bound by any theory, it is believed that ablation comprises
removing a microscopic patch of stratum corneum (i.e., abla-
tion forms a micropore), thus allowing access to bodily fluids.
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In some cases, thermal, radiofrequency, and/or laser energy
may be used for ablation. In some instances, thermal ablation
may be applied using a heating element. Radiofrequency
ablation may be carried out using a frequency and energy
capable of heating water and/or tissue. A laser may also be
used to irradiate a location on the skin to remove a portion. In
some embodiments, the heat may be applied in pulses such
that a steep temperature gradient exists essentially perpen-
dicular to the surface of the skin. For example, a temperature
of at least 100° C., atleast 200° C., at least 300° C., or at least
400° C. may be applied for less than 1 second, less than 0.1
seconds, less than 0.01 seconds, less than 0.005 seconds, or
less than 0.001 seconds.

[0083] As yet another example, the particles may be deliv-
ered to a suction blister or other pooled regions of fluid within
the skin. In one set of embodiments, a pooled region of fluid
can be created between the dermis and epidermis of the skin
Such regions can be created by causing the dermis and the
epidermis to at least partially separate, and a number of tech-
niques can be used to at least partially separate the dermis
from the epidermis.

[0084] Pooled regions of fluids, if present, may be formed
on any suitable location within the skin of a subject. Factors
such as safety or convenience may be used to select a suitable
location, as (in humans) the skin is relatively uniform through
the body, with the exception of the hands and feet. As non-
limiting examples, the pooled region may be formed on an
arm or a leg, on the hands (e.g., on the back of the hand), on
the feet, on the chest, abdomen, or the back of the subject, or
the like. The size of the pooled region of fluid that is formed
in the skin and/or the duration that the pooled region lasts
within the skin depends on a variety of factors, such as the
technique of creating the pooled region, the size of the pooled
region, the size of the region of skin to which the technique is
applied, the amount of fluid removed from the pooled region
(if any), any materials that are delivered into the pooled
region, or the like. For example, if vacuum is applied to the
skin to create a suction blister, the vacuum applied to the skin,
the duration of the vacuum, and/or the area of the skin
affected may be controlled to control the size and/or duration
of the suction blister. In some embodiments, it may be desir-
able to keep the pooled regions relatively small, for instance,
to prevent an unsightly visual appearance, to allow for greater
sampling accuracy (due to a smaller volume of' material), or to
allow for more controlled placement of particles within the
skin For example, the volume of the pooled region may be
kept to less than about 2 ml, less than about 1 ml, less than
about 500 microliters, less than about 300 microliters, less
than about 100 microliters, less than about 50 microliters, less
than about 30 microliters, less than about 10 microliters, etc.,
in certain cases, or the average diameter of the pooled region
(i.e., the diameter of a circle having the same area as the
pooled region) may be kept to less than about 5 cm, less than
about 4 cm, less than about 3 cm, less than about 2 cm, less
than about 1 cm, less than about 5 mm, less than about 4 mm,
less than about 3 mm, less than about 2 mm, or less than about
1 mm.

[0085] A variety of techniques may be used to cause pooled
regions of fluid to form within the skin and/or to withdraw a
bodily fluid from the skin of a subject such as interstitial fluid
or blood. In one set of embodiments, vacuum is applied to
create a suction blister. In other embodiments, however, other
methods may be used to create as a pooled region of fluid
within the skin and/or withdraw fluid from the skin besides, or
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in addition to, the use of vacuum. When vacuum (i.e., the
amount of pressure below atmospheric pressure, such that
atmospheric pressure has a vacuum pressure of 0 mmHg, i.e.,
the pressure is gauge pressure rather than absolute pressure) is
used to at least partially separate the dermis from the epider-
mis to cause the pooled region to form, the pooled region of
fluid thus formed can be referred to as a suction blister. For
example, pressures of at least about 50 mmHg, at least about
100 mmHg, at least about 150 mmHg, at least about 200
mmHg, at least about 250 mmHg, at least about 300 mmHg,
at least about 350 mmHg, at least about 400 mmHg, at least
about 450 mmHg, at least about 500 mmHg, at least about 550
mmHg, at least about 600 mmHg, at least about 650 mmHg,
at least about 700 mmHg, or at least about 750 mmHg may be
applied to the skin, e.g., to cause a suction blister and/or to
collect interstitial fluid from a subject (as discussed, these
measurements are negative relative to atmospheric pressure).
Forinstance, a vacuum pressure of 100 mmHg corresponds to
an absolute pressure of about 660 mmHg (i.e., 100 mmHg
below 1 atm). Different amounts of vacuum may be applied to
different subjects in some cases, for example, due to differ-
ences in the physical characteristics of the skin of the sub-
jects.

[0086] The vacuum may be applied to any suitable region
of'the skin, and the area of the skin to which the vacuum may
be controlled in some cases. For instance, the average diam-
eter of the region to which vacuum is applied may be kept to
less than about 5 cm, less than about 4 cm, less than about 3
cm, less than about 2 cm, less than about 1 cm, less than about
5 mm, less than about 4 mm, less than about 3 mm, less than
about 2 mm, or less than about 1 mm In addition, such vacu-
ums may be applied for any suitable length of time at least
sufficient to cause at least some separation of the dermis from
the epidermis to occur. For instance, vacuum may be applied
to the skin for at least about 1 min, at least about 3 min, at least
about 5 min, at least about 10 min, at least about 15 min, at
least about 30 min, at least about 1 hour, at least about 2 hours,
at least about 3 hours, at least 4 hours, etc. Examples of
devices suitable for creating such suction blisters are dis-
cussed in more detail below. In other cases, however, bodily
fluids such as blood or interstitial fluid may be removed from
the skin using vacuum without the creation of a suction blis-
ter. Other non-limiting fluids include saliva, sweat, tears,
mucus, plasma, lymph, or the like.

[0087] In one set of embodiments, a pressure differential
(e.g. a vacuum) may be created by a pressure regulator. As
used here, “pressure regulator” is a pressure controller com-
ponent or system able to create a pressure differential
between two or more locations. The pressure differential
should be at least sufficient to urge the movement of fluid or
other material in accordance with various embodiments of the
invention as discussed herein, and the absolute pressures at
the two or more locations are not important so long as their
differential is appropriate, and their absolute values are rea-
sonable for the purposes discussed herein. For example, the
pressure regulator may produce a pressure higher than atmo-
spheric pressure in one location, relative to a lower pressure at
another location (atmospheric pressure or some other pres-
sure), where the differential between the pressures is suffi-
cient to urge fluid in accordance with the invention. In another
example, the regulator or controller will involve a pressure
lower than atmospheric pressure (a vacuum) in one location,
and a higher pressure at another location(s) (atmospheric
pressure or a different pressure) where the differential
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between the pressures is sufficient to urge fluid in accordance
with the invention. Wherever “vacuum” or “pressure” is used
herein, in association with a pressure regulator or pressure
differential of the invention, it should be understood that the
opposite can be implemented as well, as would be understood
by those of ordinary skill in the art, i.e., a vacuum chamber
can be replaced in many instances with a pressure chamber,
for creating a pressure differential suitable for urging the
movement of fluid or other material.

[0088] The pressure regulator may be an external source of
vacuum (e.g. a lab, clinic, hospital, etc., house vacuum line or
external vacuum pump), a mechanical device, a vacuum
chamber, pre-packaged vacuum chamber, or the like. Vacuum
chambers can be used in some embodiments, where the
device contains, e.g., regions in which a vacuum exits or can
be created (e.g. a variable volume chamber, a change in vol-
ume of which will affect vacuum or pressure). A vacuum
chamber can include pre-evacuated (i.e., pre-packaged)
chambers or regions, and/or self-contained actuators.

[0089] A “self-contained” vacuum (or pressure) regulator
means one that is associated with (e.g., on or within) the
device, e.g. one that defines an integral part of the device, or
is a separate component constructed and arranged to be spe-
cifically connectable to the particular device to form a pres-
sure differential (i.e., not a connection to an external source of
vacuum such as a hospital’s, clinic’s, or lab’s house vacuum
line, or a vacuum pump suitable for very general use). Insome
embodiments, the self-contained vacuum source may be actu-
ated in some fashion to create a vacuum within the device. For
instance, the self-contained vacuum source may include a
piston, a syringe, a mechanical device such as a vacuum pump
able to create a vacuum within the device, and/or chemicals or
other reactants that can react to increase or decrease pressure
which, with the assistance of mechanical or other means
driven by the reaction, can form a pressure differential asso-
ciated with a pressure regulator. Chemical reaction can also
drive mechanical actuation with or without a change in pres-
sure based on the chemical reaction itself. A self-contained
vacuum source can also include an expandable foam, a shape
memory material, or the like.

[0090] One category of self-contained vacuum or pressure
regulators of the invention includes self-contained assisted
regulators. These are regulators that, upon actuation (e.g., the
push of a button, or automatic actuation upon, e.g., removal
from a package or urging a device against the skin), a vacuum
or pressure associated with the device is formed where the
force that pressurizes or evacuates a chamber is not the same
as the actuation force. Examples of self-contained assisted
regulators include chambers evacuated by expansion driven
by a spring triggered by actuation, release of a shape-memory
material or expandable material upon actuation, initiation of
a chemical reaction upon actuation, or the like.

[0091] Another category of self-contained vacuum or pres-
sure regulators of the invention are devices that are not nec-
essarily pre-packaged with pressure or vacuum, but which
can be pressurized or evacuated, e.g. by a subject, health care
professional at a hospital or clinic prior to use, e.g. by con-
necting a chamber of the device to a source of vacuum or
pressure. For example, the subject, or another person, may
actuate the device to create a pressure or vacuum within the
device, for example, immediately prior to use of the device.

[0092] The vacuum or pressure regulator may be a “pre-
packaged” pressure or vacuum chamber in the device when
used (i.e., the device can be provided ready for use by a
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subject or practitioner with an evacuated region on or in the
device, without the need for any actuation to form the initial
vacuum). A pre-packaged pressure or vacuum chamber regu-
lator can, e.g., be a region evacuated (relative to atmospheric
pressure) upon manufacture and/or at some point prior to the
point at which it is used by a subject or practitioner. For
example, a chamber is evacuated upon manufacture, or after
manufacture but before delivery of the device to the user, e.g.
the clinician or subject. For instance, in some embodiments,
the device contains a vacuum chamber having a vacuum of at
least about 50 mmHg, at least about 100 mmHg, at least about
150 mmHg, at least about 200 mmHg, at least about 250
mmHg, at least about 300 mmHg, at least about 350 mmHg,
at least about 400 mmHg, at least about 450 mmHg, at least
about 500 mmHg, at least about 550 mmHg, at least about 600
mmHg, at least about 650 mmHg, at least about 700 mmHg,
or at least about 750 mmHg below atmospheric pressure.
However, other methods besides vacuum may be used to
cause such separation to occur. For example, in another set of
embodiments, heat may be used. For instance, a portion of the
skin may be heated to at least about 40° C., at least about 50°
C., or at least about 55° C., using any suitable technique, to
cause such separation to occur. In some (but not all) cases, the
temperature may be limited to no more than about 60° C. orno
more than about 55° C. The skin may be heated, for instance,
using an external heat source (e.g., radiant heat or a heated
water bath), a chemical reaction, electromagnetic radiation
(e.g., microwave radiation, infrared radiation, etc.), or the
like. In some cases, the radiation may be focused on a rela-
tively small region of the skin, e.g., to at least partially spa-
tially contain the amount of heating within the skin that
occurs.

[0093] In yet another set of embodiments, a separation
chemical may be applied to the skin to at least partially cause
separation of the dermis and the epidermis to occur. Non-
limiting examples of such separation chemicals include pro-
teases such as trypsin, purified human skin tryptase, or com-
pound 48/80. Separation compounds such as these are
commercially available from various sources. The separation
chemical may be applied directly to the skin, e.g., rubbed into
the surface of the skin, or in some cases, the separation chemi-
cal can be delivered into the subject, for example, between the
epidermis and dermis of the skin. The separation chemical
can, for example, be injected in between the dermis and the
epidermis.

[0094] Another example of a separation chemical is a blis-
tering agent, such as pit viper venom or blister beetle venom.
Non-limiting examples of blistering agents include phosgene
oxime, Lewisite, sulfur mustards (e.g., mustard gas or 1,5-
dichloro-3-thiapentane,  1,2-bis(2-chloroethylthio)ethane,
1,3-bis(2-chloroethylthio)-n-propane, 1,4-bis(2-chloroeth-
ylthio)-n-butane, 1,5-bis(2-chloroethylthio)-n-pentane,
2-chloroethylchloromethylsulfide, bis(2-chloroethyl)sulfide,
bis(2-chloroethylthio)methane, bis(2-chloroethylthiom-
ethyl)ether, or bis(2-chloroethylthioethyl)ether), or nitrogen
mustards (e.g., bis(2-chloroethyl)ethylamine, bis(2-chloroet-
hyl)methylamine, or tris(2-chloroethyl)amine).

[0095] Instill another set of embodiments, a device may be
inserted into the skin and used to mechanically separate the
epidermis and the dermis, for example, a wedge or a spike.
Fluids may also be used to separate the epidermis and the
dermis, in yet another set of embodiments. For example,
saline or another relatively inert fluid may be injected into the
skin between the epidermis and the dermis to cause themto at
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least partially separate. These and/or other techniques may
also be combined, in still other embodiments. For example, in
one embodiment, vacuum pressure and heat may be applied
to the skin of a subject, sequentially and/or simultaneously, to
cause such separation to occur. As a specific example, in one
embodiment, vacuum is applied while the skin is heated to a
temperature of between about 40° C. and about 50° C.
[0096] In certain embodiments, the skin delivery device is
able to create a pooled region of fluid within the skin of a
subject. In one embodiment, the device is able to create
vacuum pressure on the surface of the skin, e.g., to form a
suction blister within the skin. For example, vacuum pres-
sures of at least about 50 mmHg, at least about 100 mmHg, at
least about 150 mmHg, at least about 200 mmHg, at least
about 250 mmHg, or at least about 300 mmHg may be applied
to the skin to cause a suction blister. Any source of vacuum
pressure may be used. For example, the device may comprise
avacuum pressure source, and/or be connectable to a vacuum
pressure source is external to the device, such as a vacuum
pump or an external (line) vacuum source. In some cases,
vacuum pressure may be created manually, e.g., by manipu-
lating a syringe pump or the like, or the low pressure may be
created mechanically or automatically, e.g., using a piston
pump or the like.

[0097] Thus, certain embodiments of the invention are
directed to causing the formation of a pooled region of fluid
between the dermis and epidermis, such as in a suction blister.
Fluid may be removed from the pooled region and analyzed in
some fashion, e.g., to determine oxygen, or material (e.g.,
particles) may be delivered to the pooled region of fluid. For
example, in one set of embodiments, various particles may be
delivered to the fluid, whether pooled between the dermis or
epidermis, or in fluid removed from the subject, and the
particles can be used to determine oxygen. Optionally, fluid
within a pooled region may be drained, e.g., externally, or the
fluid may be resorbed, which may leave particles or other
material embedded within the skin between the epidermis and
dermis.

[0098] Inone set of embodiments, a pooled region of fluid
can be created between the dermis and epidermis of the skin.
Suction blisters or other pooled regions may form in a manner
such that the suction blister or other pooled region is not
significantly pigmented in some cases, since the basal layer of
the epidermis contains melanocytes, which are responsible
for producing pigments. Such regions can be created by caus-
ing the dermis and the epidermis to at least partially separate,
and a number of techniques can be used to at least partially
separate the dermis from the epidermis.

[0099] In one technique, a pool of fluid is formed between
layers of skin of a subject and, after forming the pool, fluid is
drawn from the pool by accessing the fluid through a layer of
skin, for example, puncturing the outer layer of skin with a
microneedle. Specifically, for example, a suction blister can
be formed and then the suction blister can be punctured and
fluid can be drawn from the blister. In another technique, an
interstitial region can be accessed and fluid drawn from that
region without first forming a pool of fluid via a suction blister
or the like. For example, a microneedle or microneedles can
be applied to the interstitial region and fluid can be drawn
there from. Where microneedles are used, it can be advanta-
geous to select needles of length such that interstitial fluid is
preferentially obtained and, where not desirable, blood is not
accessed. Those of ordinary skill in the art can arrange
microneedles relative to the skin for these purposes including,
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in one embodiment, introducing microneedles into the skin at
an angle, relative to the skin’s surface, other than 90°, i.e., to
introduce a needle or needles into the skin in a slanting fash-
ion so as to access interstitial fluid.

[0100] Another example of a separation chemical is a blis-
tering agent, such as pit viper venom or blister beetle venom.
Non-limiting examples of blistering agents include phosgene
oxime, Lewisite, sulfur mustards (e.g., mustard gas or 1,5-
dichloro-3-thiapentane,  1,2-bis(2-chloroethylthio)ethane,
1,3-bis(2-chloroethylthio)-n-propane, 1,4-bis(2-chloroeth-
ylthio)-n-butane, 1,5-bis(2-chloroethylthio)-n-pentane,
2-chloroethylchloromethylsulfide, bis(2-chloroethyl)sulfide,
bis(2-chloroethylthio)methane, bis(2-chloroethylthiom-
ethyl)ether, or bis(2-chloroethylthioethyl)ether), or nitrogen
mustards (e.g., bis(2-chloroethyl)ethylamine, bis(2-chloroet-
hyl)methylamine, or tris(2-chloroethyl)amine).

[0101] The fluid contained within the skin, e.g., within the
pooled region of fluid is typically drawn from the surrounding
dermal and/or epidermal layers within the skin, and includes
interstitial fluid, or even blood in some cases. In some cases,
such fluids may be collected even without creating a suction
blister within the skin. For instance, a vacuum may be applied
to the skin, e.g., through a needle as described herein, to
withdraw interstitial fluid from the skin.

[0102] Insomeembodiments, the present invention is gen-
erally directed to devices able to cause the formation of the
pooled region of fluids within the skin of a subject, and in
some cases, to devices able to deliver and/or remove fluids or
other materials from the pooled region of fluids. It should be
understood, however, that other devices in other aspects do
not require the formation of pooled regions of fluids within
the skin In some cases, the device may be able to collect
bodily fluids such as interstitial fluid or blood from the skin,
including fluid from a pooled region of fluid, or from other
locations. For example, the device may take the form of a skin
“patch,” according to one embodiment. Typically, a skin
patch includes one or more layers of material that are adhered
to the surface of the skin, and can be applied by the subject or
another person. In certain embodiments, layers or portions of
the skin patch may be removed, leaving other layers or por-
tions behind on the skin. Often, the skin patch lacks an exter-
nal power source, although the various layers of the patch
may contain various chemicals, such as drugs, therapeutic
agents, diagnostic agents, reaction entities, etc. In some cases,
the skin patch may also include mechanical elements as well,
for example, a cutter such as is discussed herein.

[0103] As aspecific, non-limiting example, in one embodi-
ment, a skin patch or other device may be used to create a
suction blister without an external power and/or a vacuum
source. Examples of such devices include, besides skin
patches, strips, tapes, bandages, or the like. For instance, a
skin patch may be contacted with the skin of a subject, and a
vacuum created through a change in shape of a portion of the
skin patch or other device (e.g., using a shape memory poly-
mer), which may be used to create a suction blister and/or
withdraw fluid from the skin As a specific example, a shape
memory polymer may be shaped to be flat at a first tempera-
ture (e.g., room temperature) but curved at a second tempera-
ture (e.g., body temperature), and when applied to the skin,
the shape memory polymer may alter from a flat shape to a
curved shape, thereby creating a vacuum. As another
example, a mechanical device may be used to create the
vacuum, For example, springs, coils, expanding foam (e.g.,
from a compressed state), a shape memory polymer, shape
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memory metal, or the like may be stored in a compressed or
wound released upon application to a subject, then released
(e.g., unwinding, uncompressing, etc.), to mechanically cre-
ate the vacuum. Thus, in some cases, the device is “pre-
packaged” with a suitable vacuum source (e.g., a pre-evacu-
ated vacuum chamber); for instance, in one embodiment, the
device may be applied to the skin and activated in some
fashion to create and/or access the vacuum source. In yet
another example, a chemical reaction may be used to create a
vacuum, e.g., areaction in which a gas is produced, which can
be harnessed to provide the mechanical force to create a
vacuum. In still another example, a component of the device
may be able to create a vacuum in the absence of mechanical
force. In another example, the device may include a self-
contained vacuum actuator, for example, chemical reactants,
a deformable structure, a spring, a piston, etc.

[0104] In certain embodiments, the device is able to create
a pooled region of fluid within the skin of a subject. In one
embodiment, the device is able to create vacuum on the sur-
face of the skin, e.g., to form a suction blister within the skin.
In other embodiments, however, the device may create a
vacuum to withdraw fluid from the skin without necessarily
creating a pooled region of fluid or forming a suction blister
within the skin In one set of embodiments, fluids may be
delivered to or withdrawn from the skin using vacuum. The
vacuum may be an external vacuum source, and/or the
vacuum source may be self-contained within the device. For
example, vacuums of at least about 50 mmHg, at least about
100 mmHg, at least about 150 mmHg, at least about 200
mmHg, at least about 250 mmHg, at least about 300 mmHg,
at least about 350 mmHg, at least about 400 mmHg, at least
about 450 mmHg, at least about 500 mmHg, at least 550
mmHg, at least 600 mmHg, at least 650 mmHg, at least about
700 mmHg, or at least about 750 mmHg may be applied to the
skin to cause a suction blister. Any source of vacuum may be
used. For example, the device may comprise a vacuum
source, and/or be connectable to a vacuum source is external
to the device, such as a vacuum pump or an external (line)
vacuum source. In some cases, vacuum may be created manu-
ally, e.g., by manipulating a syringe pump or the like, or the
low pressure may be created mechanically or automatically,
e.g., using a piston pump, a syringe, a bulb, a Venturi tube,
manual (mouth) suction, etc. or the like.

[0105] As mentioned, any source of vacuum may be used.
For example, the device may comprise an internal vacuum
source, and/or be connectable to a vacuum source is external
to the device, such as a vacuum pump or an external (line)
vacuum source.

[0106] The device may also comprise, in some cases, a
portion able to deliver materials such as particles into the
pooled region within the skin. For example, the device may
include a needle such as a hypodermic needle or micron-
eedles, or jet injectors such as those discussed herein.
[0107] In one set of embodiments, a device of the present
invention may not have an external power and/or a vacuum
source. In some cases, the device is “pre-loaded” with a
suitable vacuum source; for instance, in one embodiment, the
device may be applied to the skin and activated in some
fashion to create and/or access the vacuum source. As one
example, a device of the present invention may be contacted
with the skin of a subject, and a vacuum created through a
change in shape of a portion of the device (e.g., using a shape
memory polymer), or the device may contain one or more
sealed, self-contained vacuum compartments, where a seal is
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punctured in some manner to create a vacuum. For instance,
upon puncturing the seal, a vacuum compartment may be in
fluidic communication with a needle, which can be used to
move the skin towards the device, withdraw fluid from the
skin, or the like.

[0108] Inonesetofembodiments, the device may include a
sensor, for example embedded within or integrally connected
to the device, or positioned remotely but with physical, elec-
trical, and/or optical connection with the device so as to be
able to sense a compartment within the device. For example,
the sensor may be in fluidic communication with fluid with-
drawn from a subject, directly, via a microfluidic channel, an
analytical chamber, etc. The sensor may be able to sense an
analyte, e.g., oxygen. For example, a sensor may be free of
any physical connection with the device, but may be posi-
tioned so as to detect the results of interaction of electromag-
netic radiation, such as infrared, ultraviolet, or visible light,
which has been directed toward a portion of the device, e.g.,
a compartment within the device. As another example, a
sensor may be positioned on or within the device, and may
sense activity in a compartment by being connected optically
to the compartment. Sensing communication can also be
provided where the compartment is in communication with a
sensor fluidly, optically or visually, thermally, pneumatically,
electronically, or the like, so as to be able to sense a condition
of the compartment. As one example, the sensor may be
positioned downstream of a compartment, within a channel
such a microfluidic channel, or the like.

[0109] In some embodiments, signaling methods such as
these may be used to indicate the presence and/or concentra-
tion of an analyte determined by the sensor, e.g., to the sub-
ject, and/or to another entity, such as those described below.
Where a visual signal is provided, it can be provided in the
form of change in opaqueness, a change in intensity of color
and/or opaqueness, or can be in the form of a message (e.g.,
numerical signal, or the like), an icon (e.g., signaling by shape
or otherwise a particular medical condition), a brand, logo, or
the like. For instance, in one embodiment, the device may
include a display. A written message such as “take next dose,”
or “glucose level is high” or a numerical value might be
provided, or a message such as “toxin is present.” These
messages, icons, logos, or the like can be provided as an
electronic read-out by a component of a device and/or can be
displayed as in inherent arrangement of one or more compo-
nents of the device.

[0110] In connection with any signals associated with any
analyses described herein, another, potentially related signal
or other display (or smell, taste, or the like) can be provided
which can assist in interpreting and/or evaluating the signal.
In one arrangement, a calibration or control is provided proxi-
mate to (or otherwise easily comparable with) a signal, e.g., a
visual calibration/control or comparator next to or close to a
visual signal provided by a device and/or implanted agents,
particles, or the like.

[0111] In one embodiment, the device is able to transmit a
signal to another entity. The entity that the signal is transmit-
ted to can be ahuman (e.g., a clinician) or a machine. In some
cases, the other entity may be able to analyze the signal and
take appropriate action. In one arrangement, the other entity is
amachine or processor that analyzes the signal and optionally
sends a signal back to the device to give direction as to activity
(e.g., acell phone can be used to transmit an image of a signal
to a processor which, under one set of conditions, transmits a
signal back to the same cell phone giving direction to the user,
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or takes other action). Other actions can include automatic
stimulation of the device or a related device to dispense a
medicament or pharmaceutical, or the like. The signal to
direct dispensing of a pharmaceutical can take place via the
same used to transmit the signal to the entity (e.g., cell phone)
or a different vehicle or pathway. Telephone transmission
lines, wireless networks, Internet communication, and the
like can also facilitate communication of this type.

[0112] Information regardingthe analysis can also be trans-
mitted to the same or a different entity, or a different location
simply by removing the device or a portion of the device from
the subject and transferring it to a different location. For
example, a device can be used in connection with a subject to
analyze presence and/or amount of a particular analyte. At
some point after the onset of use, the device, or a portion of the
device carrying a signal or signals indicative of the analysis or
analyses, can be removed and, e.g., attached to a record asso-
ciated with the subject. As a specific example, a patch or other
device can be worn by a subject to determine presence and/or
amount of one or more analytes qualitatively, quantitatively,
and/or over time. The subject can visit a clinician who can
remove the patch (or other device) or a portion of the patch
and in some cases, attach it to a medical record associated
with the subject.

[0113] In some aspects, the particles may be subsequently
removed from the skin. As mentioned, in one set of embodi-
ments, the particles may be present in the epidermis and
slough off with the epidermis naturally, e.g., on the time scale
of days to weeks, depending on the depth of penetration. In
other embodiments, however, an externally applied stimulus
is applied to the skin of the subject to at least partially remove
and/or inactivate the particles. For instance, light, such as
laser light, may be applied to the skin to ablate at least a
portion of the skin, including the particles. In some cases,
however, light may be applied to inactivate a portion of the
particles (e.g., areaction entity on the surface of the particles).
Many skin ablation lasers may be obtained commercially (for
instance, an Er:YAG-laser or a carbon dioxide laser), which
are used, for instance, for laser skin resurfacing, facial reju-
venation, ablative removal of skin lesions, or the like. Abla-
tion rates in the skin can be controlled, for instance, by con-
trolling the fluence rate of the laser, the number and/or
frequency of pulses (in a pulsed laser), or the like.

[0114] As mentioned, although the discussions above
describe embodiments in which the concentration of oxygen
within a subject is determined (e.g., within the skin, or within
other organs within the subject), this is by way of example
only, and in other cases, oxygen concentrations in other
samples, may also be determined. For example, in one set of
embodiments, particles or other agents that exhibit a deter-
minable change when exposed to different concentrations or
amounts of oxygen may be administered to a tissue or an
isolated organ, for instance, to monitor the oxygen concen-
tration within such tissues or organs. As a specific example, if
the organ is one that is being transplanted, such particles may
be used to monitor the condition of the organ during the
transplant procedure (e.g., during transport of the organ from
one location to another).

[0115] The present invention may also find use in various
applications where it is desired to determine oxygen concen-
trations or amounts in subjects having certain health condi-
tions, for instance, having or at risk for sleep apnea, pressure
ulcers or blisters, bed sores, or in certain infants. For instance,
in one set of embodiments, the oxygen concentration within
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the blood or within the skin (or portion thereof) of a subject
may be determined by administering particles or other suit-
able agents to the subject. In some cases, a specific location,
e.g., region of the skin of the subject, may be determined to
determine oxygen concentrations or amounts. The particles
may be administered using a skin patch or other skin delivery
device, as discussed above, injected into the subject, or the
like.

[0116] As a specific example, in one embodiment of the
invention, a subject suspected of having sleep apnea is
exposed to such particles or other agents, e.g., prior to sleep-
ing. Sleep apnea s a sleep disorder generally characterized by
pauses in breathing during sleep, which can cause low levels
of oxygen within the subject due to the lack of breathing.
During or after sleeping, the administered particles can then
be determined to determine whether the particles have been
exposed to relatively low concentrations of oxygen, which
may indicate that the subject has sleep apnea. In one embodi-
ment, particles that aggregate irreversibly when exposed to
relatively low oxygen concentrations may be used, e.g., par-
ticles at least partially coated with certain forms of hemoglo-
bin, such as certain sickle-cell hemoglobins. Thus, even after
the subject subsequently resumes breathing, or upon awak-
ening, the low levels of oxygen may still be determined, and
used to diagnose the condition of the subject.

[0117] As another example, particles or other agents of the
invention may be present as part of an article that can placed
on the head of a baby prior to birth, but after crowning, in
order to monitor the amount of oxygen present within the
baby’s blood, e.g., during the birthing process.

[0118] Additional non-limiting examples of various
embodiments of the invention for determining oxygen in a
sample, or in a subject will now be described. In addition, in
some cases, these may be combined with any of the embodi-
ments previously described.

[0119] For instance, one aspect is directed to using one or
more reactive agents to detect oxygen, e.g., within a device. In
some cases, oxygen and another analyte in addition to oxygen
may be determined. Other analytes in addition to oxygen may
also be determined in some cases. In some embodiments, a
reactive agent may react with the analyte to be detected or
measured and the second creates the detectable signal, e.g.,
visual and/or tactile signals—smell, taste, shape change, or
the like. Combinations of each can be utilized. For example,
antibody to carcinoembryonic antigen (“CEA”) and antibody
to prostate specific antigen (“PSA”) may be used to monitor
for cancer of either origin; colors may be yellow for CEA and
blue for PSA, resulting in green if both are elevated.

[0120] The term “reactive partner” refers to a molecule that
can undergo binding or reaction with a particular molecule,
e.g., an analyte. “Binding partners” are defined herein as any
molecular species which form highly specific, non-covalent,
physiochemical interactions with each other. Binding part-
ners which form highly specific, non-covalent, physiochemi-
cal interactions with one another are defined herein as
“complementary.”” Many suitable binding partners are known
in the art, and include any molecular species, including, but
not limited to antibody/antigen pairs, ligand/receptor pairs,
enzyme/substrate pairs and complementary nucleic acids or
aptamers. Examples of suitable epitopes which may be used
for antibody/antigen binding pairs include, but are not limited
to, HA, FLAG, c-Myc, glutatione-S-transferase, Hisy, GFP,
DIG, biotin and avidin. Antibodies which bind to these
epitopes are well known in the art. Antibodies may be mono-
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clonal or polyclonal. Suitable antibodies for use as binding
partners include antigen-binding fragments, including sepa-
rate heavy chains, light chains Fab, Fab' F(ab")2, Fabc, and Fv.
Antibodies also include bispecific or bifunctional antibodies.
Exemplary binding partners include biotin/avidin, biotin/
streptavidin, biotin/neutravidin and glutathione-S-trans-
ferase/glutathione.

[0121] For example, Protein A is a reactive partner of the
biological molecule IgG, and vice versa. Other non-limiting
examples include nucleic acid-nucleic acid binding, nucleic
acid-protein binding, protein-protein binding, enzyme-sub-
strate binding, receptor-ligand binding, receptor-hormone
binding, antibody-antigen binding, etc. Reactive partners
include specific, semi-specific, and non-specific reactive
partners. Protein A is usually regarded as a “non-specific” or
semi-specific binder. An enzyme such as glucose oxidase or
glucose 1-dehydrogenase, or a lectin such as concanavalin A
that is able to bind to glucose, may also be utilized.

[0122] The term “binding” generally refers to the interac-
tion between a corresponding pair of molecules or surfaces
that exhibit mutual affinity or binding capacity, typically due
to specific or non-specific binding or interaction, including,
but not limited to, biochemical, physiological, and/or chemi-
cal interactions. The binding may be between biological mol-
ecules, including proteins, nucleic acids, glycoproteins, car-
bohydrates, hormones, or the like. Specific non-limiting
examples include antibody/antigen, antibody/hapten,
enzyme/substrate, enzyme/inhibitor, enzyme/cofactor, bind-
ing protein/substrate, carrier protein/substrate, lectin/carbo-
hydrate, receptor/hormone, receptor/effector, complemen-
tary strands of nucleic acid, protein/nucleic acid repressor/
inducer, ligand/cell surface receptor, virus/ligand, virus/cell
surface receptor, etc. As another example, the binding agent
may be a chelating agent (e.g., ethylenediaminetetraacetic
acid) or an ion selective polymer (e.g., a block copolymer
such as poly(carbonate-b-dimethylsiloxane), a crown ether,
or the like). In some cases, binding may be between non-
biological molecules, for example, between a catalyst and its
substrate. The reactive partners and the species may be biotin
and streptavidin, or the reactive partners may be various anti-
bodies raised against a protein.

[0123] The term “specifically binds,” when referring to a
reactive partner (e.g., protein, nucleic acid, antibody, etc.),
refers to areaction that is determinative of the presence and/or
identity of one or other member of the binding pair in a
mixture of heterogeneous molecules (e.g., proteins and other
biologics). Thus, for example, in the case of a receptor/ligand
binding pair, the ligand would specifically and/or preferen-
tially select its receptor from a complex mixture of molecules,
or vice versa. An enzyme would specifically bind to its sub-
strate, a nucleic acid would specifically bind to its comple-
ment, an antibody would specifically bind to its antigen, etc.
The binding may be by one or more of a variety of mecha-
nisms including, but not limited to ionic interactions or elec-
trostatic interactions, covalent interactions, hydrophobic
interactions, van der Waals interactions, etc.

[0124] As anexample, an analyte may cause a determinable
change in a property of the particles, e.g., a change in a
chemical property of the particles, a change in the appearance
and/or optical properties of the particles, a change in the
temperature of the particles, a change in an electrical property
of'the particles, etc. In some cases, the change may be one that
is determinable by a human, unaided by any equipment that
may be directly applied to the human. For instance, the deter-
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minable change may be a change in appearance (e.g., color),
a change in temperature, the production of an odor, etc.,
which can be determined by the human eye without the use of
any equipment.

[0125] Reactive partners to these and/or other species are
well-known in the art. Non-limiting examples include pH-
sensitive entities such as phenol red, bromothymol blue, chlo-
rophenol red, fluorescein, HPTS, 5(6)-carboxy-2',7'-
dimethoxyfluorescein SNARF, and phenothalein; entities
sensitive to calcium such as Fura-2 and Indo-1; entities sen-
sitive to chloride such as 6-methoxy-N-(3-sulfopropyl)-
quinolinim and lucigenin; entities sensitive to nitric oxide
such as 4-amino-5-methylamino-2',7'-difluorofluorescein;
entities sensitive to dissolved oxygen such as tris(4,4'-diphe-
nyl-2,2'-bipyridine) ruthenium (II) chloride pentahydrate;
entities sensitive to dissolved CO2; entities sensitive to fatty
acids, such as BODIPY 530-labeled glycerophosphoethano-
lamine; entities sensitive to proteins such as 4-amino-4'-ben-
zamidostilbene-2-2'-disulfonic acid (sensitive to serum albu-
min), X-Gal or NBT/BCIP (sensitive to certain enzymes),
Tb3+ from TbCI3 (sensitive to certain calcium-binding pro-
teins), BODIPY FL phallacidin (sensitive to actin), or
BOCILLIN FL (sensitive to certain penicillin-binding pro-
teins); entities sensitive to concentration of glucose, lactose
or other components, or entities sensitive to proteases, lac-
tates or other metabolic byproducts, entities sensitive to pro-
teins, antibodies, or other cellular products.

[0126] Other properties besides color may be determined,
e.g., temperature changes, chemical reactions (e.g., capsai-
cin). Examples of capsaicin and capsaicin-like molecules
include, but are not limited to, dihydrocapsaicin, nordihydro-
capsaicin, homodihydrocapsaicin, homocapsaicin, or noni-
vamide.

[0127] More than one analyte may be determined, e.g.,
oxygen and another analyte. For instance, a first set of par-
ticles and/or reactive agents may determine a first analyte and
a second set of particles and/or reactive agents may determine
a second analyte. This may be used to determine a physical
condition of a subject. For instance, a first color may indicate
a healthy state and a second color indicate a disease state. In
some cases, the appearance may be used to determine a
degree of health. For instance, a first color may indicate a
healthy state, a second color may indicate a warning state, and
a third may indicate a dangerous state, or a range of colors
indicate a degree of health of the subject.

[0128] The reactive agents may be colored or react to pro-
duce color, shape change (for example, if the polymer is a
shape memory polymer or a “smart polymer” to produce or
release color or another indicator, hydrolyse or release when
reacted, or aggregate to intensify when reacted. As a specific
example, the first set of reactive agents may be colored yellow
and blue, and the second set of reactive agents may be colored
red and blue. If no analyte is present, the reactive agents are
randomly oriented, giving a dark appearance (i.e., red+yel-
low+blue). If the analyte is present, but at low concentrations,
the first set of reactive agents may be able to bind the analyte
but not the second set of reactive agents, as the first set of
reactive agents contain a higher concentration of reactive
agents able to recognize the analyte. Thus the first set of
reactive agents may exhibit more yellow than blue (e.g., due
to aggregation of the first set of reactive agents to the analyte;
the first set of reactive agents may aggregate around the
analyte to a greater degree than the second set of reactive
agents), and the overall appearance of the reactive agents






