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ABSTRACT 

A method and apparatus for sub stance monitoring. One appli 
cation is an easy to handle continuous glucose monitor using 
a group of hollow out-of-plane silicon microneedles to 
sample substances in interstitial ?uid from the epidermal skin 
layer. The glucose of the interstitial ?uid permeates a dialysis 
membrane and reaches a sensor. Using MEMS technology, 
for example, alloWs Well-established batch fabrication at loW 
cost. 
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Disease Classification Disease 
Cardiovascular Disease Atherosclerosis; Unstable angina; Myocardial Infarction; Restenosis 

after angioplasty or other percutaneous intervention; Congestive Heart 
Failure; Myocarditis; Endocarditis; Endothelial Dysfunction; 
Cardiomyopathy 

Endocrine Disease Diabetes Mellitus l and II; Thyroiditis; Addisson’s Disease 
Infectious Disease Hepatitis A, B, C, D, E; Malaria; Tuberculosis; HIV; Pneumocystis 

Carinii; Giardia; Toxoplasmosis; Lyme Disease; Rocky Mountain 
Spotted Fever; Cytomegalovirus; Epstein Barr Virus; Herpes Simplex 
Virus; Clostridium Di?cile Colitis; Meningitis (all organisms): 
Pneumonia (all organisms); Urinary Tract Infection (all organisms); 
Infectious Diarrhea (all organisms) 

Angiogenesis Pathologic angiogenesis; Physiologic angiogenesis; Treatment 
induced angiogenesis 

Inflammatory/Rheumatic Rheumatoid Arthritis; Systemic Lupus Erythematosis; 
M Sj ogrens Disease; CREST syndrome; Scleroderma; 

Ankylosing Spondylitis; Crohn’s; Ulcerative Colitis; Primary 
Sclerosing Cholangitis; Appendicitis; Diverticulitis; Primary 
Biliary Sclerosis; Wegener’s Granulomatosis; Polyarteritis 
nodosa; Whipple’s Disease; Psoriasis; Microscopic 
Polyanngiitis; Takayasu’s Disease; Kawasaki’s Disease; 
Autoimmune hepatitis; Asthma; Churg-Strauss Disease; 
Beurger’s Disease; Raynaud’s Disease; Cholecystitis; 
Sarcoidosis; Asbestosis; Pneumoconioses 

Transplant Rejection Heart; Lung; Liver; Pancreas; Bowel; Bone Marrow; Stem 
Cell; Graft versus host disease; Transplant vasculopathy 

Leukemia and Lymphoma 

FIG. 19. (TABLE 1} 
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MONITORING METHOD AND/OR 
APPARATUS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a Divisional of 10/828,510, ?led 
Apr. 19, 2004, Which claims priority from provisional patent 
application 60/464,221 ?led 18 Apr. 2003, both incorporated 
herein by reference for all purposes. 
[0002] The Invention Was made With government support 
under Grant (Contract) No. F30602-00-2-0566 awarded by 
the Department of Defense. The Government has certain 
rights to this invention. 

COPYRIGHT NOTICE 

[0003] Pursuant to 37 C.F.R. 1.71 (e), Applicants note that a 
portion of this disclosure contains material that is subject to 
copyright protection (such as, but not limited to, source code 
listings, screen shots, user interfaces, or user instructions, or 
any other aspects of this submission for Which copyright 
protection is or may be available in any jurisdiction.). The 
copyright oWner has no objection to the facsimile reproduc 
tion by anyone of the patent document or patent disclosure, as 
it appears in the Patent and Trademark O?ice patent ?le or 
records, but otherWise reserves all copyright rights Whatso 
ever. 

BACKGROUND OF THE INVENTION 

[0004] The discussion of any Work, publications, sales, or 
activity anyWhere in this submission, including in any docu 
ments submitted With this application, shall not be taken as an 
admission that any such Work constitutes prior art. The dis 
cussion of any activity, Work, or publication herein is not an 
admission that such activity, Work, or publication existed or 
Was knoWn in any particular jurisdiction. 
[0005] Currently proposed systems for monitoring sub 
stances of interest, such as glucose, using small sampling and 
monitoring devices have a number of di?iculties. For 
example, a microdialysis probe discussed for glucose moni 
toring in US. Pat. No. 6,091,976, July 18, 2000 (M. Pfeiffer 
and U. Hoss) is a needle-type probe With dialysis ?uid ?oWing 
in and out of the probe. The probe is inserted at a length of 
several millimeters underneath the skin at a shalloW angle so 
that the probe stays in the epidermal tissue. A dialysis mem 
brane separates the probe interior from the interstitial ?uid 
surrounding the probe. This membrane alloWs diffusion of 
substances such as glucose from the interstitial ?uid into the 
dialysis ?uid ?oWing in and out of the probe. The interstitial 
?uid is not extracted. The dialysis ?uid is then pumped to a 
sensor placed doWnstream Where the glucose level of the 
dialysis ?uid is determined. The glucose concentration of the 
dialysis ?uid has been found to correlate With the glucose 
level in the interstitial ?uid. 
[0006] Despite the name microdialysis probe in this 
instance, the probe dimensions are in the millimeter range. In 
these proposals, the reason for using such a long probe is that 
the area of the dialysis membrane generally de?nes the 
amount of glucose diffusing into the dialysis ?uid during a 
given amount of time. Generally, the detection limit of prac 
ticable glucose sensors requires a certain amount of glucose 
in the dialysis ?uid to get reliable sensor signals. The required 
membrane area necessary for su?icient glucose diffusion and 
high sensor signals is several square millimeters and this 
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membrane generally de?nes the siZe of the probe, Which 
explains the large dimensions of the dialysis probes and/or 
needles in these discussions. 
[0007] A disadvantage of using a large “micro” dialysis 
probe is a generally painful insertion procedure that generally 
requires trained personnel to implant the probe underneath 
the skin. Thus, present microdialysis proposals do not easily 
alloW for painless everyday usage. 
[0008] According to the World Health OrganiZation the per 
capita diabetes rate in the US increased from 5.2% (World: 
2.4%) in 1995 to 6.0% (2.9%) in 2000, and it is expected to 
reach 8.4% (4.5%) in 2030. While diabetes is the leading 
cause of blindness, kidney failure and non-traumatic ampu 
tation of the loWer limp, other severe complications associ 
ated With hyperglycemia (high glucose levels) and hypogly 
cemia (loW glucose levels) are nerve damage, heart disease, 
coma and brain damage. The traditional ?ngerstick test typi 
cally takes periodic samples, but this monitoring can miss 
periods of hyperglycemia and hypoglycemia, especially dur 
ing sleep. This health risk can be avoided using a continuous 
glucose monitor. 
[0009] Currently available continuous glucose monitoring 
systems include the Cygnus GlucoWatch® and the Minimed 
CGMSTM. HoWever, it is believed that these systems cannot 
provide an accurate everyday glucose level control and still 
require periodic ?ngerstick tests for sensor recalibration. The 
GlucoWatch® is easy to use but it relies on reverse ionto 
phoretic interstitial ?uid sampling through the skin, Which is 
affected by ?uctuating skin permeability as described in K. R. 
PitZer, S. Desai, T. Dunn, S. Edelman, Y. Jayalakshmi, J. 
Kennedy, J. A. Tamada, R. O. Potts, Detection of Hypogly 
cemia With the GlucoWatch Biographer, Diabetes Care, Vol. 
24, No. 5, 2001 
[0010] The CGMSTM is generally not designed for daily 
usage; it requires trained personnel to insert the sensor under 
the skin, as described in E. Cheyne, D. Kerr, Making ‘sense’ 
of diabetes: using a continuous glucose sensor in clinical 
practice, Diabetes Metab Res Rev, 18 (Suppl. 1), 2002. 
[0011] While frequent and long periods of hyperglycemic 
blood glucose levels can account for many long-term com 
plications, hypoglycemia can cause sudden coma and brain 
damage. Periodic ?ngerstick tests often fail to detect all 
hypoglycemic and hyperglycemic events since glucose levels 
can change rapidly. In particular, nocturnal hypoglycemia 
often remains undetected. 

SUMMARY 

[0012] The present invention, in speci?c embodiments, 
involves novels methods for minimally invasive monitoring. 
In further embodiments, the invention provides a device and/ 
or method for detecting and or monitoring substances of 
interest, particular substances in biological research and/or 
clinical settings. In further embodiments, the invention pro 
vides a device and/ or method using dialysis and out-of-plane 
microneedles to provide an improved sensor. 
[0013] In more speci?c embodiments, the invention 
involves a method and/or apparatus for monitoring of sub 
stances in interstitial ?uid under the skin of a human or animal 
or under the outer layer of a plant using out-of-plane micron 
eedles. For humans and animals, this can alloW painless 
everyday usage. 
[0014] In speci?c embodiments, the invention can be dis 
tinguished from proposals describing generally a single 
microdialysis probe or needle. In the present invention, it is 
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not necessary to insert a dialysis probe or needle underneath 
the skin. In speci?c embodiments of the invention, the dialy 
sis portion of the device remains outside of the body, even in 
a very small monitoring system. 

[0015] In other embodiments the invention relates gener 
ally to a method and apparatus for continuous monitoring of 
compounds in the epidermal interstitial ?uid. As a speci?c 
example, the invention relates to a minimally invasive method 
for sampling compounds from the epidermal interstitial ?uid 
using holloW out-of-plane microneedles and the apparatus for 
sampling and analyZing these compounds. A particular appli 
cation of this invention is to continuously monitor the epider 
mal interstitial ?uid glucose level. 

[0016] In further speci?c embodiments, the invention 
involves an array (used herein to indicate any type of group 
ing) of out-of-plane microneedles that vertically penetrate a 
skin or other surface. In speci?c applications, the micron 
eedles are approximately 200 um long, Which, for example, is 
suf?cient to reach the epidermal interstitial ?uid in humans. 
In further embodiments, the invention involves microneedles 
that are pre-?lled With a liquid, such as a buffer solution, 
resulting in a liquid-liquid interface betWeen the liquid inside 
the needle and the interstitial ?uid once the needle is inserted. 
Substances from the interstitial ?uid such as glucose can 
diffuse into the lumens of the out-of-plane microneedles. In 
further embodiments, a dialysis membrane is placed on an 
opposite side of a substrate from the microneedles. Thus, the 
membrane separates the needle lumens from the dialysis 
?uid, Which is pumped past the membrane to the glucose 
sensor. The amount of glucose diffusing through the out-of 
plane microneedles, through the membrane and into the 
dialysis ?uid is generally de?ned by the total area Where 
diffusion can take place. This area is de?ned by the total cross 
section of all needle lumens. 

[0017] In further example embodiments, a group of 
microneedles in included in a system along With a system 
and/ or method for automatic calibration. Automatic calibra 
tion alloWs the system to provide reliable monitoring results 
Without the need for additional calibration methods, such as a 
needle-stick test. According to speci?c embodiments of the 
invention, the dialysis system use in combination With the 
out-of-plane microneedles facilitates sensor recalibration. 

[0018] The present invention in speci?c embodiments pro 
vides a disposable sensor system that is minimally invasive 
and provides accurate sensor readings and painless and easy 
sensor application. An example of such a system system 
consists of holloW out-of-plane microneedles to sample glu 
cose from the interstitial ?uid of the epidermis, an integrated 
dialysis membrane and an integrated electrochemical 
enZyme-based ?oW-through glucose sensor. 
[0019] In a further and very speci?c example embodiment, 
an array of betWeen about 600 to 1500 microneedles is placed 
on an approximately 8 mm><8 mm substrate. One advantage 
of using an array of out-of-plane microneedles is that the 
resulting membrane area is large enough for effective diffu 
sion but the insertion of a number of out-of-plane micron 
eedles is painless since the needles are in fact very small, 
actually in the micro -meter range. In addition the needle array 
is easy to apply by ?xing (e.g., by taping) or pressing the 
device onto the skin rather the inserting a dialysis probe at a 
shalloW angle several millimeter long underneath the skin. 
According to speci?c embodiments of the invention, a moni 
toring device using microneedles can be applied to the skin 
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and effectively sample sub stances in interstitial Without pen 
etrating deeply enough to impact nerve endings. 
[0020] While example detectors according to speci?c 
embodiments of the present invention are described herein as 
used for performing a biological assay, it Will be understood 
to those of skill in the art that a detector according to speci?c 
embodiments of the present invention can be used in a variety 
of applications for detecting substances of interests. These 
applications include, but are not limited to: detecting con 
taminants in foodstuffs; detecting ripeness and/ or the pres 
ence of sugars in plants or plant parts; detecting the presence 
of a desired substance (such as petroleum components) in an 
exploration operation; insuring the presence of desired ele 
ments in a manufacturing product, etc. 
[0021] The invention and various speci?c aspects and 
embodiments Will be better understood With reference to 
draWings and detailed descriptions provided in this submis 
sion. For purposes of clarity, this discussion refers to devices, 
methods, and concepts in terms of speci?c examples. HoW 
ever, the invention and aspects thereof may have applications 
to a variety of types of devices and systems. It is therefore 
intended that the invention not be limited except as provided 
in the attached claims and equivalents. 
[0022] Furthermore, it is Well knoWn in the art that systems 
and methods such as described herein can include a variety of 
different components and different functions in a modular 
fashion. Different embodiments of the invention can include 
different mixtures of elements and functions and may group 
various functions as parts of various elements. For purposes 
of clarity, the invention is described in terms of systems that 
include different innovative components and innovative com 
binations of innovative components and knoWn components. 
No inference should be taken to limit the invention to com 
binations containing all of the innovative components listed 
in any illustrative embodiment in this speci?cation. 
[0023] In some of the draWings and detailed descriptions 
beloW, the present invention is described including various 
parameters of dimension and/ or other parameters. These 
should be understood as illustrating speci?c and possible 
preferred embodiments, but are not intended to limit the 
invention. Many devices and/or methods have variations in 
one or more of the detailed parameters described herein Will 
be apparent to persons of skill in the art having the bene?t of 
the teachings provided herein and these variations are 
included as part of the present invention. 
[0024] All references, publications, patents, and patent 
applications cited and/or provided With this submission are 
hereby incorporated by reference in their entirety for all pur 
poses. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a schematic diagram of an example 
microneedle-based continuous monitor Wherein microneedle 
lumens are ?lled With interstitial ?uid by capillary action and 
a substance of interest diffuses through the integrated dialysis 
membrane into dialysis ?uid that is pumped past an integrated 
enZyme-based ?oW-through sensor according to speci?c 
embodiments of the invention. 
[0026] FIG. 2 is a schematic diagram of an example sim 
pli?ed microneedle-based monitor Wherein a pre-?lled sys 
tem alloWs glucose diffusion through the microneedles to an 
integrated tWo-electrode enzyme-based sensor according to 
speci?c embodiments of the invention. 
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[0027] FIG. 3 is a schematic diagram of an example 
microneedle-based continuous monitor including a separate 
calibration ?uid system according to speci?c embodiments of 
the invention. 

[0028] FIG. 4 illustrates an example schematic diagram of 
a sensor system shoWing three representative microneedles, a 
dialysis membrane, ?uid reservoirs and pumps, according to 
speci?c embodiments of the present invention. 

[0029] FIG. 5 illustrates an example microneedle compo 
nent With a crosslinked polymer used as a dialysis membrane 
and an active membrane optionally With immobilized 
enzymes according to speci?c embodiments of the invention. 

[0030] FIG. 6 illustrates an example sensor response to a 
fast decreasing glucose level (2.25 mg/dl/min) shoWing that 
the time lag of the sensor response is approximately 2 min and 
thus, a hypoglycemia alarm could be triggered at 54.7 mg/dl 
according to speci?c embodiments of the invention. 
[0031] FIG. 7 illustrates the electrical operation of an 
example enzyme-based electrochemical glucose sensor that 
can be used in systems and/or devices according to speci?c 
embodiments of the invention. 

[0032] FIG. 8 illustrates an example of data shoWing sensor 
calibration (left) according to speci?c embodiments of the 
present invention. 
[0033] FIG. 9 illustrates an example device With approxi 
mately 1000 microneedles and other components according 
to speci?c embodiments of the present invention. 

[0034] FIG. 10 is a scanning electron micrograph shoWing 
an example microneedle con?guration of one con?guration 
according to speci?c embodiments of the invention. 
[0035] FIG. 11 is a scanning electron micrograph shoWing 
an example of an alternative microneedles con?guration 
(e.g., needles are approximately 270 um long, 100 um Wide 
shaft, IDISO pm, 400 um pitch) that can be used in a dialysis 
system according to speci?c embodiments of the invention. 
[0036] FIG. 12 is a schematic diagram of a skin penetration 
method using holloW out-of-plane microneedles according to 
speci?c embodiments of the invention. 
[0037] FIG. 13 is a schematic diagram of a skin penetration 
method using a pre-bent elastic plate With through holes 
according to speci?c embodiments of the invention. 
[0038] FIG. 14 illustrates aspects of a novel technique for 
in-device enzyme immobilization Which in this particular 
example is based on poly(vinyl alcohol)-styrylpyridinium, a 
Water-soluble photosensitive polymer containing enzymes 
according to speci?c embodiments of the present invention. 
The ?gure can be understood to illustrate an sensor/dialysis 
portion of a sensor system to Which a microneedle array may 
be attached. 

[0039] FIG. 15A-B illustrates an example Wafer stack With 
auxiliary channels for ?lling according to speci?c embodi 
ments of the present invention. 

[0040] FIG. 16 illustrates an immobilized heat-sensitive 
substance in side pockets of a How channel according to 
speci?c embodiments of the present invention. 
[0041] FIG. 17 illustrates an immobilized heat-sensitive 
substance around pins inside a is How channel according to 
speci?c embodiments of the present invention. 
[0042] FIG. 18 is a block diagram shoWing a representative 
example logic device in Which various aspects of the present 
invention may be embodied. 
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[0043] FIG. 19 (Table 1) illustrates an example ofdiseases, 
conditions, or statuses for Which substances of interest can 
evaluated according to speci?c embodiments of the present 
invention. 

DESCRIPTION OF SPECIFIC EMBODIMENTS 

l. De?nitions 

[0044] The folloWing de?nitions may be used to assist in 
understanding this submission. These terms, as Well as terms 
as understood in the art should be used as a guide in under 
standing descriptions provided herein. 
[0045] A “substrate” is a, preferably solid, material suitable 
for the attachment of one or more molecules. Substrates can 

be formed of materials including, but not limited to glass, 
plastic, silicon, germanium, minerals (e.g. quartz), semicon 
ducting materials (eg silicon, germanium, etc.), ceramics, 
metals, etc. 

2. OvervieW of the invention 

[0046] According to speci?c embodiments, the present 
invention involves methods, devices, and systems that enable 
a neW approach to monitoring substances of interest from 
Within an environment (such as a plant or animal) by using 
out-of-plane microneedles and a sensing method that is sub 
stantially external to the environment in Which a substance is 
being monitored. A primary application is continuous glu 
cose monitoring in humans, though other applications are 
contemplated. 
[0047] Integrated systems and/ or methods of the invention 
generally comprise an array of out-of-plane microneedles 
that are inserted into an area to be sensed (such as skin), and 
integrated into the non-inserted side of the microneedles one 
or more sensing components. The microneedles can be of 
various con?gurations, examples of Which are described 
herein. The sensing components in their most simple state can 
include a pre?lled buffer reservoir With chemical and/ or elec 
trical sensor components. Other systems can include dialysis 
elements, electronic controls, small scale or micro?uidic 
channels, pumps, and systems, dialysis components and/or 
calibration components. A number of example con?gurations 
of such integrated systems are described in detail beloW. 
[0048] The invention is also involved With a number of 
novel techniques and/or devices that enable or improve such 
monitoring systems in particular embodiments. These tech 
niques and/ or devices have applications and uses in different 
systems than the examples given here, as Will be understood 
by those of skill in the art from these teachings and in some 
cases are independently novel. 

3. Example System Con?gurations 

[0049] To provide different contexts for understanding 
embodiments of the present invention, various example 
embodiment of sensing systems orportions thereof according 
to speci?c embodiments of the invention are illustrated in 
FIG. 1 through FIG. 5 
[0050] In each case, these ?gures schematically represent 
the combination of out-of-plane microneedle arrays With 
other components to form a microneedle array detection sys 
tem. Note that, in each of these illustrations, the one to three 
microneedles illustrated should be understood to represent an 
array of generally tens, hundreds, or a thousand or more 
microneedles as illustrated beloW. In some embodiments, a 
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large set, up to all available microneedles, may be integrated 
With a single detection system at the base of the needle. In 
other systems, tWo or more separate detection systems can be 
integrated at the base of a single microneedle array, either to 
provide different sensing, for ease of use or manufacturing, 
for staged use, or to provide a control system. 
[0051] Dialysis 
[0052] FIG. 1, FIG. 3, FIG. 4, and FIG. 5 each illustrate 
different embodiments of a sensor system that includes a 
dialysis membrane to separate the sensing area from the 
sample area. This is a presently preferred embodiment. Dialy 
sis is a Well knoWn technique for using a selectively perme 
able membrane betWeen tWo ?uids to alloW diffusion of a 
desired substance While preventing diffusion of other sub 
stances. One example membrane that can be used in systems 
according to speci?c embodiments of the invention is an 
integrated porous polysilicon dialysis membrane, as Will be 
understood in the art. Other example membrane technology 
Will be understood from the description herein and cited 
references. In systems according to speci?c embodiments of 
the invention, the dialysis membrane is any membrane or 
system or structure that alloWs diffusion of a substance that is 
intended to be detected and prevents one or more possibly 
interfering substances. 
[0053] Diffusion 
[0054] FIG. 2 is a schematic diagram of an example sim 
pli?ed microneedle-based monitor Wherein a pre-?lled sys 
tem alloWs glucose diffusion through the microneedles to an 
integrated tWo-electrode enZyme-based sensor according to 
speci?c embodiments of the invention. While this system 
may not have the lifetime or reliability of the dialysis-based 
systems in human applications, it has proven valuable as a 
prototyping design and has applications Where ease of manu 
facturing and/or reduced cost are primary considerations or 
Where the sensor is used in applications that do not involve the 
presence of proteins or other compounds that can contami 
nate the sensing components. 

4. Operation Examples 

[0055] As an example of operation, in these detectors, glu 
cose or another substance of interest that is present in blood or 
interstitial ?uid diffuses into the microneedles. This transport 
may be facilitated by pre?lling the microneedles With a sub 
stance to aid diffusion (e. g., a buffer ?uid or gel) to prevent air 
trapped in the needle lumen from blocking ?uidic ?oW or 
diffusion. With the lumen in contact With the interstitial ?uid, 
substances of interest can come in contact With one or more 

sensors, such as chemical, electrical, electrochemical, opti 
cal, temperature, etc. sensors. In the example systems, 
example sensors include the WE, CE and/or RE electrodes 
shoWn in FIG. 1, the integrated sensor components shoWn in 
FIG. 2. Catalysts or reagents can also be included depending 
on the type of sensing assay being used (e. g., the GOX regions 
shoWn in the ?gures). 
[0056] Operation Example Details 
[0057] A sensor system according to speci?c embodiments 
of the invention can have a number of components depending 
on the particular type of sensor used. Systems including 
dialysis include a dialysis barrier and can include a dialysis 
?uid reservoir, ?uidic channels, micropumps and values as 
shoWn. Systems including a calibration system can include a 
calibration ?uid reservoir, ?uidic channels, micropumps and 
values as shoWn. In some embodiments, calibration ?uid is 
segregated from sample or dialysis ?uid by a moveable valve 
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or by a ?oW restriction valve as shoWn. In alternative embodi 
ments, calibration can be accomplished by changing the ?oW 
rate of dialysis ?uid and using that ?uid for calibration. 

Example 1 

[0058] FIG. 1 is a schematic diagram of an example 
microneedle-based continuous monitor Wherein microneedle 
lumens are ?lled With interstitial ?uid by capillary action and 
a substance of interest diffuses through the integrated dialysis 
membrane into dialysis ?uid that is pumped past an integrated 
enZyme-based ?oW-through sensor according to speci?c 
embodiments of the invention. In this example, an array of 
holloW out-of-plane microneedles is used to penetrate the 
skin and to interface With the interstitial ?uid. A dialysis 
membrane separates the interstitial ?uid and the dialysis 
?uid; thus, no interstitial ?uid is extracted during operation. 
Dialysis ?uid With a knoWn constant glucose concentration is 
continuously pumped past the dialysis membrane and an 
integrated sensor (e. g., for glucose). Glucose diffuses through 
the microneedles and through the dialysis membrane into or 
out of the dialysis ?uid. The concentration change in dialysis 
?uid is measurediit depends on the ?oW rate of the dialysis 
?uid and the glucose concentration in the interstitial ?uid. At 
high ?oW rates (recalibrating mode) the amount of glucose 
diffusing into the dialysis ?uid is negligible so that the glu 
cose concentration of the dialysis ?uid remains unchanged. 
Thus, a knoWn concentration is measured and the sensor can 
be recalibrated. At loW ?oW rates (measuring mode) the con 
centration in the dialysis ?uid changes signi?cantlyithe 
change in glucose concentration corresponds to the glucose 
concentration in the interstitial ?uid. 

Example 2 

[0059] FIG. 3 is a schematic diagram of an example 
microneedle-based continuous monitor including a separate 
calibration ?uid system according to speci?c embodiments of 
the invention. In this further speci?c example, operation of 
the example sensor can be understood as folloWs. An group 
of, for example, about 200 um long holloW out-of-plane 
microneedles are used to penetrate the topmost layer of the 
skin, alloWing their opening to come in contact With intersti 
tial ?uid from the epidermis. Once the microneedles are either 
?lled With interstitial ?uid or once su?icient time has elapsed 
for a substance of interest to diffuse into pre?lled needles, the 
substance of interest (e.g., glucose) diffuses through the 
dialysis membrane into dialysis ?uid, keeping unWanted sub 
stances (e. g., larger protein molecules) outside of the dialysis 
area, thus improving the sensor long-term stability. 
[0060] Various detection strategies can be used for detect 
ing substances of interest. Different strategies may be 
employed in different embodiments of the invention. As one 
example, consider the enZyme-based ?oW-through glucose 
sensor shoWn in FIG. 3. This sensor includes a Pt Working 
electrode (WE), an Ag/AgCl reference electrode (RE) and a 
Pt counter electrode (CE). The glucose oxidase (GOX) is 
immobiliZed upstream from the Working electrode inside the 
?oW channel. 
[0061] In this example system, an integrated diffusion bar 
rier channel prevents glucose diffusion from the calibration 
?uid into the dialysis ?uid during sensor recalibration. Other 
types of barriers, such as moveable valves, etc., can be used in 
other embodiments, but a barrier as shoWn is easy to fabricate 
and effective in many situations. The diffusion barrier con 














