
(12) STANDARD PATENT (11) Application No. AU 2008222757 B2
(19) AUSTRALIAN PATENT OFFICE

(54) Title
Transdermal analyte monitoring systems and methods for analyte detection

(51) International Patent Classification(s)
A61B5/00 (2006.01)

(21) Application No: 2008222757 (22) Date of Filing: 2008.03.06

(87) WIPONo: WO08/109739

(30) Priority Data

(31) Number (32) Date
60/893,563 2007.03.07

(33) Country
US

(43)
(44)

Publication Date: 2008.09.12
Accepted Journal Date: 2011.06.09

(71) Applicant(s)
Echo Therapeutics, Inc.

(72) Inventor(s)
Kost, Joseph;Hurley, James P.;Chuang, Han

(74) Agent / Attorney
FB Rice, Level 23 44 Market Street, Sydney, NSW, 2000

(56) Related Art
US 2006/0094944
WO 2000/009203
US 5405366



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
12 September 2008 (12.09.2008) PCT (10) International Publication Number

WO 2008/109739 Al

w
o 

20
08

/1
09

73
9 a

i I lll
lll
lll
lll
l II
 ll
lll
lll
lll
lll
lll
lll
l I
II
 I 
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
lll
l

(51) International Patent Classification:

A61B 5/00 (2006.01)

(21) International Application Number:

PCT/US2008/056032

(22) International Filing Date: 6 March 2008 (06.03.2008)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

60/893,563 7 March 2007 (07.03.2007) US

(71) Applicant (for all designated States except US)·. ECHO 

THERAPEUTICS, INC. [US/US]; 10 Forge Parkway, 
Franklin, MA 02038 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only)·. CHUANG, Han 

[—/US]; 33 Evergreen Circle, Canton, MA 02021 (US). 
HURLEY, James, P. [US/US]; 122 Walpole Street, Can­
ton, MA 02021 (US). KOST, Joseph [IL/IL]; 54 Hashita, 
84965 Omer (IL).

(74) Agents: PABST, Patrea, L. et al.; Pabst Patent Group LLP, 
400 Colony Square, 1201 Peachtree Street, Suite 1200, At­
lanta, GA 30361 (US).

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available)·. AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, 
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 
IL, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, 
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, 
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, 
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, 
SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, 
ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available)·. ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, 
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

— with international search report

[Continued on next page]

(54) Title: TRANSDERMAL ANALYTE MONITORING SYSTEMS AND METHODS FOR ANALYTE DETECTION

Fig. 9. Transdermal glucose sensor with wireless communication

2. Apply hydrogel

(57) Abstract: Transdermal analyte monitoring systems (TAMS) having increased longevity and improved analyte detection are 
described herein. Kits for use with the TAMS and methods of using the TAMS and kits are also described. In a preferred embodiment, 
the TAMS includes a protective, semi-permeable membrane covering the surface of the hydrogel. The protective, semi-i permeable 
membrane contacts with the skin of a user and prevents contamination or fouling of the hydrogel. Optionally, the hydrogel comprises 
one or more humectants and/or an immobilized enzyme. In another preferred embodiment, the TAMS contains at least one channel or 
pocket for increasing the amount of oxygen provided to the hydrogel. In one embodiment, a method for improving analyte detection 
by the TAMS is provided. For example, after the skin porosity is increased by an appropriate pretreatment, a skin preparation wipe 
is applied to the treated skin area and then the TAMS is applied to the treated area.
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TRANSDERMAL ANALYTE MONITORING SYSTEMS

AND METHODS FOR ANALYTE DETECTION

FIELD OF THE INVENTION

5 The present invention is directed to the field of systems and methods

for improving non-invasive sampling of biological fluids, and more 

specifically to systems and methods for improving transdermal analyte 

detection and quantification.

CROSS-REFERENCE TO RELATED APPLICATION
10 This application claims priority to U.S.S.N. 60/893,563, filed in the

U.S. Patent and Trademark Office on March 7,2007.

BACKGROUND OF THE INVENTION 

The impact that diabetes has on the health of Americans is

staggering. According to the American Diabetes Association in 2006

15 approximately 20.8 million Americans were diagnosed with diabetes. The 

cost of diabetes in 2002 was estimated at $132 billion. The number of deaths 

in 2006 attributed to complications associated with diabetes was estimated at 

613 Americans per day.

New and improved systems and methods for treating and detecting

20 diabetes are in high demand. Analytical biosensors provide one type of

system that can be used to manage diabetes. Analytical biosensors have been 

embraced during the last decade as a means of combining the advantages of 

electrochemical signal transduction with the specificity inherent in biological 

interactions. For example, the use of continuous glucose monitoring (CGM)

25 to manage diabetes is becoming increasingly popular.

Despite recent improvements in analytical biosensor systems, the

available systems suffer from disadvantages. For example, systems 

employing a hydrogel sensor typically have short shelf lives and may leak 

sensor materials onto the skin of a user. Alternatively, bacterial growth or

30 growth of other microorganism can contaminate or foul the biosensor 

rendering its measurements of analytes unreliable. In some instances, 

proteins, carbohydrates, cells, or fragments of cells from the user can bind to

1
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the sensor and interfere with measurements. Such binding can also 

contaminate the biosensor.

Membranes, films or other physical barriers have been used on the 

surface of sensor electrodes to impede contaminants from reaching the face

5 of the electrode. Typical films which have been employed include cellulose

acetate, poly(o-phenylenediamine), polyphenol, polypyrrole, polycarbonate, 
and NAFION®, i.e. tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7- 

octenesulfonic acid copolymer (E.I. du Pont de Nemours & Co.,

Wilmington, Del.). However, these membranes can be difficult to prepare

10 and may not efficiently attach to the reactive surface of the electrode.

Some COM systems require pretreatment of the skin with a

hydrating formulation prior to attachment of the system. For example, with 

existing biosensor systems, a 10-40 minute skin hydration procedure is 

typically applied to the target skin site after treatment to increase skin

15 porosity and before sensor application. The hydration procedure results in 

better sensor performance than is achieved without pretreatment (sensor 

signal follows well to reference blood glucose reading). Although it enables 

improved sensor performance, the skin hydration procedure requires 

undesirable labor, materials and time which may further complicate the

20 procedure for device installation, and hence the cost of the system. Systems 

that do not require complicated or time consuming skin pretreatment 

procedures are desirable.

In still other CGM systems, a standard reference glucose method is 

used to calibrate the glucose sensor and then the sensor reports subsequent

25 glucose readings based on the calibrated electrical signal. In principle, the 

blood glucose concentration of a test subject should be proportional to the 

measured electrical signal. For sensors based on the enzymatic conversion 

of glucose, for example where the enzyme glucose oxidase (GOx) utilizes 

water and oxygen to convert glucose into hydrogen peroxide (H2O2) and

30 glucolactone, the enzymatic conversion is limited by the amount of available 

oxygen. When the supply of oxygen is limited, such as in interstitial fluid, 

the concentration of glucose exceeds the concentration of oxygen, the

2
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enzymatic conversion of glucose will be dependent on the oxygen supply, resulting in
unreliable sensor glucose reading and hence affecting the sensor performance.

Various methods have been reported to mitigate the issue of oxygen limitation. Tierney
5 et al. describes using reverse iontophoresis to limit glucose extraction, maintaining 

desirable oxygen to glucose balance (M. Tierney et al, Annals of Medicine, 32(9):632- 
641 (2000)). U.S. Patent No. 7,110,803 to Shults et al. discloses using a glucose­
limiting membrane layer that has a high oxygen to glucose permeability ratio. U.S. 
Patent No. 7,108,778 to Simpson et al discloses using an auxiliary electrode to generate 

10 oxygen for the sensing chemistry. However, each of these methods requires the 
addition of extra elements to the CGM system, thereby increasing the cost and 
complexity of the system. A simple method for increasing the amount of available 
oxygen to the sensor without increasing the cost and complexity of the system is 
needed.

15
Therefore, this invention seeks to provide an improved transdermal analyte monitoring 
system.

It also seeks to provide a method for reducing biofouling and/or contamination in a

20 transdermal analyte monitoring system.

It further seeks to provide methods for improving the accuracy of detection and/or 
quantification of an analyte by a transdermal analyte monitoring system.

25 Any discussion of documents, acts, materials, devices, articles or the like which has 
been included in the present specification is not to be taken as an admission that any or 
all of these matters form part of the prior art base or were common general knowledge 
in the field relevant to the present invention as it existed before the priority date of each 
claim of this application.

30
SUMMARY OF THE INVENTION

Transdermal analyte monitoring systems (TAMS) with improved longevity and analyte 

detection are described herein. Generally, the transdermal analyte detecting system 
("TADS") contains a sensor assembly, which includes (1) a hydrophilic polymer
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substrate, such as a hydrogel, designed to receive an analyte from the skin, and (2) a
sensor body containing a plurality of electrodes, and a display and/or computing
device.

5 More particularly, the present invention consists in a transdermal analyte monitoring 

system comprising:
a sensor assembly, wherein the sensor assembly comprises a hydrogel and a 

sensor body containing a plurality of electrodes, wherein the sensor body is in fluid 
communications with the hydrogel, wherein the hydrogel comprises a humectant and 

10 an enzyme and wherein the humectant is in an effective amount to increase the 
performance longevity of the transdermal analyte monitoring system, as indicated by 
decreased signal drift, compared to the same system in the absence of humectant.

Throughout this specification the word "comprise", or variations such as "comprises" or 
15 "comprising", will be understood to imply the inclusion of a stated element, integer or 

step, or group of elements, integers or steps, but not the exclusion of any other element,
integer or step, or group of elements, integers or steps.

In the preferred embodiment, the TAMS includes a semi-permeable membrane at the 
20 end of the sensor, which attaches to the hydrophilic polymer substrate. This membrane

interfaces with an exterior surface of a

3A
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test subject and acts as a barrier between the patient’s skin and the

hydrophilic polymer substrate. The semi-permeable membrane reduces the

amount of biological contamination of the hydrophilic polymer substrate, as

compared to the same device in the absence of a semi-permeable membrane,

5 by forming a protective barrier over the exposed surface of the hydrophilic 

polymer substrate. Additionally, the semi-permeable membrane prevents the 

hydrophilic polymer substrate from leaking out of the device. The 

hydrophilic polymer substrate typically includes an enzyme, and optionally 

includes one or more humectants.

10 In a preferred embodiment, the TAMS contains one or more channels

or pockets in the sensor assembly, which increases the amount of oxygen 

available for reacting the analyte with an enzyme and generating a detectable 

signal.

In another embodiment, a method for improving analyte detection

15 and/or quantification by a transdermal analyte monitoring system is

provided. The method includes treating a region of skin of the organism to 

increase porosity and subsequently wiping the treated area of skin with a 

substrate. The substrate can be any suitable absorbent material, such as a 

pad, woven or non-woven fabric, felt, or gauze. Generally, the substrate

20 contains a wiping reagent, such as a solvent (e.g. water, ethanol, or

isopropanol), phosphate buffered saline, lactic acid, soap, a surfactant, or a 

combination thereof. The wiping step prevents the need for a skin hydration 

step. After the skin is wiped, the transdermal analyte monitoring system is 

applied.

25 In another embodiment, a kit containing a transdermal analyte

detection system and a substrate is provided. The substrate may be 

impregnated with a wiping reagent. Alternatively, wiping reagents can be 

separately included in the kit.

BRIEF DESCRIPTION OF THE DRAWINGS

30 Figure 1 shows an exemplary wired transdermal analyte monitoring

system (TAMS) for performing continuous analyte monitoring, with the 

sensor illustrated in an exploded view. Alternatively, the communication
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between the sensor and the monitor can be achieved through a wireless link

(not shown in Figure 1).

Figure 2 shows a drawing of the sensor body shown in Figure 1.

Figure 3 is a bar graph of the percentage of the remaining signal from

5 the exemplary biosensor with and without barrier membranes after 24-hr of 

ex vivo applications, where “n” represents the number of tests.

Figure 4 shows a bar graph of signal drift (%) and 24-hr Mean 

Absolute Relative Difference (MARD) between the sensor (nA) and blood 

glucose (BG) levels for the device with different membranes, calibrated

10 every 4 hours. The labels“PES-10K” (Poly (ether sulfone)) and “RC-3k” 

refer to UF membranes, “UB” refers to covalently activated PES, “0.2PES” 

refers to uncoated with 0.2 pm pores, “.NAF” refers to Nafion®-coated, and 

the asterick (*) indicates that for this sensor, MARD is quoted with 

calibration every 8 hours.

15 Figure 5 shows a bar graph of signal drift (%) and 24-hr MARD

when various humectants were included in the hydrogel matrix. Testing was 

24-hr ex vivo application, and all used a 0.2PES.Naf membrane.

Figure 6 shows a bar graph comparing a biosensor system with 

covalently immobilized GOx to one without covalent immobilization, using
20 nA to BG correlation (R2) and MARD, after 4-hour ex vivo application.

Figure 7A is a line graph of blood glucose concentrations (mg/dl)

versus time (minutes) taken from a continuous, transdermal glucose sensor 

with a skin preparation wiping procedure performed prior to applying the 

sensor. Reference blood glucose (“Actual BG”, finger stick blood glucose

25 meter reading, solid line with circles) levels are compared to predicted blood 

glucose (“Predicted BG”, the sensor’s glucose reading, solid line) levels.

The data shows a strong correlation (r = 0.950) between the Predicted BG 

and the Actual BG.

Figure 7B is a line graph of blood glucose concentrations (mg/dl)

30 versus time (minutes) taken from a continuous, transdermal glucose sensor 

without any skin preparation procedure prior to applying the sensor. 

Reference blood glucose (“Actual BG”, finger stick blood glucose meter

5
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reading, solid line with circles) levels are compared to predicted blood

glucose (“Predicted BG”, the sensor’s glucose reading, solid line) levels.

The data shows a poor correlation (r = 0.309) between the Predicted BG and

the Actual BG.

5 Figure 7C is a line graph of blood glucose concentrations (mg/dl)

versus time (minutes) taken from a continuous, transdermal glucose sensor 

with a 40-minute skin hydration procedure performed prior to applying the 

sensor. Reference blood glucose (“Actual BG”, finger stick blood glucose 

meter reading, solid line with circles) levels are compared to predicted blood

10 glucose (“Predicted BG”, the sensor’s glucose reading, solid line) levels.

The data shows a strong correlation (r ~ 0.947) between the Predicted BG 

and the Actual BG.

Figure 8 A shows a diagram of the bottom of an exemplary target 

plate with four air channels.

15 Figure 8B shows a diagram of a front view of an exemplary glucose

sensor’s target plate with three cuts of internal air pockets surrounding the 

central hole for hydrogel chemistry.

Figure 8C shows a diagram of an exemplary sensor housing on top of 

the target plate to provide an enclosed glucose sensor.

20 Figure 9 is a schematic showing how to use an exemplary wireless

transdermal analyte monitoring system (TAMS) for performing continuous 

analyte monitoring. This system could be used with the glucose sensor 

illustrated in Figures 8A, 8B, and 8C.

Figure 10 is a Clarke error grid of the data obtained in Study IA, with

25 222 sensor-blood glucose data points collected from 10 patients.

Figure 11 is a Clarke error grid of the data obtained in Study IB, with

225 sensor-blood glucose data points collected from 10 patients.

Figure 12 is a Clarke error grid of the data obtained in Study 2C, with

147 sensor-blood glucose data points collected from 10 patients (9 of whom

30 completed the study).

6
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DETAILED DESCRIPTION OF THE INVENTION

I. Transdermal Analyte Monitoring System

Systems and methods for enhancing transdermal analyte detection are

described herein. Generally, the transdermal analyte monitoring system

5 (“TAMS”) contains a sensor assembly, which includes (1) a hydrophilic 

polymer substrate, such as a hydrogel, designed to receive an analyte from 

the skin, and (2) a sensor body containing a plurality of electrodes, and a 

display and/or computing device. In the preferred embodiment, the TAMS 

includes a semi-permeable membrane at the end of the sensor, which

10 attaches to the hydrophilic polymer substrate. This membrane acts as a semi- 

permeable barrier between the patient’s skin and the hydrophilic polymer 

substrate.

The TAMS is applied to an area on the skin of an animal; typically 

the animal is a mammal, and in the preferred embodiment the mammal is a

15 human.

When the system is used, the hydrogel contains enzymes that react 

continuously with the analyte, thereby generating an electrical signal. Then 

the electrical signal is detected by the electrode assembly. The electrical 

signal correlates with an analyte value.

20 The analyte to be monitored can be any analyte of interest, including,

but not limited to glucose, lactate, blood gases (e.g. carbon dioxide or 

oxygen), blood pH, electrolytes, ammonia, proteins or any other biological 

species that is present in a biological fluid, such as blood, plasma, serum or 

interstitial fluid.

25 An exemplary TAMS is described in U.S. Publication No.

20060094946 to Kellogg et al. and is illustrated herein in Figure 1. The 

TAMS shown in Figure 1 can be used to carry out continuous monitoring of 

an analyte, such as glucose. As shown in Figure 1, the TAMS (100) contains 

a sensor assembly (112), which includes a sensor body (101), a hydrogel disc

30 (106) and a mounting plate (102) as well as other components as described

herein, which may be attached to a display or computing device. During 

operation, the sensor assembly (112) may be positioned adjacent a permeable
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region ¢107) of a user's skin as shown by the dashed line in Figure 1. The

sensor assembly (112) may be attached by any suitable means to a display or

computing device. Suitable means include a wireless connection or any

other means for electrical connection, such as a flexible connecting cable

5 (109). In an embodiment, the sensor assembly (112) is attached to a

potentiostat recorder (108), which may include a printed circuit board (111). 

The connecting cable (109) preferably attaches to the potentiostat recorder 

(108) using a connector (110) that facilitates removal and attachment of the 

sensor assembly (112). Suitable means for attachment include a flexible

10 connecting cable (109) and a wireless connection.

A TAMS with a wireless connection is illustrated in Figure 9. The

sensor assembly (112) includes a target plate (120), a hydrogel (106) and 

sensor, and a sensor housing (125). The sensor is coupled with a miniature 

analyzer which sends data wirelessly to a monitor for data processing and

15 display.

A. Sensor Assembly

The sensor assembly (112) shown in Figures 1 and 2 may be 

incorporated into any one of a number of detection devices. For instance, 

this sensor assembly may be incorporated into the receiver to provide for

20 discrete and/or continuous glucose monitoring.

The sensor assembly (112) includes a sensor body (101). The sensor 

body may include electrodes, as shown in Figure 2, on its surface for 

electrochemical detection of analytes or reaction products that are indicative 

of analytes.

25 A thermal transducer (103), which may be housed within the sensor

assembly (112) with a shape that corresponds to that of the sensor body

(101) , is located between the sensor body (101) and the mounting plate

(102) . Enzyme-based electrochemical sensors, such as glucose sensors, can 

be sensitive to temperature fluctuation. The thermal transducer (103) may be

30 used to normalize and report only those changes attributed to a change in 

analyte or analyte indicator.

8
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The sensor assembly (112) may also contain an adhesive disc (104),

which may be attached to the side of the sensor body (101) that faces the

thermal transducer (103).

The sensor assembly (112) may also contain an adhesive ring (105),

5 which may be attached to the side of the sensor body (101) that is opposite

the adhesive disc (104). The cut-out center portion of the adhesive ring 

(105) preferably exposes some or all of the sensor components on the sensor 

body (101). The adhesive ring (105) and adhesive disc (104) may have a 

shape that corresponds to that of the sensor body as shown in Figure 1.

10 The sensor assembly (112) contains a hydrogel disc (106), which

may be positioned within the cut-out center portion of the adhesive ring 

(105) adjacent to a surface of the sensor body (101).

a. Sensor Body

A sensor body (101) is illustrated in detail in Figure 2. The sensor

15 body 101 includes a body layer (207) upon which leads (204,205, and 206) 

are patterned. The leads may be formed, for example, by coating metal over 

the body layer (207) in the desired locations. A working electrode (201), is 

typically located at the center of the sensor body (101). The working 

electrode (201) may contain a catalytic and/or conductive material, such as

20 pure platinum, platinized carbon, glassy carbon, carbon nanotube,

mezoporous platinum, platinum black, paladium, gold, or platinum-iridium. 

The working electrode (201) may be patterned over lead (206) so that it is in 

electrical contact with the lead (206). A counter electrode (202) may contain 

a stable and conductive material, and preferably contains carbon, which may

25 be positioned about the periphery of a portion of the working electrode (201), 

as shown in Figure 2. The counter electrode (202) may be patterned over 

lead (205) so that it is in electrical contact with the lead (205). A reference 

electrode (203) containing binary oxi-reductive materials which provide 

consistent redox potential, preferably containing Ag/AgCl, may be

30 positioned about the periphery of another portion of the working electrode

(201), as shown in Figure 2. The electrodes (201, 202, and 203) can be 

formed to roughly track the layout of the electrical leads (206,205,204),

9
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respectively, that are patterned in the sensing area of the device. The

electrodes (201, 202, and 203) may be screen printed or sputter coated over

the electrical leads (206,205,204), respectively. The leads can be patterned,

using screen printing or other methods known in the art, onto the sensor body

5 (101) in a manner that permits electrical connection to external devices or

components. For example, the leads may form a 3X connector pin lead 

including leads (204,205, and 206) at the terminus of an extended region of 

the sensor body, as shown in Figure 2. A standard connector may then be 

used to connect the sensor electrodes to external devices or components.

10 b. Hydrophilic Polymer Substrate
The sensor assembly contains a hydrophilic polymer substrate. The

substrate is designed to provide the structure to form an aqueous reservoir in 

the sensor assembly. The hydrophilic polymer substrate may be in any 

suitable shape that fits in the sensor assembly. Typically, the hydrophilic

15 polymer substrate is in the shape of the sensor body. A standard form is a 

disc. The shape is selected to co-ordinate with the shape of the sensor. 

Optionally, ionic moieties can be incorporated into the hydrophilic polymer 

substrates to impart added functionalities, such as bioadhesiveness. In the 

preferred embodiment, the substrate is a hydrogel.

20 Hydrogels are a class of biomaterials utilized for medical and

biotechnological applications, such as in contact lenses, biosensors, linings 

for artificial implants and drug delivery devices. The transdermal analyte 

monitoring system may utilize one or more of the hydrogel materials 

described below. Classes of hydrogel materials that may be used in the

25 sensor assembly include agarose based hydrogels, polyethylene glycol 

diacrylate (PEG-DA)-based hydrogels, and vinyl acetate-based hydrogels 

including polyethylene glycol diacrylate/polyethyleneimine (PEGDA-PEI) 

and polyethylene glycol diacrylate-n-vinyl pyrrolidone (PEGDA-NVP).

Suitable polymers which can form a hydrogel include, but are not

30 limited to, synthetic or natural polymers. Examples of synthetic polymers 

include polyacrylic and polymethacrylic acid polymers, cellulose derivatives 

such as hydroxypropyl cellulose, polyethyleneglycol polymers, copolymers

10
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and block copolymers, and other water swellable, biocompatible polymers.

Examples of natural polymers include collagen, hyaluronic acid, gelatin,

albumin, polysaccharide, and derivatives thereof. Natural polymers can also

be of the type isolated from various plant materials such as psyllium.

5 Structurally, the polymeric hydrogels are three-dimensional

macromolecular configurations. They may be produced through several 

methods: a) synthesis from monomers (cross-linking polymerization); b) 

synthesis from polymers and polymerization auxiliary (grafting and cross­

linking polymerization); c) synthesis from polymers and non-polymerization

10 auxiliary (cross-linking polymers); d) synthesis from polymers with energy 

sources (cross-linking polymers without auxiliaries) and e) synthesis from 

polymers (cross-linking by reactive polymer-polymer Intercoupling).

The hydrogels can vary in thickness. Typically the hydrogel is about 

10 to about 1000 pm, more preferably about 50 to about 700 pm, even more

15 preferably about 200 to about 500 pm.

As shown in Figure 1, a hydrogel disc (106) may be positioned in

such a manner that it will face toward the user after folding over onto the 

mounting plate (102). The sensor body (101) may be connected to the 

mounting plate (102) using standard connectors with a latch that mates with

20 a corresponding connector interface that is mounted onto the backing plate 

(102).

i. Agarose-based Hydrogels

Agarose based hydrogels can offer advantages for continuous 

transdermal analyte monitoring. For instance, agarose-based hydrogels offer

25 one or more of the following features: good response to glucose and

hydrogen peroxide due to Its high water content, high enzyme loading, good 

biocompatibility, and excellent permeation and diffusion properties.

Agarose based hydrogels are generally compatible with water-soluble 

analytes. In addition, agarose hydrogels are clean, inexpensive, and/or easy

30 to prepare.

An agarose gel may be formed, for example, from 1-20% agarose in 

buffer solution containing 0-1 M sodium or potassium phosphate, 0-1 M

11
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sodium chloride, 0-1 M potassium chloride, 0-2 M lactic acid, surfactant
such as 0-1 M TRITON® X-100 (Union Carbide Chemicals & Plastics

Technology Corp.), TWEEN® 80 (ICI Americas Inc.) or sodium lauryl

sulfate, and any other biocompatible components. Loading of glucose

5 oxidase in agarose hydrogel can be up to 0-20% (by weight), for example, by 

soaking the solid hydrogel in concentrated glucose oxidase solution, or 

alternatively by mixing concentrated glucose oxidase powder or solution 

with agarose solution during its melting stage (15-65° C), followed by 

cooling and gelling at lower temperature (40° C or lower).

10 ii. PEG-based Hydrogels

PEG-based hydrogels can offer several advantages for continuous

transdermal anaiyte monitoring. Structurally, PEG is highly hydrophilic and 

presents a high degree of solvation in aqueous solvents. The preferential 

solvation of PEG molecules can effectively exclude proteins from the PEG

15 chain volume, thereby protecting the surface from bio-fouling by proteins.

An advantage that can be provided by chemically crosslinked PEG-based 

hydrogels is that their physical and chemical properties can be modulated by 

varying the molecular weight of the PEG chains and varying the initiator 

concentration. For example, increasing the molecular weight of the

20 polyethylene oxide backbone increases the network mesh size. The release 

of a bioactive molecule, such as an enzyme, can be controlled by control of 

the network density. Therefore, a hydrogel containing PEGs of a weight 

average molecular weight of 8 KDa would have a higher rate of release of an 

entrapped drug than a hydrogel containing PEGs of a weight average

2 5 molecular weight of 3.3 KDa.

Optionally, additives can be incorporated into the hydrogels to impart

added functionalities, such as bioadhesiveness. For example, hyaluronic acid 

or polyacrylic acid can be added to the PEG macromer prior to crosslinking 

to create bioadhesive hydrogels. In another example, an ionic character can

30 be imparted to the crosslinked hydrogels to provide molecular interaction 

(e.g. ionic bonds) with entrapped drugs to slow down rates of release of drug 

from the matrix.
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PEG-based hydrogels used in biosensors can provide one or more of

the following features: (a) a biocompatible, non-biofouling surface

appropriate for long-term exposure to biological fluids without compromise

of sensor function, (b) a reservoir for glucose oxidase, (c) a matrix that can

5 be incorporated with ionic moieties to enhance entrapment of glucose 

oxidase, (d) a matrix that can be modulated in terms of its physical and 

chemical properties (network density, swelling) by varying the molecular 

weight of the backbone and (e) a matrix that can be rendered bioadhesive by 

addition of ionic excipients such as chitosan gluconate, polyacrylic acid,

10 poly(amidoamine), poly(ethyleneimine) and hyaluronic acid.

When the hydrogel is formed from a polyethyleneglycol diacrylate

(PEGDA) macromer, polymerization, such as UV polymerization, may occur 

in a mold that contains a pre-loaded scrim page, which provides a support 

matrix and a handle for the hydrogel. The PEGDA macromer polymerizes

15 only around the circular head portion of the lollipop-shaped page, leaving the

tail section of the page hydrogel-free and useful as a handle (see Figure 2 and 

Figure 9).

Optionally, the PEDGA hydrogel includes an acrylate-PEG-NHS (A- 

PEG-N) reagent (e.g. sold by Nektar), which can function as a linker

20 molecule to covalently link an enzyme, such as the GOx enzyme, to the 

PEGDA hydrogel network.

iii. Vinyl Acetate-Based Hydrogels 

Vinyl acetate-based hydrogels, such as n-vinylpyrrolidone/vinyl

acetate copolymer, can exhibit features such as transparency, tackiness, non-

25 toxicity, flexibility, and/or hydrophobicity. Vinyl acetate-based hydrogels 

typically have a good ability to retain moisture and entrap enzymes, such as 

glucose oxidase, are biocompatible, and adhere-well to skin to improve skin­

sensor coupling. As reported by Chuang et αί, glucose flux sensor using n- 

vinylpyrolidone/vinyl acetate copolymer as the hydrogel showed good

30 performance in tracking the plasma glucose levels of a patient with diabetes 

during a glucose clamping study. Chuang, et al., “Ultrasonic Pretreatment 

Enables Continuous Transdermal Glucose Monitoring", Presented at the 4th

13
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Annual Diabetes Technology Meeting Held October 28-30,2004, 

(Philadelphia, PA).

iv. Modified Hydrogels

1. Covalently Immobilized Enzymes

5 Optionally, the hydrogels may be modified to include enzymes and/or

humectants. The enzymes and/or humectants may be entrapped by any 

suitable means, including covalent bonding and non-covalent 

immobilization. Examples of non-covalent immobilization include, but are 

not limited to ionic interactions and physical entrapment. Preferably the

10 enzymes are covalently linked to the hydrogel, such as by using a linker 

molecule. In one embodiment, particularly suitable for use in a CGM 

system, glucose oxidase is covalently immobilized in the hydrogel disc. For 

example, covalent immobilization of GOx into a PEGDA network improves 

the effective performance of the device by eliminating GOx diffusion

15 (maintaining bioavailabiiity) and/or by stabilizing the enzyme (maintaining 

bioactivity). The PEGDA network provides the structure to contain ~80% 

water within its matrix. It acts as an aqueous reservoir to hold vital 

components in solution (e.g, buffer salts and osmotic agents), and also 

provides a transport medium for the diffusion of the analyte.

20 At a 15% (w/w) PEGDA concentration, most of the GOx can be

retained in the hydrogel by physical entrapment in the mesh. However, at 

lower PEGDA concentrations, such as those approaching 10% (w/w), the 

more open mesh will not retain GOx, and covalent immobilization is 

necessary.

25 Covalently linking the enzyme to the hydrogel using a linker

The coupling of the enzyme to the hydrogel may also be

accomplished using a linker. The linker molecule generally contains two or 

more functional groups which are able to react with functional groups on the 

enzyme and functional groups on the hydrogel. For example, the linker

30 molecule may contain electrophilic groups which react with nucleophilic 

groups found in the enzyme and hydrogel, such as hydroxy, thiol, and/or 

amino groups. These linkers mediate the conjugation of the enzyme to the

14
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surface of the hydrogel by forming a bond containing a variable number of

atoms. The linker molecules can be homofunctional (i.e., the functional

groups are identical) or heterofunctional (i.e., the functional groups are

different).

Suitable linker molecules include, but are not limited to, N- 

Succinimidyl 3-(2-pyridyldithio)propionate (SPDP, 3- and 7-atom spacer), 

long-chain- SPDP (12-atom spacer), (Succinimidyloxycarbonyl-a-methyl-2- 

(2-pyridyldithio) toluene) (SMPT, 8-atom spacer), Succinimidyl-4-(N- 

maleimidomethyl)cyclohexane-l-carboxy late) (SMCC, 11-atom spacer) and 

Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-l-carboxylate, 

(sulfo-SMCC, 11-atom spacer), m-Maleimidobenzoyl-N

hydroxysuccinimide ester (MBS, 9-atom spacer), Ν-(γ-

maleimidobutyryloxy)succinimide ester (GMBS, 8-atom spacer), Ν-(γ- 

maleimidobutyryloxy) sulfosuccinimide ester (sulfo-GMBS, 8-atom spacer), 

Succinimidyl 6-((iodoacetyl) amino) hexanoate (SIAX, 9-atom spacer), 

Succinimidyl 6-(6-(((4-iodoacetyl)amino)hexanoyl)amino)hexanoate 

(SIAXX, 16-atom spacer), l,4-Di-[3'-2'-pyridyldithio)propion-amido]butane 

(DPDPB, 16-atom spacer), Bismaleimidohexane (BMH, 14-atom spacer), 

and p-nitrophenyl iodoacetate (NPIA, 2-atom spacer). One ordinarily skilled 

in the art also will recognize that a number of other coupling agents, with 

different number of atoms, may be used.

Moreover, spacer molecules may be incorporated into the linker to 

increase the distance between the reactive functional groups at the termini, 

such as acrylate-polyethylene glycol- N-hydroxy succinimide (acrylate-PEG- 

NHS or A-PEG-N). A number of multifunctional PEGs are commercially 

available from Shearwater Polymers (Huntsville, AL) and Texaco Chemical 

Co. (Houston, TX). Multi-amino PEGs are available under the name 

“Jeffamine” and include diamino PEGs and triamino PEGs. In the preferred 

embodiment, the enzyme is covalently immobilized in the hydrogel using an 

acrylate-PEG-NHS (A-PEG-N).

15



WO 2008/109739 PCT/US2008/056032

Covalently linking the enzyme to the hydrogel using a coupling agent

The enzyme can also he coupled directly to the hydrogel by the use of

a reagent or reaction that activates a group on the surface of the hydrogel or

the enzyme making it reactive with a functional group on the enzyme or

5 hydrogel, respectively, without the incorporation of a coupling agent.

For example, carbodiimides mediate the formation of amide linkages

between a carboxylate and an amine or phosphoramidate linkages between 

phosphate and an amine. Examples of carbodiimides are 1-ethyl-3-(3- 

dimethylaminopropyl)carbodiimide hydrochloride (EDC), 1-cyclohexyl-3-

10 (2-morpholinoethyl)carbodiimide (CMC), dicyclohexyl carbodiimide (DCC), 

diisopropyl carbodiimide (DIC), and Ν,Ν’-carbonyldiimidazole (CDI). N- 

ethyl-3-pheny!isoxazolium-3'-sulfonate (Woodward's reagent) mediates the 

formation of amide linkages though the condensation of carboxylates and 

amines. CDI can also be used to couple amino groups to hydroxyl groups.

15 2. Humectants

In another embodiment, the hydrogel Is modified to contain one or

more humectants. A humectant is a hygroscopic substance with a strong the 

affinity to form hydrogen bonds with molecules of water. The humectant 

typically has several hydrophilic groups, such as hydroxyl groups, amines or

20 carboxyl groups. The hydrogel may contain any suitable amount of the 

humectant to ensure that the hydrogel retains the necessary level of water. 

Suitable amounts of the humectant in the hydrogel range from 0.1 to 40 % 

(wt/wt), preferably the amount ranges from 5 to 15% (wt/wt).

Preferably the humectant contains an overall negative charge.

25 Suitable anionic humectants include, but are not limited to, glyceryl

triacetate, and negatively charged polyols. Preferred humectants that have 

been tested include sodium PC A (i.e., a sodium salt of 2-pyrrolidone-5- 

carboxylic acid) and sodium lactate.

Some small molecule humectants, i.e. molecules with molecular

30 weights of less than 1000 Da, may be useful. Examples of useful small- 

molecule humectants include, but are not limited to, urea, propylene glycol, 

sodium lactate and sodium pyrrolidone carboxylic acid (PCA).
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Some polysaccharide humectants are useful. Examples of useful

polysaccharide humectants include, but are not limited to, hyaluronic acid

(sodium salt), carrageenan and agarose.

Humectants retain water molecules that would otherwise evaporate

5 from the open system over the period of application. A loss of water in the

gel would cause any number of deleterious effects, among them, increased 

transport resistance, decreased bioavailability of the catalyst that provides the 

electrical signal (e.g. GOx enzyme), loss of interfacial contact area from 

shrinkage. Any one of the above effects can interfere with device

10 performance.

The humectant improves device consistency by mitigating water loss. 

Decreased water loss also improves the longevity of the device. As disclosed 

in Example 2, certain humectants have been shown to prolong device 

performance (as indicated by decreased signal drift) as compared to a control

15 (without a humectant), while others, such as glycerol and hydroxyethyl urea, 

were did not increase device performance (as indicated by increased signal 

drift) as compared to a control (without a humectant) and hence were not 

beneficial. The preferred humectants increase the performance longevity of a 

device, while not significantly increasing the error in the readings (such as

20 analyzed by MARD) (see Figure 5).

c. Mounting Plate or Target Plate

The mounting plate (102) may have any suitable geometry. The 

mounting plate connects to the sensor body (101) using standard connectors 

such as a SLIM/RCPT connector with a latch that mates with a

25 corresponding connector interface that Is mounted onto the mounting plate 

(102). In the wireless system, such as shown in Figure 8A, 8B, and 8C, a 

target plate (120) is used in place of a mounting plate. Preferably, the 

mounting plate or target plate is formed from rigid, non-conductive materials 

with high dielectric constants, such as plastics, which provides firm backing

30 for the sensor body (101) and secure housing for the hydrogel. Suitable 

materials for the mounting plate include the materials typically used for
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printed circuit boards, which not only provide firm backing for the sensor

body (101) but also provide printed electrical circuit for the sensor system.

i. Air Pockets or Channels

In one embodiment, the sensor assembly used in the TAMS contains

5 channels or pockets to enable air and/or oxygen to be supplied to the 

hydrogel or other elements in the sensor assembly that require oxygen to 

function. One or more air channels and pockets can be located around a 

hydrogel. The air channels (122) and/or pockets (124) are generally in the 

form of slits or openings on the mounting plate (102) of a wired system

10 (Figure 1) or the target plate (120) of a wireless system (see Figures 8 A and 

8B). The channels and pockets not only increase the supply of oxygen 

(enhanced oxygenation) but also maintain the hydrogel moisture (water).

The air channels and pockets can be created by molding, milling, punching, 

etching or any other mechanical or chemical means.

15 Figures 8A-C show examples of air channels and pockets in the target

plate (120) in a wireless TAMS. The wired system (shown in Figures 1 and 

2) could be modified in a similar manner to include air pockets and channels. 

Figure 8A shows a diagram of a rear view of an exemplary glucose sensor’s 

target plate with four air channels (122A, B, C, and D). Figure 8B shows a

20 diagram of a front view of an exemplary glucose sensor’s target plate with 

three cuts (124 A, B, and C) of internal air pockets surrounding the central 

hole (125) for hydrogel chemistry. Figure 8C shows a diagram of an 

exemplary wireless sensor housing (126) on top of the target plate (120) to 

provide an enclosed glucose sensor assembly (112).

25 In one preferred embodiment, the TAMS includes sensors for

transdermal analyte detection in which glucose oxidase (GOx, an enzyme) 

utilizes water and oxygen to convert glucose into hydrogen peroxide (H2O2) 

and glucolactone. An electrochemical glucose sensor can be designed by 

using a platinum electrode to break down H2O2 and in the mean time

30 generating a continuous electrical current with continuous supply of 

transdermal glucose flux. If channels or pockets for air or oxygen are 

included in the sensor assembly, the amount of oxygen supplied to the
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hydrogel is increased compared to the same hydrogel in the absence of such

air pockets or channels and the hydrogel’s moisture level is maintained. This

is essential for GOx to convert glucose to hydrogen peroxide, which is

subsequently electrochemically oxidized and measured to determine the

5 amount of glucose in the blood.

B. Semi-permeable Membrane

In one preferred embodiment, the TAMS includes a protective, semi­

permeable membrane between the surface of the hydrogel and the skin of the 

user. The protective, semi-permeable membranes can have different pore

10 sizes, composition, charge, reactivity, and thickness. The pores can range 

from the macroporous (5 pm) to ultrafiltration (3k) to undefined 

(NAFION®), “Undefined”, as used herein, refers to membranes for which 

there is currently no standard manner to characterize their pore structure, 

such as NAFION®. NAFION® contains ionic channels, with sizes ranging

15 from about 1 nm to about 50 nm, depending on the state of hydration

For transdermal analyte monitoring systems, such as CGMs, the

attachment of a protective semi-permeable membrane to the outer face of the 

hydrogel improves the device performance by extending its longevity and 

reducing contamination of the hydrogel with microorganisms, proteins,

20 cellular material, etc. As an interface between the hydrogel and the porated 

skin, the membrane can reduce biological contaminants such as proteins, 

lipids, cellular debris, microorganisms, or combinations thereof.

The protective, semi-permeable membrane can be formed from a 

variety of polymers, copolymers, or blends thereof. Suitable polymers

25 include hydrophobic polymers such as polytetrafluoroethylene (PTFE); 

hydrophilic polymers such as Nylon, polyethersulfones (PES), activated 

PES, (3-mercaptopropyl)trimethylsilane, cellulose acetate, 

electropolymerized films such as 1,8-diaminonapthaline and 

phenylenediamine, and NAFION®-coated PES. NAFION®

30 (tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyi-7-octenesulfonic acid 

copolymer) is a biocompatible anionic fluoropolymer that can be coated on 

the hydrogel as a protective layer against physiological contaminants and
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biofouling. NAFION® acts as a protective layer based on its

hydrophobicity, charge selection, and/or size exclusion.

A semi-permeable membrane, such as in the form of a polymeric

film, may be coated on an outer surface of the hydrogel layer (106). In

5 general, one or more protective barrier layers may be provided between the 

hydrogel and the user's skin during operation. The polymer film can he 

coated on a hydrogel surface using any suitable method, such as by 

micropipette or by dip-coating the sensor in aqueous or organic polymer 

solution followed by air drying for several hours before use.

10 In another embodiment, the protective, semi-permeable membrane is

attached to only one side of the hydrogel. The interfacial attachment is 

formed by polymerizing the hydrogel in the presence of the membrane, and 

forming an Interpenetrating Polymer Network (IPN) in the interfacial region. 

An IPN is formed when a first polymer (such as a PEGDA hydrogel) is

15 cross-linked in the presence of another polymer network (such as, a 

polymeric membrane).

In one embodiment, the semi-permeable membrane is negatively- 

charged (e.g., NAFION®-coated PES) at the hydrogel/skin interface to 

prevent the loss of negatively-charged components from the hydrogel into

20 the skin. Negatively-charged humectants (e.g., NaPCA) and osmotic agents 

(e.g., lactic acid) are often included in the hydrogel, and increase the stability 

of the system.

It is known that protective membranes bind proteins or other 

biological agents through covalent, electrostatic, hydrophobic, and/or

25 mechanical interactions. As shown by in-house experiments (unpublished) 

when a membrane was applied between the skin and the hydrogel (during 

12-hr ex vivo applications), a reduction of protein deposition on the hydrogel 

was observed. Using extractions and bicinchoninic acid (BCA) protein 

analysis, an average protein deposition of 32 pg per gel disc was observed

30 without a membrane in place, and an average protein deposition of 14 pg per 

gel disc was observed when a protective membrane was used.
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IV. Methods for Improving Analyte Detection

A. Skin Preparation

In one preferred method of using the TAMS, a skin preparation wipe 

is applied to the skin prior to application of the TAMS. This skin

5 preparation wipe is used in place of the standard skin hydration procedure 

currently used in prior art methods. This skin preparation wipe is applied to 

wipe or clean the surface. It is typically applied to the target skin area by 

massaging, wiping, padding, rubbing or any other methods to clean the target 

skin site after a skin pretreatment to increase porosity. This step typically

10 takes a short period of time (as compared to the longer standard hydration 

procedures used in the prior art), such as from about 1 to 30 seconds.

The wipe can be formed of a paper, cotton or textile based substrate 

soaked in agents containing water, phosphate buffered saline, lactic acid, 

soap, surfactant or any other chemicals, solvents or their mixtures which can

15 be used to clean the target skin area after any skin pretreatment procedure, 

such as SonoPrep® Ultrasonic Skin Permeation System (Sontra Medical). 

Preferably, the agents are inorganic or organic solvents such as water, 

ethanol, isopropanol or a combination thereof. An exemplary formulation of 

the agent contains 30-95% of isopropanol in water and the wipe material is

20 gauze.

a. Kits

In one embodiment, a kit contains a transdermal analyte detection 

system and a skin preparation wipe, optionally including wiping reagents 

such as phosphate buffered saline, lactic acid, soap, surfactant, or a solvent.

25 In one embodiment, the substrate is presoaked with a wiping reagent. In

another embodiment, the wiping reagent is provided as a separate component 

of the kit.

B. Improved Oxygenation of Biosensors

In one preferred embodiment, the sensor assembly is designed to

30 increase oxygen supply to the hydrogel and/or other elements in the sensor 

assembly that require oxygen to function. Air channels and pockets can be 

located around a hydrogel. The air channels and pockets are generally in the
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form of slits or openings on the mounting plate (102) or target plate (Figure

8). The channels and pockets not only increase the supply of oxygen

(enhanced oxygenation) but also maintain the hydrogel moisture (water).

Preferably, the mounting plate or target plate is formed from rigid, non-

5 conductive materials with high dielectric constant, such as plastics, which 

provides firm backing for the sensor body and secure housing for the 

hydrogel. The air channels and pockets can be created by molding, milling, 

punching, etching or any other mechanical or chemical means.

IV. Methods of Use

10 The TAMS described herein can be used to monitor biological

analytes, for example glucose blood concentrations of a user and/or to 

deliver therapeutic compounds, as needed. The TAMS is applied to an area 

on the skin of an animal; typically the animal is a mammal, and in the 

preferred embodiment the mammal is a human.

15 For example, a prediabetic or diabetic person can use the device to

monitor their glucose blood concentration levels and deliver insulin as 

needed depending on those concentration levels. The insulin can be 

delivered by the user or by the device. Other analytes can also be monitored.

Continuous glucose monitoring can measure the blood concentration

20 of glucose without relying on accumulation of body fluids in the sensor 

device. In continuous glucose monitoring, for instance, one may prefer to 

minimize accumulation of both glucose and hydrogen peroxide in the 

hydrogel so that the current measured by the electrochemical sensor is 

reflective of the glucose flux through the permeable region of skin in real-

25 time. This advantageously permits continuous real-time transdermal glucose 

monitoring.

To use the transdermal analyte monitoring systems described herein, 

first, a region of skin on the user is made more permeable using any suitable 

method. Typical methods for increasing the skin’s permeability include tape

30 stripping, rubbing, sanding, abrasion, laser ablation, radio frequency (RF) 

ablation, chemicals, sonophoresis, iontophoresis, electroporation, application 

of permeation enhancing agents. For example, the skin pretreatment
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procedure can be the application of low energy ultrasound (e.g. SonoPrep®

Ultrasonic Skin Permeation System) or controlled skin abrasion.

When a wireless TAMS is used, typically, the target plate (120) is

placed on the skin at the site for increased permeability. Then the sin

5 pretreatment procedure is applied. This method is particularly suitable for 

use with SonoPrep® as the skin permeation system.

In the preferred embodiment, after the skin pretreatment step, the 

treated skin is cleaned, such as by wiping or rubbing the treated area of the 

skin with a skin preparation wipe for a short period of time, such as from

10 about 1 to 30 seconds.

Then the sensor assembly, such as that shown in Figure 1 (wired 

system) or Figure 9 (wireless system), is attached to the permeable region 

(107) of skin so that semi-permeable membrane (not shown in Figure 1) is in 

contact with the permeable skin. When a wireless TAMS is used, typically,

15 the hydrogel and sensor are placed in the target plate and aligned with the 

center hole (125). Then the sensor housing (126) is attached and connected 

to the target plate (120) to form the complete sensor assembly (112).

An analyte may be extracted through the treated, permeable region 

(107) of the user’s skin, and pass through the semi-permeable membrane so

20 that it is in contact with the hydrogel disc (106) of the sensor assembly (101). 

For example, an analyte, such as glucose, may be transported by

diffusion through the semi-permeable membrane and into the hydrogel disc 

(106) where it can contact glucose oxidase. The glucose then reacts with the 

glucose oxidase present in the hydrogel disc (106) to form gluconic acid and

25 hydrogen peroxide. Next, the hydrogen peroxide is transported to the surface 

of the electrode in the sensor body (101) where it is electrochemically 

oxidized. The current produced in this oxidation is indicative of the rate of 

hydrogen peroxide being produced in the hydrogel, which is related to the 

amount of glucose flux through the skin (the rate of glucose flow through a

30 fixed area of the skin). The glucose flux through the skin is proportional to

the concentration of glucose in the blood of the user.
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The signal from the sensor assembly can thus be utilized to

continuously monitor the blood glucose concentration of a user by displaying

blood glucose concentration on the potentiostat recorder (108) in a

continuous, real-time manner.

5 In principle, any sensor which utilizes the working electrode (201),

the counter electrode (202) and the reference electrode (203) to measure 

hydrogen peroxide can be built in the same way. Examples are biosensors 

for glucose, lactate or any others using oxidase enzyme incorporated in the 

hydrogel (106). The electrochemical sensor is preferably operated in

10 potentiostat mode during continuous glucose monitoring. In potentiostat 

mode, the electrical potential between the working and reference electrodes 

of a three-electrode cell are maintained at a preset value. The current 

between the working electrode and the counter electrode is measured. The 

sensor is maintained in this mode as long as the needed cell voltage and

15 current do not exceed the current and voltage limits of the potentiostat. In 

the potentiostat mode of operation, the potential between the working and 

reference electrode may be selected to achieve selective electrochemical 

measurement of a particular analyte or analyte indicator.

Other operational modes can be used to investigate the kinetics and

20 mechanism of the electrode reaction occurring on the working electrode 

surface, or in electroanalytical applications. For instance, according to an 

electrochemical cell mode of operation, a current may flow between the 

working and counter electrodes while the potential of the working electrode 

is measured against the reference electrode. It will be appreciated by those

25 skilled in the art that the mode of operation of the electrochemical sensor 

may be selected depending on the application.

Examples

EXAMPLE 1: The use of a protective semi-permeable membrane to 

form a hydrogel/membrane composite, and improve TAMS

30 performance.

The following membranes were tested: [a] Uncoated Polyether 

sulphone (PES): symmetric with pore sizes of 0.2,1.2 and 5.0 pm ;
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asymmetric with pore sizes of 0.3,1.0 and 2.0 pm, [b] Nafion®-coated PES:

each of the 6 different PES pore sizes listed above were also tested with a

Nation® coating, [c] Activated PES with aldehyde functional groups (with

pores of 0.45 pm), [4] Amphoteric and cationic Nylon 66 (with pores of 0.2

5 pm), [d] Ultrafiltation membranes: Regenerated Cellulose (RC) with 3.5k 

MW cutoff; PES with 10k MW cutoff [e] Nation 1135 sheet, with --35 nm 

ionic channels.

Formation of a hydrogel/membrane composite: the membrane was 

cut out as a disc, soaked in buffer and placed at the bottom of the

10 polymerization mold; the scrim page was placed over the membrane;

polymer solution was syringed into the mold cavity; the mold was exposed to 

UV light to form the polymer.

For membranes formed from Nafion®-coated PES, the PES 

membrane was pre-coated with a Nafion® solution using an automated

15 coating machine. The coating parameters included machine speed, coating 

bar size, Nafion® solvent, and number of coats, and varied with the pore size 

of the PES. The coating parameters affect the thickness of the coat, how 

deep it sinks into the membrane, its consistency, and its longevity. For 

example, a light surface coating resulted when 0.2 pm PES was singly coated

20 with 5% Nafion® solution (in 45% alcohol) at 8 inches/sec using a #20 bar; 

a deeper coat resulted with multiple coatings of 5.0 pm PES with 20% 

Nafion® solution (in 80% alcohol) using a #20 bar. The depth of the 

Nafion® coating was determined by dying the coated membrane with 

cationic methylene blue.

25 Where the pore size of the membrane was smaller than the 3.4k PEG

macromer (as with 3k cellulose), a smaller 0.75k PEG macromer was used to 

connect the membrane to the 3.4k PEG network. In this case, when the PEG 

macromer (at 3.4k Daltons) could not penetrate the pores of the membrane 

(at 3k Daltons), a 0.75k PEG macromer was used to form two

30 interconnecting IPNs. The 0.75 PEG macromer was first polymerized within 

one face of the 3k membrane; subsequently, the 3.4k PEG macromer was
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polymerized at the new membrane face that now presented a 0.75k PEG

network.

24-hr ex vivo studies were run to study the effect of each membrane

on the glucose sensor’s performance. Subject groups that had either no

5 membrane or various types of membranes were compared. The membrane 

that increased the longevity of the device, without increasing MARD error, 

was determined to be the preferred membrane. Each membrane was applied 

to the outer surface of the sensor assembly in a CGM device (supplied by 

Sontra Medical), which was then applied over the sonicated skin of the

10 subject. In response, the device provided an electrical signal, in

nanoamperes (nA), which was calibrated to the blood glucose (BG) of the 

subject, using a finger-stick blood glucose meter. Throughout the course of 

the ex vivo study (24 hours in length), finger-stick BG samples were taken 

during the waking hours, at hourly intervals, or at 15-minute intervals near

15 meal times, and were correlated to the signal of the device. Analysis of this 

correlation provides information about device accuracy, consistency and 

effective length of performance.

In general, the addition of any membrane to the hydrogel prolonged 

the use life of the glucose sensor. As shown in Figure 3, in ex vivo

20 applications without membranes, only 55% of the subjects had any 24-hr 

response; with the membrane, 83% of the subjects had a 24-hr response (see 

Figure 3).

There was a difference among membranes, and the criteria used to 

select the best membrane was the one with the lowest signal drift over 24

25 hours, while still providing good signal correlation (in nA to BG) (i.e. no 

significant increase in MARD error). A Nafion® coated PES membrane 

with 5.0 pm pores was determined to be the best candidate because it 

demonstrated the lowest signal drift of- 54% over 24 hrs, and acceptable 

MARD (see Figure 4).
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EXAMPLE 2: The inclusion of a humectant in the hydrogel buffer to

mitigate water loss, and to improve device performance.

A series of experiments was conducted including various humectants

in the hydrogel. Two categories of humectants were tested. The first

5 category contained small-molecule humectants, generally natural 

moisturizing factors (NMFs), and the second category contained 

polysaccharides. The following small-molecule humectants were tested: 

glycerol, urea, hydroxyethyl urea, propylene glycol, sodium lactate (Na 

lactate) and sodium pyrrolidone carboxylic acid (Na PC A). The following

10 polysaccharide humectants were tested: hyaluronic acid (sodium salt), 

carrageenan and agarose.

For the small-molecule humectants, each humectant was dissolved in 

the polymer solution before polymerization. The particular concentration of 

humectant in the polymer solution was also maintained in the hydrogel

15 buffer. This prevented a humectant concentration gradient that could 

promote humectant diffusion loss during rinsing and storage.

For the polysaccharide humectants, the same general approach was 

used as described above for small-molecule humectants. However, certain 

candidates such as agarose and isolated carrageenan types needed heating for

20 proper solubility, and cooling for gel formation. The PEGDA concentration 

was dropped to 10 % to increase the polysaccharide solubility.

Screening experiments were first performed to select the best 

candidates for limited ex vivo experiments. Screening experiments involved 

solubility and drying rate comparisons.

25 24-hr ex vivo studies were run to study the effect of each humectant

on the glucose sensor’s performance. Subject groups that had either no 

humectant or various types of humectants were compared. The humectant 

that increased the longevity of the device, without increasing MARD error, 

was determined to be the preferred humectant. The ex vivo experiments

30 involved the application of the device to volunteers for 24 hrs, and then 

comparing the longevity performance when different humectants were 

included
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Similar to the Example 1, the goal of humectant inclusion study was

to prolong the device performance. The results of the test are provided in

Figure 5. While many of the humectants showed some promise, including

sodium lactate, carrageenan, and agarose, Na PCA consistently provided the

5 lowest signal drift (see Figure 5). Also, when Na PCA was paired with

Nafion®-coated PES membranes, there was no water loss over the course of 

the 24-hr ex vivo studies. Data collected from 27 subjects show an actual 

water gain of 2%. However, typically, there was a water loss for 24-hr 

studies. In a comparable group of 36 subjects without Na PCA in the study,

10 an average water loss of 19% was observed.

EXAMPLE 3: Covalent immobilization of glucose oxidase (GOx) within 

a PEGDA hydrogel

A series of experiments was conducted to establish a practical 

enzyme immobilization strategy. An acrylate-PEG-NHS (A-PEG-N) reagent

15 (Nektar) was chosen as the linker or immobilization reagent. Parameters of 

concern included the ratio of immobilization reagent to enzyme, reaction 

sequence, and incubation time.

A pre-polymerization step for incubation of the acrylate-PEG-NHS 

(A-PEG-N) immobilization reagent to the enzyme was used. 3% GOx was

20 dissolved in the polymerization buffer, and an excess of A-PEG-N at a molar

ratio of 7 to 1 was added. A molar ratio of 7 to 1 was chosen to ensure 

conjugation, without interfering with enzyme activity. The solution was left 

to incubate overnight at 4°C (a reaction time of 3 hours at room temperature 

was also effective). PEGDA was added per usual the next day to complete

25 the polymer solution, followed by UV curing.

Evidence that the covalent immobilization was successful was

provided by 10% PEGDA polymers containing 3% GOx. Without covalent 

immobilization, the GOx leached out of a hydrogel disc when placed in a 

rinse buffer solution, and turn the solution distinctly yellow (UV absorbance

30 at 460 nm = 0.16). With covalent immobilization, the rinse solution did not 

turn yellow (UV absorbance at 460 nm = 0.02),
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Evidence that the enzyme was still active after covalent

immobilization was provided by potentiostat testing, which showed no

significant differences in responses to a glucose challenge: --700 nA for the

control system, and -650 nA for the covalently immobilized system.

5 After the covalent immobilization parameters were established, ex

vivo experiments were conducted to determine if the consistency of the 

readings by the system had been improved. The ex vivo experiments 

involved the application of the device to volunteers for 4 hrs, and then 

comparing the performance to a device without covalent immobilization, by

10 performing statistical analysis and calculating the r2 and MART) values.

In a 4-hr comparative study of ex vivo device performance for

covalently immobilized GOx vs. non- covalently immobilized GOx, the 

covalently immobilized GOx system provided better tracking (nA to BG 

correlation). The results of this study are shown in Figure 6. As shown in

15 Figure 6, after the adoption of the covalently immobilized GOx, ex vivo

studies provided more consistent tracking, with an r2 of 0.68, and an MARD 

of 12.27. In contrast, for the system with non-covalently Immobilized GOx, 

the r2 value was 0.41, and the MARD was 20.44.

EXAMPLE 4: Skin preparation procedure for transdermal analyte

20 detection

A target plate was first applied to the skin. Then, SonoPrep® was 

applied to the skin site through the target plate. SonoPrep® was then turned 

on for a period of one second or longer and shut off automatically by the 

build-in control algorithm of the device. After the skin pretreatment

25 procedure by applying SonoPrep® (Sontra Medical) to increase porosity of 

the skin, the treated skin site was wiped with a skin preparation wipe. The 

skin preparation wipe used in this study was gauze pad pre-soaked in 

70%/30% of isopropanol/water mixture.

Figures 7A and 7B demonstrate the difference in sensor performance

30 with and without applying a skin preparation wiping procedure on one test 

subject. As a contrast to the skin preparation wipe procedure, Figure 7C 

shows the result ofthe same test subject when a 40-minute hydration
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procedure (i.e. prior art procedure) was used. As shown in the figures,

wiping the treated skin with the skin preparation wipe shows equivalent

performance to 40-minutes skin hydration procedure, and both of these

methods perform much better than that without any skin preparation

5 procedure. Removal and/or cleaning of any pore clogging materials by skin 

preparation wipe is expected to improve transdermal pathways for both 

analyte extraction and drug delivery.

EXAMPLE 5: Clinical studies with continuous transdermal glucose 

sensor with three different configurations

10 The glucose biosensor contains an electrochemical sensor and a hydrogel 

that couple with SonoPrep® ultrasonic permeated skin and continuously 

draws the glucose into the sensor. The glucose that flows through the skin is 

consumed by the biosensor as it reacts with glucose oxidase in the hydrogel. 

This chemical reaction produces a constant electrical signal, which is

15 recorded by the glucose monitor. Due to the enhanced permeation created by 

SonoPrep and the hydrogel chemistry, the glucose flux detected by the 

sensor can provide glucose readings through a wireless link every one minute 

for up to 24 hours. See Figure 9 for schematics of the wireless biosensor 

system.

20 In each study, the following procedure was used. This procedure is

schematically illustrated in Figure 9. First, the target plate was placed on the 

patient’s skin site. Then SonoPrep was applied to the skin site for 5 to 15 

seconds (step 1). Then SonoPrep was removed from the target plate. Then 

the treated skin site was wiped with a skin preparation wipe containing

25 alcohol. Next, the hydrogel and sensor was placed in the target plate (step 

2). For each patient, single-use glucose sensors were placed over the 

SonoPrep treated skin sites. Then the sensor housing was placed over the 

hydrogel and the sensor assembly was closed (step 3). The sensor was 

coupled with a miniature analyzer which sent digitized data wirelessly to a

30 monitor for data processing and display (step 3). The glucose sensor signal 

was referenced to finger stick blood glucose meter readings for Study 1A and 

Study IB and to blood glucose was sampled through an IV line for Study 2C.
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Table 1 describes the sensor configurations, type of membrane used (if a

membrane was present), and type of humectant included in the hydrogel (if a

humectant was present) for each of the studies. The sensors used in each of

the studies were designed to provide enhanced oxygenation (such as

5 illustrated in Figures 8A, 8B, and 8C). Additionally, the hydrogels used in 

each of the studies contained 3% GOx covalently immobilized in 15% 

PEGDA.

Table 1. Sensor configurations, materials and duration for Each Study

Study # Sensor

configuration

Duration Membrane Humectant

1 A 12h N/A N/A

1 B I2h Biodyne B N/A

2 C 24h 5.0PES.NAF 10%NaPCA

10 Study 1 with sensor configuration A

10 patients with diabetes were tested using the method described above.

As noted in Table 1, this study was conducted for 12 hours. The sensor used 

in this study did not have a membrane over the hydrogel. Additionally, the 

hydrogel did not contain a humectant.

15 222 data points from this study were analyzed to support development of

the blood glucose prediction algorithm. The results are summarized in the 

Clarke error grid in Figure 10. As shown in Figure 10, the results showed 

that the sensor could accurately predict blood glucose reading every minute 

for up to 12 hours with single point calibration after one hour of warm-up

20 period.

Comparing the biosensor and reference blood glucose measurements, 

statistical analysis showed the MARD (Mean Absolute Relative Difference) 

was 12.4%. 98.7% of the data fell in the A+B region of the Clarke error grid 

with 89.6% in the A region. Excellent data correlation (average r ~ 0.87) was

25 again demonstrated with this study (see Figure 10). These statistics are 

summarized in Table 2, along with the statistics for the other studies 

described in this Example.
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Study 1 with sensor configuration B

The same study protocol and configuration as in Study 1A were used,

except that a filter membrane (Biodyne B) was incorporated with the

hydrogel. 10 patients with diabetes were tested using the method described

5 above. As noted in Table 1, this study was conducted for 12 hours. The 

sensor used in this study had a membrane (Biodyne B) over the hydrogel. 

Additionally, the hydrogel did not contain a humectant.

225 data points were collected from this study. The results are 

summarized in the Clarke error grid in Figure 11. As shown in Figure 11,

10 the results showed that the sensor could predict blood glucose reading with 

moderate accuracy, every minute for up to 12 hours with single point 

calibration after one hour of warm-up period.

Comparing the biosensor and reference blood glucose measurements, 

statistical analysis showed the MARD (Mean Absolute Relative Difference)

15 was 20.4%. 96.9% of the data fell in the A+B region of the Clarke error grid 

with 70.7% in the A region. The correlation coefficient between the 

biosensor and reference blood glucose measurements was 0.64. These 

statistics are summarized in Table 2, along with the statistics for the other 

studies described in this Example.

20 Study2 with sensor configuration C

A 24-hour clinical study was conducted on patients during and after

cardiovascular surgery. As noted in Table 1, the sensor used in this study 

had a membrane (5.0 PES coated with NAFION®) over the hydrogel. 

Additionally, the hydrogel contained a humectant (10% (wt/wt) Na PCA).

25 During the surgery, the patient’s core temperature was brought down to 

about 20 °C and the patient’s heart was put into stop with the aid of a bypass 

pump for blood circulation. Medication such as insulin and heparin were 

administrated and blood glucose was sampled through an IV line and 

analyzed with a blood glucose analyzer.

30 In the first section of the study, it was determined that moisture and 

betadine (a disinfectant used to prepare the skin prior to surgery) adversely 

affected the sensor and resulted in device failure. Temporary modifications
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to the device configuration and installation procedure (e.g. avoid skin area

with betadine) were then implemented to address those issues.

In the second section of the study after the device modification, 10

patients enrolled and nine completed the study. 147 sensor-blood glucose

5 data points were collected and analyzed with the same glucose prediction 

algorithm developed in Study 1A.

The results are summarized in the Clarke error grid in Figure 12. As 

shown in Figure 12, the results showed that the sensor could accurately 

predict blood glucose reading every minute for up to 24 hours, during and

10 post operation.

Comparing the biosensor and reference blood glucose measurements, 

statistical analysis showed the MARD was 11.2%, and 100% of the data fell 

in the A+B region of the Clarke error grid with 86.4% in the A region. This 

study illustrates that with proper device configuration and installation a

15 transdermal glucose monitor can also provide accurate continuous glucose 

reading for up to 24 hours, even in a surgical ICU setting.

Table 2. Summary table for Statistical Analysis in Clinical Studies

Study # Setting #ofSubj. Device

config.

# of
calibration

Statistics

(A+B)%

in CEG

MAR

D

R2

1
Diabetes 9/10 A 1 98.7 12.4% 0.77

12h B 1 96.9 20.4% 0.64

2
Surgical

ICU, 24h

9/36 C 2-3 100 11.2% 0.83

20

Those skilled in the art will recognize, or be able to ascertain using 

no more than routine experimentation, many equivalents to the specific 

embodiments of the invention described herein. Such equivalents are 

intended to be encompassed by the following claims.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A transdermal analyte monitoring system comprising:
a sensor assembly, wherein the sensor assembly comprises a hydrogel and a 

5 sensor body containing a plurality of electrodes, wherein the sensor body is in fluid 
communications with the hydrogel, wherein the hydrogel comprises a humectant and 
an enzyme and wherein the humectant is in an effective amount to increase the 
performance longevity of the transdermal analyte monitoring system, as indicated by
decreased signal drift, compared to the same system in the absence of humectant.

10
2. The transdermal analyte monitoring system of claim 1, further comprising a 
semi-permeable membrane, wherein the membrane is in fluid communication with the 
hydrogel.

15 3. The transdermal analyte monitoring system of claim 2, wherein the hydrogel
and the semi-permeable membrane form an interpenetrating polymer network.

4. The transdermal analyte monitoring system of claim 1, wherein the hydrogel 
comprises a polymer selected from the group consisting of polyethylene glycol

20 diacrylate (PEGDA), agarose, polyethylene glycol diacrylate/polyethylene (PEGDA- 
PEI), polyethylene glycol diacrylate-n-vinyl pyrrolidone (PEGDA-NVP), acrylate- 
polyethylene glycol - N-hydroxy succinimide (A-PEG-N), and blends and copolymers 
thereof.

25 5. The transdermal analyte monitoring system of claim 1, wherein the enzyme is
oxidase enzyme.

6. The transdermal analyte monitoring system of claim 1, wherein the enzyme is 
covalently immobilized in the hydrogel.

30
7. The transdermal analyte monitoring system of claim 6, the enzyme is covalently 

immobilized in the hydrogel using an A-PEG-N.

8. The transdermal analyte monitoring system of claim 1, wherein the humectant is
35 a negatively charged humectant.
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9. The transdermal analyte monitoring system of claim 8, wherein the negatively 
charged humectant is sodium pyrrolidone carboxylic acid (NaPCA).

10. The transdermal analyte monitoring system of claim 1, wherein the sensor 

5 assembly comprises at least one channel or picket for providing oxygen to the

hydrogel.

11. The transdermal analyte monitoring system of claim 1, wherein the enzyme is 
immobilized in the hydrogel via non-covalent immobilization.

10
12. A method for increasing analyte detection by a transdermal analyte monitoring 
system comprising:

(a) treating a region of skin of the user to increase permeability; and
(b) applying the transdermal analyte monitoring system of any one of claims 1

15 toll.

13. The method of claim 12, further comprising after step (a) and prior to step (b), 
wiping the treated region of skin with a substrate comprising at least one reagent 
selected from the group consisting of water, ethanol, isopropanol and glycerol.

20
14. The method of claim 12, wherein the region of skin is treated in step (a) by a 
method selected from the group consisting of tape stripping, rubbing, sanding, abrasion, 
laser ablation, radio frequency (RF) ablation, the application of chemicals, 
sonophoresis, iontophoresis, electroporation, and the application of permeation

25 enhancing agents.

15. The method of claim 13, wherein the substrate is selected from the group 
consisting of pads, woven and non-woven fabrics, felt and gauze.

30 16. The method of claim 13, wherein the substrate comprises an inorganic or

organic solvent.

17. The method of claim 16, wherein the inorganic or organic solvent is selected 
from the group consisting of water, ethanol, and isopropanol.

35
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18. The method of claim 13, wherein the substrate comprises phosphate buffered 

saline, lactic acid, soap, or a surfactant.

19. The method of claim 12, wherein the analyte to be detected is blood glucose, 
5 lactate or other analytes.

20. A kit comprising
the transdermal analyte detection system of any one of claims 1 to 11; and 
a substrate comprising phosphate buffered saline, lactic acid, soap, a surfactant,

10 or a solvent.

21. A kit comprising
the transdermal analyte detection system of any one of claims 1 to 1 1; 
a substrate,

15 and a reagent selected from the group consisting of phosphate buffered saline,
lactic acid, soap, a surfactant, and a solvent.

22. A method for enhancing the sensitivity, stability or accuracy of a transdermal 
analyte sensor of any one of claims 1 to 11 comprising providing an enhanced supply

20 of oxygen to the hydrogel.

23. The method of claim 22, wherein the source of oxygen is air.
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Figure 3
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Figure 7A

Figure 7B
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Figure 7C
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Figure 8A

Figure 8C
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