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ANALYTE SENSORS WITH ETHYLENE OXIDE IMMUNITY

CROSS-REFERENCE TO RELATED APPLICATION
{8001} This application claims priority to U.S. Patent Application No. 14/138,379,
filed December 23, 2013, which is hereby tncorporated by reference in s entirety.

BACKGROUND

18602} Unless otherwise indicated herein, the materials described in this section are
not prior art to the claims in this application and are not admitted to be prior art by inclusion
1 this section.

[B083] The continuouns or semi-continuous monttoring of physiclogical parameters
has applications in many arcas of modern medicine. The use of an clectrochemical-based
analytc scnsor that cmploys an enzyme in conjunction with integrated cicctronic components
can allow for the quantification of an analyte in a Hquid sample. Medical devices are
sterilized to prevent patients from exposure to infections discase and other harmtul organismos
during usc of the device. Typical sterilization techniques cannot be used with some analyte

sensors because they will damage either the electrical components or the enzyme.

SUMMARY

[8004] In one aspect, analyic scnsors capable of uvndergoing sterilization with
ethylene oxide are disclosed. The analyte sensors can inchude one or more polymer
membranes having a nucleophilic group.  The nucleophilic group can be a group that is
nucleophilic enough to chemically react with ethylene oxide. This can be a heteroatom such
as oxygen, sulfur, or nitrogen, which can be part of a functional group such as an alcohel,
thiol, or amine. In some aspects, the nucleophilic group s a nitrogen atom in a polymeric
subunit devived from vinyl pyridine.  In other aspects, the nucleophilic group s an oxygen

atom in a polymeric subunit derived from {methjacrylate, such as 2-hydroxyethylacrylate or
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2-hydroxyethylmethacrylate. In some aspects, the nocleophilic group 15 a negatively charged
group in a polymeric subunit, such as a carboxylate or sulfonate salt. Also provided are
methods for the ethylene oxide sterilization of the analyte sensors described hevein.

[B8605] These as well as other aspects, advantages, and alternatives, will become
apparent to those of ordinary skill in the art by reading the following detailed deseription,

with reference where appropriate to the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
[G00s] Figure 1 s a graph comparing currents produced by glacose sensors that were

sterilized with cthylene oxide (Et0) at 37 °C for 6 hours at 750 mg/L concentration (Group 1)
o ) E & p

with glucose sensors that were not sterilized (Group 2).

BETAILED DESCRIPTION

(8807 The following detatled description describes various features and functions of
the disclosed systems and methods with reference to the accompanying figares. In the
figures, similar symbols typically identify similar components, unless context dictates
otherwise. The illustrative method and systern embodiments described hercin are not meant
to be limiting. It will be readily understood that certain aspects of the disclosed methods and
systems can be arranged and combined in a wide variety of different configurations, all of
which are conteraplated herein.
[8008] in one aspect, an analyte sensor capable of retaining function following
sterilization with ethylene oxide (EtO) 1s provided. The analyte sensor can inchude:

a polymer membrane having a nucleophilic group; and

an analyte sensing coroponent erbedded in the polyroer membrane,

wherein the nucicophilic group is able to chemically veact with ethylene oxide.

[SFS]
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{6069} In some embodiments, the analyte sepsor includes two or more polymer
membranes having a mucleophilic group.
8016} Also provided are methods of sterilizing an analyte sensor with ethylene
oxide. In one aspect, a method {or sterilizing an analyte sensor includes:

contacting an analyte sensor with ethylene oxide,
wherein the analyte sensor includes:

a polymer mombrane having a nucleophilic group; and

an analyte sensing component embedded in the polymer membrane.
18611} In some cmbodiments, the nucleophilic group is mucleophilic cnough to
chemically react with ethylenc oxide. Suitable nucleophiles include functional groups having
one or more hetergatoms,  Suitable betercatoms inchide oxygen, nitrogen or sulfir atoms,
which can be part of a functional group such as an alcohol, amine or thiol, respectively.
180124 In another aspect, an analyte sensor is disclosed. The analyte scusor can
mchde:

a polymer membrane having one or more nucleophilic groups; and

an analyte sensing coroponent erubedded in the polyroer membrane,
wherein

at least a portion of the nucleophilic groups have reacted with ethylene oxide.
{8813 Medical devices are often sterilized to reduce the possibility of exposure to
infectious, and/or harmful organisms during use. There are a number of standard sterilization
methods available to sterilize medical devices, including, for example, E-beam radiation,
cthylene oxide (E10), and high temperature mutoclave. But for a deviee having an analyte
sensing component and integrated clectronic components, most sterilization technigues
cannot be used. For example, E-beam sterilization can damage the IC chip components, and

autoclave can damage the analyte sensing component and the electronies.  EiQ sterilization
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does not damage the electronic components, but is not compatible with certain analyte
sensing components {e.g., enzymes). However, as disclosed herein, if the analyte sensing
component can be cmbedded in a polymeric material baving a plurality of nucleophilic
groups capable of being alkylated by cthylene oxide. These nucleophilic groups can then
serve as interceptors for the ethylene oxide molecules entering the device during the
sterilization process, thus protecting the analyte sensing component from being alkylated by
cthylene oxide and retaining its function in the device.

18814} In some embodiments, the analyte sensor is an enzyme-based biosensor.
These devices are able to convert an analyie-concentration-dependent biochemical reaction
signal into a measurable physical sigual, such as an optical or clectrical signal.  Analyte
sensors can be used in the detection of analytes in clinical, environmental, agricultural and
biotechnological apphications.  Analytes that can be measured in clinical assays of fluids of
the boman body include, for example, glucose, lactate, cholesterol, bilirubin, proteins, lipids
and electrolytes. The detection of analytes in biological fluids, such as blood, tear film, or
mtestinal fluid, can be important in the diagnosis and the monitoring of many diseases.

HHITRY! In some embodiments, the analyte sensor can be a component of a body-
mountabie device, such as an cye-mouniable, tooth-mountable, or skin-mountable device.
The eye-mountable device can be configured to monitor health-related information based on
one or more analytes detected 1 a tear fibn (the term “tear film” s used herein
interchangeably with “tears” and “tear fluid™) of a user wearing the eye-mountable device.
For example, the eye-mountable device can be in the form of a contact lens that includes a
sensor configured to detect one or more analytes {¢.g., ghicose). The eye-mountable device
can also be configured to monitor various other types of health-related information.

[881s] In some cmbodimenis, the body-mountable device may mchide a tooth-

mountable device. The tooth-mountable device may take the form of or be similar in form to

RN
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the eye-mountable device, and be configured to detect at least one analyte in a fluid (e.g.,
saliva) of a user wearing the tooth-mountable device,

16617] In some embodiments, the body-mountable device may include a skin-
mountable device. The skin-mountable device may take the form of or be similar in form to
the eye-mountable device, and be configured to detect at least one analyte in s fhad {e.g.,
perspiration, blood, ctc.) of a user wearing the skin-raountable device.

[8018] The analyte sensor can bave an analyte sensing compouent embedded, ie.,
surrounded by one or more of the polymer membranes described herein. The analyte sensing
component of the analyte sensor can be selected to monitor physiclogical levels of a specific
anafyte. For example, ghucose, lactate, cholesierol and various proteins and lipids can be
found in body thuds, inchuding, for example, tear film, and can be indicative of medical
conditions that can benefit from continuous or semi-continuous montioring.

18019} The analyte sensing component can be an enzyme selected to monitor one or
more analytes.  For example, physiclogical cholesterol levels can be monitored with
cholesterol oxidase, lactate levels with lactate oxidase, and glucose levels with glocose
oxidase or glucose debydrogenase (GDH).

8026} In some embodiments, the analyte sensing component can be an enzyme that
vndergoes a chemical reaction with an analyte to produce detectable reaction products. For
example, a copolymer inclading glucose oxidase ("GOx”) can be situated around the working
clectrode to catalyze a reaction with ghucose to produce hydrogen peroxide (Ho(Og). As
shown below, the hydrogen peroxide can then be oxidized at the working clectrode to release
electrons to the working electrode, which generates a curvent.

ghucose + Oy H, 05 + ghiconolactone

H,0, — 2H +0, +2¢

<
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18821} The current generated by either reduction or oxidation reactions can be
approximately proportionate to the reaction rate. Further, the reaction rate can be dependent
on the rate of analyte molecules reaching the electrochemical scnsor electrodes to fuel the
reduction or oxidation reactions, either directly or catalytically throogh a reagent. In a steady
state, where analyte molecules diffuse to the electrochemical sensor electrodes from a
sampled region at approximately the same rate that additional analyte molecules diffuse to
the sampled region from swrounding regions, the reaction ratc can be approximately
proportionate to the concentration of the analyte molecules. The current can thus provide an
mdication of the analyte concentration.

8022} In other embodiments, the analytc scnsing component is  ghicose
debhydrogenase {(GDH). In certain instances, the use of GDH can include the addition of a
cofactor such as flavin ademine dinucleotide (FAD), nicotinamide adenine dinucleotide
(NAD), flavin monounucleotide, pyrrologuineline quinone (PQQO) or a cocnzyme.

(8623} The analyte sensor as described herein can include one or more conductive
electrodes through which current can flow. Depending on the application, the electrodes can
be configured for different purposes. For example, a sensor can inchade a working electrode,
a reference electrode, and a counter-clectrode.  Also possible are two-clectrode systems, in
which the reference electrade serves as a counter-electrode. The working electrode can be
connected to the reference electrode via a circuit, such as a potentiostat,

{8624} The clecirode can be formed from any type of conductive material and can be
patterned by any process that be used for patterning such materials, such as deposition or
photolithography, for example. The conductive materials can be, for example, gold,
platinum, palladiure, titanium, carbon, copper, silver/silver-chloride, conductors formed from
noble materials, metals, or any combinations of these materials. Other materials can alse be

envisioned.
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{8025} Ethylene oxide (Et() is a highly strained, chemically reactive cyclic ether
molecule consisting of two carbon ethylene unit and an oxygen atom. The highly stained tn1-
gtom ring can react with nucleophilic reagents to undergo a ring opening reaction.  Its
sterilization effect is realized through the aliylation of nucleophilic groups on the proteins
and nucleic acids of microorganisms. As a result, ethylene oxide can kill viruses, bacteria,
fungi and bacterial spores,

[86246] The EtQO sterilization can be performed a mumber of ways, and can be
performed m a closed container or chamber (f.e., a “sterilizer”). Some methods as known in
the art include, for example, gas diffusion sterilization, micro-dose sterilization or flexible
chamber sterilization. In some methods, the ethylene oxide is introduced as a gas, while in
other methods, the ethylene oxide 1s introduced as a liguid or a sobstion. The sterilization can
be performed on & small scale, (i.e., a single sensor at a time), large scale (i.e., a paletie- or
truck-load of scusors at a time), or any scale 1n between.

(8627} The sterilization can be performed between about 20 °C and about 70 °C. In
some embodiments, the temperature can be between about 30 °C and about 60 °C, or about
40 ° Cto about 50 °C. In certain embodiments, the sterilization temperature is about 37 °C.
1B6428] The concentration of ethylene oxide in the sterilizer can be between about 200
mg/L and about 1,000 mg/L. In some embodiments, the concentration can be between about
200 mg/L and about 500 mg/l, or about 500 mg/l and about L000 mg/l. In certain
cembodiments, the cthylene oxide conceniration is about 750 mg/L.

18629] Because ethylene oxide can chemically react with water, the concentration of
cthylene oxide in the sterilizer may be adjusted according with the hunudity in the sterilizer.
In some cmbodiments, the sterilization is performed jn an atmosphere with a bumidity of
about 24 % (o about 80 % humidity. When sterilization is performed in an atmosphere with a

humidity above about 83 % or below about 20%, the concentration of the ethylene oxide used
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in the sterilization may need to be adjusted to account for the reactivity of cthylene oxide
with water. For example, when sterilization 1s carried out in humidity higher than about 80 %
huwmidity, a greater concentration of ethyiene oxide may be used, and when sterilization is
carried out in humidity less than about 20 % humidity, a lower concentration of ethylene
oxide may be used.

18036 In some embodiments, the nucleophiic group can be a nitrogen atom i a
polymeric suburnit derived from vinyl pyridine, such as poly{vimyl pyridine}. The
nucleophilic group can be present in a crosslinked, hydrophilic copolymer of poly{ethylene
glycoly (PEG) and poly{viny] pyridine) (PVP). The copolymer of PEG and PVF can be a
block copolymer, having one or more blocks cach of PEG and PVP, such as a diblock
copolymer of PEG and PVP.

{8031} In some embodiments, the polymer membrane having a nucleophilic group

can be a crosshinked, hydrophilic, diblock copolymer of formula (1):

wherein n and m are independently selected to provide poly{vinyl pyridine) and
poly(ethylene glyeol) blocks each having number average molecular weights (M,) of about
300 to about 10,000, In other embodiments, o is an average value of from about 5 o about
100, and m 15 an average value of from about 5 to sbout 250, For case of illustration, the
pyridine nitrogen of the poly(vinyl pyridine) of the sensing membrane i3 drawn as being
covalently bound to a crosslink (i.c., crosslinked) that is described herein. One of skill in the
art will recognize that, in practice, not every pyridine nitrogen roay be crosshinked, and i 1s

the uncrosshinked pyridine nitrogen atoms that can act as the nucleophile in the chemical

9
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reaction with ethylene oxide. In a similar manner, the terminal hydroxyl group of the PEG

block can be the nucleophile. The cross-links are not inchided in the molecular weight
determination,
{8832} In certain embodiments, n is selected so that the M, of the poly(vinyl pyridine)

blocks falls within a range in Table 1, and m is selected so that the M, of the poly(ethylene
glycol) blocks falls within a range in the Table 2. For example, the crosshinked, hydrophilic,
diblock copolymer of the sensing membrane can have a poly{vinyl pyridine} block with an
My between asbout 5,000 and sbout 6,000, and a poly(ethylene glyeol) block with an My
between about 8,000 and about 9,000,

Table 1. M, range of poly{vinyl pyriding)} block
{values are approximaie).

Low High
500 1,000
LO00 2,006
2,000 3,060
3,600 4,000
4,000 5,000
5,000 6,000
7,000 8.000
8,000 9,060
9,000 10,006

Table 2. M, range of poly(ethylene glveol) block
{values are approximaie).

Low High
500 IREVY
1.066 2,000
2,060 3,000
3,000 4,000
4,006 5,000
5,000 6,000
7.066 8,000
8,000 9,000
5,000 10,000

10
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{8833} In some embodiments, the ratio of the average number of vinyl pyridine onits
{corresponding to n) to the average number of cthylene glveol units {corresponding to m) can
be sciected from Table 3. For example, when the average mumber of vinyl pyridine unils is
approximately 2,000, and the average mumber of ethylene glycol units can be approximately
4,000, the resulting ratio of vinyl pyridine units to ethylene glycol units is approximately 1:2.

Table 3. Ratio of vinyl pyridine units 1o ethylene glyeol units
{all values are approximaie).

viny! pyridine ethylene glyeol
1 1

Gt b

.

4

10
20
56

100

[FSISS SRS ORI U TTS T [ N0 iy SV ORI SN
(O RO

{8034} In some embodiments, the polymer membrane having a nucleophilic group

can be a crosslinked, hydrophilic, diblock copolymer of formula (Ta):

; o)
-~
o T 0T e
X M Me
(ia)

wherein x, v, v and s are selected such that the poly(cthylene glycol) block and the viayl
pyridine/styrene copolymer block cach have a number average molecular weight (M) of
about 1,000 to about 100,000, o other embodiments, x is an average value of from about 25

to about 250, and v is an average value of from about 5 to about 50, As with formula (1), the

i1
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pyridine nitrogen of the poly{vinyl pyridine) of the protective membrane is drawn as being
covalently bound to a crosslink for ease of illustration. But one of skill in the art will
recognize that, in practice, not every pyridine nitrogen of the protective membrane will be
crosslinked, and it is the uncrossslinked pyridine nitrogen atoms that can act as the
nucleophile m the chemical reaction with ethylene oxide.

18035} In some embodiments, the nucleophilic group can be included in a polymeric
subunit derived from (methlacrylate. As wvsed berein, “{methyacrylaie” refers to acrylate,
methacrylate, or mixtares thereof.  The (methjacrylate-derived unit can be part of a
{methlacrylate-derived backbone of a crosslinked, hydrophilic copolymer, where cach
(methlacrylate-derived unit has a hydrophilic side chain, The hydrophilic side chains can be
water soluble or soluble in a water-miscible solvent, such as an alcchol, and can have one or
more heteroatoms, for exanmple, nifrogen, oxygen or sulfur atoms. In some embodiments, the
hydrophilic side chains have one or more hydroxy groups. The hydrophilic side chains of the
{meth)acrylate-derived vanits can alse include one or more alkylene oxide uniis. The alkylene
oxide units can be in the form of a polymer, such as poly(ethylene glycol), polv(propylene
glycol), poly(butylenc oxide) or a mixture thereof, and can be a copolymer including a
combination of two or three different alkylenc oxide onits. To some embodiments, the
poly(alkylene oxide} of the hydrophilic side chains is a block copolymer including blocks of
two or three different poly(alkyviene oxide) polvmers. o certain embodiments, the
poly{alkylene oxide) is block copolymer of poly{ethylene glycol) and poly{propylene glycol).
In other embodiments, the hydrophilic side chains and the crosslinks both inclode
poly(ethylene glyeol).

18036] In some cmbodiments, the (methyacrylate-derived untis can have the structure

of formula (1)
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(1)

where R is a hydrophilic group having one or more nucleophilic groups. 1o cortain
embodiments, the hydrophilic group includes one or more hydroxy groups, such as an
alcohol.

{8037] In some embodiments, the (methjacrylate-derived units can have the structure

.

H)

of formula (a}):

(Hla)
where X i8 -0~ -NR-or-S-,and vis 0, 1,2,3,4,5,6,7, 8, 9 or 10, where R’ is hydrogen or
~Cy-Cpalkyl
{8838] In some embodiments, the (methyacrylate-derived units can be derived from 2-
hydroxyethylacrylate or 2-hydroxyethylmethacrylate. In certain embodiments, the

(meth)acrylate-derived units have the structure:

Me

\;\

e 4.8

GH

{8039 In some embodiments, the (methjacrylate-dervived umits can have the structure
of formula (la) where z is an average value of from about 2 to about 250
18644} In some embodiments, the (meth)acrylate-derived units can have the structure

of formula (1Ta) where Y and R? are as deseribed above and x is such that the poly{cthylene

13
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glycol) has a munber average molecolar weight (M) of about 100 to about 10,000, In certain
embodiments, x 18 selected so that the M, of the pely{ethylene glycol) falls within a range in
Table 4.

Table 4. M, range of poly(ethylene glyeol) in the (meth)acrylate-derived units
{values are approximaic).

Low High
100 260
200 300
300 460
400 SG0
500 600
600 760
700 &00
800 900
900 1,006
1,060 2,000
2,000 3,000
3,000 4,000
4,000 5,000
5,600 6,000
7,600 8,000
8,000 9,000
9,000 13,000
8041} In certain embodiments, the analyte sensor has (moethyacrylate-derived units

having the structure of formula (Iia), where Y 15 -O-, R% is methyl and x is such that the
poly(ethylene glycol) has a nomber average molecular weight (My) of about 500.

{8042} In some embodiments, the sucleophilic group can be negatively charged. The
negatively charged group can be a heteroatom, or group containing a heteroatom, that has a
negative charge. The negatively charged group can also have more than one negative charge,
such as a malonate. The negatively charged group can be a salt, and include one or more
cations, which can inclode Group 1 and I moetals as well as orgamic cations such as

guaternary amines.

14
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{8843} In some embodiments, a negatively charged nucleophilic group can be
mehided in the (methjacrylate-derived units of one or more of the polymeric membranes, and

can have the structure of formula (U

RM-17

(1)
where L is a bond, C;-Cgalkyl, -Y-C;-Cealkyl or a hydrophilic group, and R" is a negatively
charged group, where Y is Y 18 -Q-, -NR- or -5+, and R’ is hydrogen or -C-Cjalkyl.
{8044} The hydrophilic group can be sohuble in water or a water-miscible solvent,
such as an alcohol, ¥t can have one or more hetereatoms, for example, nitrogen, oxygen or
sulfur atoms, In some embodiments, L has one or more hydroxy groups.
[3845] In some embodiments, L is C-Cyalkyl or -0-Cy-Caalkyl, where C;-Cyalkyl is
methylene, ethylene, propylene, butylene, pentylene or hexylene.
{8046 In seme embodiments, the negatively charged group can be included in

{meth)acrylate-derived units having the structire of formuda (IHa):

i
R”{O\/AY

u
(Tita)

where Y and R” are as described hereinanduis 1,2,3,4,5,6,7, 8, 9 or 10,

16647] In some embodiments, the methacrylate-derived units can have the structure of
formula (1lia) where Y and R are as described above and o is such that the poly{ethylene
glycol) has a nomber average molecular weight (M,) of about 100 to about 10,006, In certain
cmbodiments, u 18 sclected so that the M, of the poly{ethylene glycol) falls within a range in

Table 5.

ot
o
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Table 5. M, range of poly{cthylene giycol) tn the fourth methacrylate-derived anits
{(values are approximate).

Low High
100 200
200 300
300 400
400 500
500 600
600 700
7060 B0
800 9500
900 1,000
L0000 2,000
2,000 3,000
3,000 4,000
4,600 5,000
5,000 6,000
7,000 8,000
8,000 9,006
9,000 10,000
[8048] In certain embodiments, the analyte sensor bas methacrylate-derived oaus

having the structure of formula (lfa), where Y is -0-, R” is methy! and u is such that the
polytethviene glycol) has a number average molocular weight (Ms) of about 300,

{8049} In some embodiments, R” is a heteroatom, or group containing a heteroatom,
that has a negative charge. R” can be a group having more than one negative charge, such as
amalonate. R” can be a salt, and include one or more cations, which can include Group [ and
1l metals as well as organic cations such as quaternary amines. R’ can be chosen from -Q, -
S, -NRYY, GO0, -NRHCOOD, -S(ONR’Y, -3GO, -5(0R0, -PONORHO,
POHRDHO,  -PIOYNRHO,  -POYNRHNRTY,  -PEONRTHNRTY,  -POHORHNRY,
OP(OYORIO, -OP{OHRDYDY, -OP{OXNR, O, -OP(OWNRNRTY, -OP{OHRINRY,
SOP(OYORNRY, -P(OH0,", -BIOYNR L™, -OB(O)0,”, -OP{OWNR Y, or a salt thereof,

where R’ is hydrogen or -Ci-Cialkyl. In some embodiments, -L-R” is an alkylsulfonate salt,

16
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such as potassium propylsulfonate. In other embodiments, L is a bond and R™ is O or a salt
[3858] In some embodiments, the analyie sensors can include a membrane of
crosslinked proteins, and the nucleophilic group can be a functional group on one or more of
the proteins. The proteins of can be substantially unreactive in biochemical reactions, which
will Hmit interference with the analyie sensing component, but may include vucleophilic
groups capable of chemical reaction with cthylene oxide. The proieins can be covalently
bound through crosshinks, forming a crosshinked network. The crosslinks can have covalent
honds between the proteins, and can also include covalent bonds between the analyte sensing
component and one or more proteins and/or another analyie sensing component. One or
more of the polymer membrancs can have one or more proteins. In some embodiments, the
proteins are the same, or substantially the same, while in other embodiments, sensing
membrane can have two or more different types of proteins.  In some embodiments, the
proteins are bovine serom albumin,

18051} In some embodiments, the nucleophilic group can be a functional group on
one ot more crosslinks in one or more of the pelymer membranes. The crosslinks can be
prescnt between the pyridine nitrogen atoms of formulac (1) and (Ia) or between the nitrogen
atoms of the amine groups in a membrane having crosslinked proteins,

8052 The crosslinks can be derived from crosslinking agents containing two or
more cpoxide groups.  Chemical reaction of the cpoxides with the crosslinkable
fonctionalitics of the copolymer of the sensing membrane and/or the copolymer of the
protective membrane can proceed through wnucleophilic attack of the crosshinkable
functionality at the clectrophilic epoexide carboun atom, providing a crosshink contalning two
or more secondary alcohol moictics.  For cxample, a copolymer having mitrogen

fumctionalities, such as a pyridine group, can react with a crosshinking agent having epoxide

17
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groups to provide crosslinks containing B-hydroxy amine functionalities,
{6653} In some embodiments, the crosshinks mclude poly(ethviene glycol) (PEG).

For example, the crosslinks can have the structure of formula V)

OH
OH - e ?

{1V
wherein 718 0, 1,2, 3,4, 5,6, 7, 8, $or 10,
16054] In certain embodiments, z is an average value of from about 5 to about 250,
[B055] In other embodiments, z is such that the number average molecular weight

(M) of the PEG portion of the crosslinks is about 200 to about 10,000, For example, z can be
sclected such that the M, of the PEG portion of the crosstinks falls within a range i Table 6:

Table 6. M, range of the poly{styrence) (PEG) of the crosslinks
{values are approximate).

Low High
100 SO0

500 1,000
1,000 2,000
2,600 3,000
3,000 4,000
4,000 3.000
3,000 6,000
6,000 7,000
7,000 8,000
8,000 9,000
9,000 13,000

18056} Suitable crosshnks are derived from, for example, diglycidyl ether, NN-

diglycidyl-4-glycidyloxyaniline, and dicthylenc glyeol diglyeidyl ether,

8057} In some embodiments, the crosslinks can be formed through carbon-nitrogen
double bonds between the mitrogen atoms of amine groups on the proteins and/or analyte
sensing component and carbon atoms in the crosslinks. In some embodiments, the crosslinks

18
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can be dertved from di-carbonyl compounds. For example, the crosslinks of the sensing
membrane can have the structure of formula (V)
g R
A. :,'“‘{’L‘Rbk}i\ A
N N
V)
where A is independently a protein or an analyte sensing component, R 1s Co-Caalkyl or a
hydrophilic group and R” is independently hydrogen or -C-Cyatkyl, where R® includes onc
or more nucleophilic groups. R” can be soluble in water or a water-miseible solvent, such as
an alcohol, and can have one or more heteroatoms (e.g., nitrogen, oxygen or sulfur). In some
cmbodiments, the crosslinks have ovne or more hydroxy groups. For exanple, R" can have
the structure of formuda (V). It is understood from formula (V) that the crosshinks have two
carbons in addition to the R® group. Thus, crosslinks referred to herein as having a certain
number of carbon atoms (e.g., Cq) will have an R” group with two less carbon atorns (e.g.,
(o). For exanple, “Cyalkyl crosslinks™ have an R’ group that is Cralkyl.
[8458] In some embodimenis, the crosshinks include one or more alkylene oxide
vnits.  The alkyvlene oxide units can be i the form of a polymer, such as poly(ethylene
glycol), poly(propylene glycol), poly{butylene oxide) or a mixture thereof, and can be #
copolymer including a combination of two or three differcnt afkylene oxide units. In some
embodiments, the poly(alkylene oxide) of the crosslinks is a block copelymer inclading
blocks of two or three different poly{alkylene oxide) polymers. In certain embodiments, the
poly(alkyiene oxide) is a block copolymer of poly{cthylene glycoly and poely{propylenc
glycol). In other embodiments, the crosshinks and the (meth)acryviate-derived units include

poly(ethylene glycol).

Examples

19
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Example 1. Preparation and sterilization of an analyte sensor.

18859} A sobution of glucose oxidase {10 mg, type VIi, Sigma) in PBS (400 ul) was
mixed with HEMA (225 uly, PEGMA (175 ul.), dicthylencglycol dimethacrylate (4 ol), and
2,2-dimethoxy-2-phenylacetophenone (2 mg). The resulting mixtore was deposited onto
platimmm electrodes and cured with 365 nm UV Light for § minutes to provide a ghicose
scusor. A number of sensors were made in the same way. A group of the sensors (Group 1)
underwent Et( sterilization (at 37 °C for 6 hours at 750 mg/L). Awncther group (Group 2)
were stored vnder ambient conditions without sterilization.  Groups | and 2 were tested at
concentrations of ghicose in phosphate buffered saline (PBS) ranging from 50 uM to 1500
wm. The sensors were submerged in PBS and the glucose concentration was increased every
10-15 mimstes. The current generated at the electrode of cach sensor was measured using a

potentiostat (Figare 1),
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CLAIMS

1. An analyte sensor comprising:

a polymer membrane having a nucleophilic group; and

an apnalyte sensing component erbedded in the polymer membrane,
wherein

the nucleophilic group is able 1o chemically react with ethylene oxide.

2. The analyte sensor of claim 1, whercin the analyte sensing component is glucose
oxidase.
3. The analyte sensor of claim |, wherein the polymer membrane is in contact with one

or more efectrodes.

4, The analyte sensor of claim 1, wherein the nucleophilic group comprises a
heteroatom.

5. The analyte sensor of clatm 1, wherein the nuclcophilic group 15 an alcohol.

6. The analyte sensor of claim |, wherein the nucleophilic group is a pyridinyl group.
7. The analyte sensor of claim 1, whercin the mucleophilic group is negatively charged.

8. The analyte sensor of claim 7, wherein the mucleophilic group is a carboxylate.

9. The analyte sensor of claim 7, wherein the nucleophilic group is a sulfonate.
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10. The analyte sensor of claim 1, wherein the polymer membrane comprises viny|

pyridine-derived units,

1. The analyte sensor of claim 1, wherein the polymer membrane comprises

{meth)acrylate-derived units having a nucleophilic group.

12 The method of claim 11, wherein the (methiacrylate-derived units have the structure

of formula (1)

wherein

R is a hydrophilic group kaving one or more nucleophilic groups.

13 The analyte sensor of claim {1, wherein the (meth)acrylate-derived units have the

stracture of formuda (Ifa):

wherein

X 18 -0-, -NR’- or -§-; and
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vis,1,2,3,4,5,6,7,8,9or 14,

wherein R 18 hydrogen or -C-Craalkyl,

14.  The analyte sensor of claim 13, wherein the (methjacrylate-derived units are derived

from 2-hydroxyethylmethacryiate.

15 The analyte sensor of claim 11, wherein the (methlacrylate-derived units bave the

structure of formula (1H):

(1D

wherein
L is a bond, Ci-Cealkyl, -Y-C1-Csalkyl or a hydrophilic group; and
R" is a negatively charged group,

wherein Y 18 Y is -0, -NR’- or -S-, and R’ is hydrogen or -C-Cralkylh

16. The avalyte sensor of clabm 15, wherein the (mothyacrylate-derived umit has a

structure of formula (Iila):

wherein

Y is -0-, -NR’- or -58-;
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R® is a negatively charged group; and

uis 1,2,3,4,5,6,7,8, 9 0r 10,

!
2 T3

wherein R’ is hydrogen or -C-Craalkyt .

17. The analyte sensor of claim 1, wherein the polymer membrane has crosshinks of

formula (IV}):

?z{\‘; \0‘/{\/ O‘E/(E}Z

av)
wherein
zi180,1,2,3,4,5,6,7, 8 9or 10.
18. The analyte sensor of claim 1, whercin the polymer membrane bas crosslinks of

formmida (IV):

OH
EKY\O’{\/DM%{
OH ¢ ﬂ

{(Iv)

wherein

z is an average value of from about 5 to about 250.

19, A method for sterifizing an analyte sensor, comprising:
contacting the analyte sensor with ethylene oxide,
wherein the analyte sensor comprises:
a polymer membrane having a nucleophilic groun; and
an analyte sensing component crubedded in the polymer membrane.

24



WO 2015/100131 PCT/US2014/071170

20, An analvie sensor comprising:
a polymer membrane having one or more mucleophilic groups; and
an analyte sensing component embedded in the polymer membrane,
wherein

at least a portion of the nucleophilic groups have reacted with ethviene oxide.

NS
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