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SENSORS WITH THROMBORESISTANT 
COATING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Patent Application No. 61/247,500, ?led Sep. 30, 2009 the 
disclosure of Which is hereby expressly incorporated by ref 
erence and hereby expressly made a portion of this applica 
tion. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] Embodiments of the present invention generally 
relate to thromboresistant coatings for medical devices, such 
as intravascular glucose sensors, having a blood-contacting 
surface, as Well as to methods for forming such coatings, and 
to the medical devices thus formed. 
[0004] 2. Description of the Related Art 
[0005] Achieving glycemic control is facilitated by con 
tinuous or nearly continuous monitoring of patient blood 
glucose levels. One method for accomplishing such monitor 
ing is through the use of an implanted glucose sensor. For 
example, an optical glucose sensor, such as those disclosed in 
US. Pat. Nos. 5,137,033, 5,512,246, 5,503,770, 6,627,177, 
7,417,164 and 7,470,420, and US. Patent Publ. Nos. 2006/ 
0083688, 2008/0188722, 2008/0188725, 2008/0187655, 
2008/0305009, 2009/0018426, 2009/0018418, and co-pend 
ing US. patent application Ser. Nos. 11/296,898, 12/187,248, 
12/172,059, 12/274,617 and 61/045,887 (each of Which is 
incorporated herein in its entirety by reference thereto), can 
be deployed in the vascular system of the patient, With glu 
cose readings taken continuously, or as needed. Of course, 
any indWelling intravascular glucose sensor can potentially 
be used in monitoring glucose for the purpose of achieving 
glycemic control. 
[0006] The presence of foreign bodies in the vascular sys 
tem of patients, such as intravascular glucose sensors, can 
lead to the formation of a blood clot or thrombus around the 
sensor. In some cases, the thrombus can result in the restric 
tion of blood ?oW through the blood vessel, impairing func 
tionality of the sensor and/or health of the patient. In some 
cases, the thrombus can break off and travel through the 
bloodstream to other parts of the body, such as the heart or 
brain, leading to severe health problems. As result, it is desir 
able to minimiZe the formation of a thrombus on or near the 
sensor. 

[0007] Heparin has been used clinically for decades as an 
intravenous anticoagulant to treat clotting disorders and to 
prevent thrombus formation during surgery and interven 
tional procedures. Coating the outer surface of a medical 
device, e.g., stents, prostheses, catheters, tubing, and blood 
storage vessels, With heparin or a heparin containing complex 
(See, e.g., U.S. Reissued Patent No. RE39,438 to Shah, et al.) 
may reduce the thrombogenecity of the device When it comes 
into contact With blood by: (1) inhibiting enZymes critical to 
the formation of ?brin (Which holds thrombi together); (2) 
reducing the adsorption of blood proteins, Which may lead to 
undesirable reactions on the device surface; and (3) reducing 
the adhesion and activation of platelets, Which play an impor 
tant role in thrombogenesis. Ideally, the heparin coating sub 
stantially shields the blood from the underlying surface of the 
medical device, such that the blood components contact the 
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heparin coating rather than the device surface, thus reducing 
the formation of thrombi or emboli (blood clots that release 
and travel doWnstream). 
[0008] Unfortunately, depending on the surface material of 
the device, heparin may not provide a lasting and/or contigu 
ous thromboresistant coating. Various strategies have been 
implemented to enhance the integrity of the heparin coating. 
For example, photo-activated coupling methods can be used 
to covalently bind heparin to a device surface thereby extend 
ing the useful life of the coating (See e.g., Surmodics’ PHO 
TOLINK® process at WWW. surmodics.com/technologies 
surface-biocompatibility-heparin.html). Alternatively, for 
certain materials, e.g., PVC, linkers such as tridodecylmethyl 
ammonium chloride (TDMAC) and PEO-polyethylene 
oxide, among others, have been used to space the heparin 
molecule aWay from the PVC surfaces (See e.g., US. Pat. No. 
5,441,759 to Crouther et al.). Heparin may be cross-linked to 
polypeptides to create a thromboresistant hydrogel With pep 
tide-speci?c functionality (See e.g., US. Pat. No. 7,303,814 
to Lamberti, et al. disclosing a Wound-healing functionality). 
Heparin derivatives or complexes, such as heparin benZalko 
nium chloride (hereinafter “HBAC”), have also been applied 
as a thromboresistant coating for medical devices. HoWever, 
HBAC has not been used With success for devices, such as 
intravascular analyte sensors, that require passage of the ana 
lyte in the blood through the coating. Moreover, Hsu (US. 
Pat. No. 5,047,020) disclosed use of various heparin com 
plexes for coating blood gas sensors and noted that the ben 
Zalkonium heparin complex Was unsuitable for such an intra 
vascular sensor. 

[0009] Accordingly, there is an important unmet need for a 
thromboresistant coating and methods for applying such a 
coating to an intravascular analyte sensor, and in particular, a 
glucose sensor. 

SUMMARY OF THE INVENTION 

[0010] Embodiments of the invention relate to an analyte 
sensor, comprising: an elongate member; an analyte-respon 
sive indicator disposed along a distal portion of the elongate 
member, Wherein the indicator is capable of generating a 
signal related to a concentration of analyte in the blood vessel; 
a porous membrane covering at least the indicator along the 
distal portion of the elongate member; and a coating compris 
ing heparin and benZalkonium stably associated With at least 
a portion of the porous membrane. 
[0011] In preferred embodiments of the analyte sensor, the 
elongate member comprises an optical ?ber comprising a 
light path. The analyte-responsive indicator preferably com 
prises a ?uorophore operably coupled to an analyte binding 
moiety, Wherein analyte binding causes a change in the emis 
sion intensity of the ?uorophore, and Wherein the analyte 
responsive indictor is disposed Within the light path of the 
optical ?ber. More preferably, the ?uorophore is HPTS-tri 
CysMA and the binding moiety is 3,3'-oBBV. 
[0012] In certain embodiments, the porous membrane is a 
microporous membrane. The microporous membrane may 
comprise one or more polymers selected from a group con 
sisting of the polyole?ns, the ?uoropolymers, the polycar 
bonates, and the polysulfones. More preferably, the 
microporous membrane comprises at least one ?uoropoly 
mer. The at least one ?uoropolymer may be selected from the 
group consisting of polytetra?uoroethylene, per?uoroalkoxy 
polymer, ?uorinated ethylene-propylene, polyethylenetet 
ra?uoroethylene, polyvinyl?uoride, polyethylenechlorotrif 
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luoroethylene, polyvinylidene ?uoride, polychlorotri?uoro 
ethylene, per?uoropolyether, per?uoroelastomer, and 
?uoroelastomer. 
[0013] In other embodiments of the analyte sensor, the 
microporous membrane comprises at least one polyole?n. 
The polyole?n is preferably polyethylene. 
[0014] An equilibrium intravascular analyte sensor is dis 
closed in accordance With other embodiments of the inven 
tion. The equilibrium intravascular analyte sensor comprises: 
an optical ?ber con?gured for positioning Within a blood 
vessel and comprising a light path and an outer surface; a 
chemical indicator system comprising a ?uorophore operably 
coupled to an analyte binding moiety, Wherein the ?uoro 
phore and analyte binding moiety are immobiliZed Within a 
Water-insoluble organic polymer, and Wherein the chemical 
indicator system is disposed Within the light path along a 
distal portion of the optical ?ber; and an antithrombogenic, 
analyte-permeable coating on at least a portion of the outer 
surface of the optical ?ber and overlying the chemical indi 
cator system disposed therein, Wherein the coating comprises 
heparin covalently cross-linked to the outer surface. 
[0015] The ?uorophore is preferably HPTS-triCysMA and 
the binding moiety is preferably 3,3'-oBBV. 
[0016] The equilibrium intravascular analyte sensor may 
further comprise a porous, analyte-permeable membrane dis 
posed betWeen the chemical indicator system and the anti 
thrombogenic coating. 
[0017] A method for reducing the thrombogenicity of an 
analyte sensor is disclosed in accordance With other embodi 
ments of the invention. The method comprises: providing the 
analyte sensor comprising an elongate optical ?ber de?ning a 
light path, an equilibrium ?uorescent chemical indicator sys 
tem disposed along a distal region of the optical ?ber Within 
the light path, and an analyte-permeable porous membrane, 
Which forms an outer layer of at least a portion of the distal 
region, Wherein the indicator system is covered by the porous 
membrane; contacting the analyte sensor With a single solu 
tion comprising a mixture of heparin and benZalkonium, or 
With separate ?rst and second solutions, Wherein the ?rst 
solution comprises heparin and the second solution com 
prises benZalkonium; drying the analyte sensor; and repeat 
ing the contacting and drying steps betWeen 2 and 10 times. 
[0018] In preferred embodiments of the method, the equi 
librium ?uorescent chemical indicator system comprises a 
?uorophore and an analyte binding moiety, immobilized 
Within a Water-insoluble organic polymer. The ?uorophore 
may be HPTS-triCysMA, the binding moiety may be 3,3‘ 
oBBV, and the Water-insoluble organic polymer may be a 
DMAA (N ,N-dimethylacrylamide) hydrogel matrix. 
[0019] In another embodiment of the invention, a method is 
disclosed for reducing the thrombogenicity of an analyte 
sensor. The method comprises: providing the analyte sensor 
comprising an elongate optical ?ber de?ning a light path, an 
equilibrium ?uorescent chemical indicator system disposed 
along a distal region of the optical ?ber Within the light path, 
and an analyte-permeable porous membrane, Which forms an 
outer surface over at least a portion of the distal region, 
Wherein the indicator system is covered by the porous mem 
brane; providing a photoactivatable chemical linking agent 
and an antithrombogenic molecule, Wherein the linking agent 
is capable, upon activation, of covalent attachment to the 
outer surface and the antithrombogenic molecule, Wherein 
the linking agent comprises a charged, nonpolymeric di- or 
higher functional photoactivatable compound comprising 
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tWo or more photoreactive groups and one or more charged 
groups; and activating the tWo or more photoreactive groups, 
thereby cross-linking the antithrombogenic molecule to the 
outer surface. 
[0020] The equilibrium ?uorescent chemical indicator sys 
tem preferably comprises a ?uorophore and an analyte bind 
ing moiety, immobiliZed Within a Water-insoluble organic 
polymer. In certain preferred embodiments of the method, the 
?uorophore is HPTS-triCysMA, the binding moiety is 3,3‘ 
oBBV, and the Water-insoluble organic polymer is a DMAA 
(N ,N-dimethylacrylamide) hydrogel matrix. 
[0021] In certain preferred embodiments of the method, the 
porous membrane comprises microporous polyethylene. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a cut-aWay vieW of a sensor Where a portion 
of the porous membrane sheath is cut aWay to expose the 
optical ?ber and hydro gel beneath the membrane. 
[0023] FIG. 2 is a cross-sectional vieW along a longitudinal 
axis of a sensor With a hydrogel disposed distal the optical 
?ber. 
[0024] FIG. 3A shoWs a glucose sensor having a series of 
holes that form a helical con?guration. 
[0025] FIG. 3B shoWs a glucose sensor having a series of 
holes drilled or formed at an angle. 
[0026] FIG. 3C shoWs a glucose sensor having at least one 
spiral groove. 
[0027] FIG. 3D shoWs a glucose sensor having a series of 
triangular Wedge cut-outs. 
[0028] FIG. 4 shoWs a cross-sectional vieW of one embodi 
ment of a glucose sensor having a cavity in the distal portion 
of the sensor. 

[0029] FIG. 5 shoWs a glucose measurement system com 
prising tWo excitation light sources and a microspectrometer 
and/or spectrometer. 
[0030] FIGS. 6A and 6B shoW alternative embodiments of 
an optical glucose sensor, Wherein the optical sensor is sur 
rounded by a tubular mesh (FIG. 6A) or coil (FIG. 6B), Which 
is further surrounded by a polymeric material With an open 
WindoW. 
[0031] FIG. 7A illustrates the adhesion of a coating of 
heparin benZalkonium to a microporous membrane section of 
a sensor. 

[0032] FIG. 7B illustrates the adhesion of a coating of 
heparin benZalkonium to a nonporous precursor section of a 
sensor. 

[0033] FIG. 8 shoWs the heparin activity of a glucose sensor 
that has undergone heparin soaking. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0034] The folloWing description and examples illustrate a 
preferred embodiment of the present invention in detail. 
Those of skill in the art Will recogniZe that there are numerous 
variations and modi?cations of this invention that are encom 
passed Within its scope. Accordingly, the description of a 
preferred embodiment should not be deemed to limit the 
scope of the present invention. 
[0035] Various embodiments disclosed herein are gener 
ally directed toWards analyte sensors con?gured for in vivo 
deployment (e.g., intravascular, interstitial, etc.), preferably 
glucose sensors, Wherein the sensors further comprise a 
thromboresistant outer surface, preferably a coating. Meth 
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ods of coating sensors to create a thromoboresistant outer 
surface are also disclosed. Of course, intravascular sensors 
for detecting other analytes besides glucose may also bene?t 
from aspects of the invention, e.g., reducing, inhibiting, and/ 
or preventing blood clot or thrombus formation around the 
sensor. 

DEFINITIONS 

[0036] Unless de?ned otherWise, technical and scienti?c 
terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. For purposes of the present invention, the 
folloWing terms are de?ned beloW. 
[0037] “Porous” is used herein to refer to material that has 
pores in it to alloW permeation of chemical species through 
the material. The material can be “nanoporous” meaning the 
material has a mean pore diameter of less than about 2 nm. 
The material can be “microporous” meaning the material has 
a mean pore diameter betWeen about 2 nm and about 50 nm. 
The material can be “mesoporous” meaning that the material 
has a mean pore diameter of greater than about 50 nm. The 
material can also be semipermeable, alloWing only some 
chemical species to pass through While preventing or inhib 
iting other materials from passing through. 
[0038] “Polyole?n” is used herein to refer to polymers pro 
duced from ole?ns, including copolymers. TWo primary 
examples are polyethylene and polypropylene. Many differ 
ent grades of these are available, With the grades frequently 
described in terms of molecular Weight or density. Polymers 
from longer chain monomers than tWo or three carbons are 
also included. 
[0039] “Fluoropolymer” is used herein to refer to polymers 
that contain chlorine and/ or ?uorine atoms. Examples include 
polytetra?uoroethylene, per?uoroalkoxy polymer, ?uori 
nated ethylene-propylene, polyethylenetetra?uoroethylene, 
polyvinyl?uoride, polyethylenechlorotri?uoroethylene, 
polyvinylidene ?uoride, polychlorotri?uoroethylene, per 
?uoropolyether, per?uoroelastomer, and ?uoroelastomer. 
These materials may be rigid or elastomeric. Trade names 

include TEFLON, TEFZEL, FLUON, TEDLAR, HALAR, 
KYNAR, KEL-F, CTFE, KALREZ, TECNOFLON, FFKM, 
VITON, FOMBLIN, and GALDEN. 
[0040] “Polycarbonate” is used herein to refer to polymers 
having functional groups linked by carbonate groups. Trade 
names include LEXAN, CALIBRE, MAKROLON, PAN 
LITE, and MAKROLIFE. 
[0041] “Polysulfone” is used herein to refer to polymers 
containing the sulfone or sulfonyl group, and are most com 
monly made up of the subunit (aryl 1)-SO2-(aryl 2). 
[0042] “Heparin” as used herein includes polysaccharide 
materials having anticoagulant and/or antithrombotic prop 
er‘ties, and is frequently referred to as containing alternating 
derivatives of D-glycocyamine (N-sulfated or N-acetylated) 
and uranic acid (L-iduronic acid With varying sulfate or 
D-glucuronic acid) joined by glycosidic linkages, or as 
including heterogeneous mixtures of variably sulfated 
polysaccharide chains composed of repeating units of D-glu 
cosamine and either L-iduronic or D-glucuronic acids. Hep 
arin can be derived from natural sources, such as bovine or 
porcine mucosal tissue, such as from the lung or intestine, and 
can have varying molecular Weight. 
[0043] “BenZalkonium chloride” is used herein to refer to 
halogen salts of quaternary ammonium compounds and mix 
tures of quaternary ammonium compounds primarily having 
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a benZyl and three R-groups attached to the nitrogen, as 
depicted in the folloWing structure: 

Where R1 is in alkyl group having from about one to about ?ve 
carbons, R2 is an alkyl group having about one to about ?ve 
carbons, R3 is an alkyl group having about six to about 22 
carbons, and X“ is a halogen counterion. While the use of the 
Word “chloride” refers to a speci?c halogen counter ion hav 
ing atomic number 17, any halogen counter ion, such as 
?uoride, chloride, bromide, iodide, etc., With the most com 
monly used counter ion being chloride may be used in aspects 
of the present invention. Furthermore, “benZalkonium” is 
used herein to refer to the quaternary ammonium compound 
itself. Thus, the halogen salt “benZalkonium chloride” com 
prises “benZalkonium” and a chloride counter ion. “HBAC” 
is used herein to refer to complexes of heparin and benZalko 
nium chloride. Varying grades and molecular Weights of hep 
arin can be used. Varying grades ofbenZalkonium chloride, as 
Well as other salts of benZalkonium ion having various chain 
lengths for the R-groups, Whether in puri?ed or mixed forms, 
or combined With other related or unrelated compounds can 
also be used. 

Analyte Sensors 

[0044] Analyte sensors suitable for coating With a throm 
boresistant surface include those analyte sensors having a 
polymeric external surface on at least a portion of the sensor. 
Preferably, that portion of the sensor is con?gured for in vivo 
deployment, and more preferably for intravascular deploy 
ment. Polymeric materials that can be utiliZed as a portion of 
the external surface include hydrophobic polymers such as 
polyole?ns (for example polyethylene and polypropylene), 
polycarbonate, polysulfone, and ?uorocarbons. In some 
embodiments, the polymeric material can be nanoporous. In 
some embodiments, the polymeric material can be 
microporous. In certain such embodiments, the mean pore 
diameter may be betWeen about 2 nm and about 10 nm, or 
betWeen about 10 nm and about 20 nm, or betWeen about 20 
nm and 30 nm, or betWeen about 30 nm and about 40 nm, or 
betWeen about 40 nm and about 50 nm, including combina 
tions of the aforementioned ranges. Thus, for example, in 
certain embodiments, the mean pore diameter may be 
betWeen about 10 nm and about 30 nm, or betWeen about 20 
nm and about 40 nm. In other embodiments, the polymeric 
material can be mesoporous. 

[0045] In some embodiments, the porous polymeric sur 
face can be a covering or sheath for at least a portion of the 
body of the sensor. When the polymeric surface is a covering 
or sheath, it can be made and/or applied by any suitable 
method. Sensors can be constructed in various Ways, appro 
priate to the sensing chemistry/technique that is utiliZed by 
the sensor. In one embodiment, an optical sensor, such as a 
sensor producing a ?uorescent response in relation to the 
analyte concentration can have a porous polymeric outer sur 
face for at least a portion of the sensor assembly. 

[0046] In some embodiments, a sensor can include an 
insoluble polymeric matrix, Which immobiliZes the analyte 
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sensitive chemical indicator systems and is suf?ciently per 
meable to the analyte of interest. Suitable polymeric matrix 
materials include those related to acrylic polymers. In some 
embodiments, ?uorophores and/ or binders/quenchers can be 
incorporated into the polymeric matrix (See e.g., U.S. Pat. 
Nos. 6,627,177, 7,470,420 and 7,417,164; each of Which is 
incorporated herein in its entirety by reference). 
[0047] Any other intravascular glucose sensor may be used 
in accordance With embodiments of the invention, including 
for example the electrochemical sensors disclosed in Us. 
Publication Nos. 2008/0119704, 2008/0197024, 2008/ 
0200788, 2008/0200789 and 2008/0200791. 
[0048] Preferred embodiments of the glucose sensor are 
con?gured for implantation into a patient. For example, 
implantation of the sensor may be made in the arterial or 
venous systems for direct testing of glucose levels in blood. 
The site of implantation may affect the particular shape, com 
ponents, and con?guration of the sensor. In some embodi 
ments, the sensor may be con?gured for interstitial deploy 
ment. 

[0049] Examples of glucose-sensing chemical indicator 
systems and glucose sensor con?gurations for intravascular 
glucose monitoring include the optical sensors disclosed in 
Us. Pat. Nos. 5,137,033, 5,512,246, 5,503,770, 6,627,177, 
7,417,164 and 7,470,420, and Us. Patent Publ. Nos. 2008/ 
0188722, 2008/0188725, 2008/0187655, 2008/0305009, 
2009/0018426, 2009/0018418, and co-pending U.S. patent 
application Ser. Nos. 11/296,898, 12/187,248, 12/172,059, 
12/274,617 and 12/424,902; each of Which is incorporated 
herein in its entirety by reference thereto. 
[0050] Other glucose sensors con?gured for intravascular 
deployment include electrochemical sensors, such as those 
disclosed in Us. Patent Publ. Nos. 2008/0119704, 2008/ 
0197024, 2008/0200788, 2008/0200789 and 2008/0200791; 
each of Which is incorporated herein in its entirety by refer 
ence thereto. 

[0051] An optical glucose sensor in accordance With pre 
ferred embodiments of the present invention comprises a 
chemical indicator system. Some useful indicator systems 
comprise a ?uorophore operably coupled to an analyte bind 
ing moiety, Wherein analyte binding causes an apparent opti 
cal change in the ?uorophore concentration (e.g., emission 
intensity). For example, a glucose binding moiety such as 
3,3'-oBBV that is operably coupled to a ?uorescent dye such 
as HPTS-triCysMA Will quench the emission intensity of the 
?uorescent dye, Wherein the extent of quenching is reduced 
upon glucose binding resulting in an increase in emission 
intensity related to glucose concentration. In further preferred 
embodiments, the indicator systems also comprise a means 
for immobilizing the sensing moieties (e.g., dye-quencher) 
such that they remain physically close enough to one another 
to react (quenching). Such immobilizing means are prefer 
ably insoluble in an aqueous environment (e.g., intravascu 
lar), permeable to the target analytes, and impermeable to the 
sensing moieties. Typically, the immobilizing means com 
prises a Water-insoluble organic polymer matrix. For 
example, the HPTS-triCysMA dye and 3,3'-oBBV quencher 
may be effectively immobilized Within a DMAA (N,N-dim 
ethylacrylamide) hydrogel matrix. 
[0052] Some preferred ?uorophores (e.g., HPTS-tri 
CysMA), quenchers/analyte binding moieties (e.g., 3,3' 
oBBV) and immobilizing means (e.g., N,N-dimethylacryla 
mide), as Well as methods for synthesizing and assembling 
such indicator systems are set forth in greater detail in Us. 

Mar. 31, 2011 

Pat. Nos. 6,627,177, 7,417,164 and 7,470,420, and Us. 
Patent Publ. Nos. 2008/0188722, 2008/0188725, 2008/ 
0187655, 2008/0305009, 2009/0018426, 2009/0018418, and 
co-pending U.S. patent application Ser. Nos. 12/187,248, 
12/172,059, 12/274,617 and 12/424,902. 
[0053] Other indicator chemistries, such as those disclosed 
in Us. Pat. Nos. 5,176,882 to Gray et al. and 5,137,833 to 
Russell, can also be used in accordance With embodiments of 
the present invention; both of Which are incorporated herein 
in their entireties by reference thereto. In some embodiments, 
an indicator system may comprise an analyte binding protein 
operably coupled to a ?uorophore, such as the indicator sys 
tems and glucose binding proteins disclosed in Us. Pat. Nos. 
6,197,534, 6,227,627, 6,521,447, 6,855,556, 7,064,103, 
7,316,909, 7,326,538, 7,345,160, and 7,496,392, U.S. Patent 
Application Publication Nos. 2003/ 0232383, 2005/ 0059097, 
2005/0282225, 2009/0104714, 2008/0311675, 2008/ 
0261255, 2007/0136825, 2007/0207498, and 2009/0048430, 
and PCT International Publication Nos. WO 2009/021052, 
WO 2009/036070, WO 2009/021026, WO 2009/021039, 
WO 2003/060464, and WO 2008/072338 Which are hereby 
incorporated by reference herein in their entireties. 
[0054] FIG. 1 shoWs a sensor 2 in accordance With an 
embodiment of the present invention. The sensor comprises 
an optical ?ber 10 With a distal end 12 disposed in a porous 
membrane sheath 14. The optical ?ber 10 has cavities, such as 
holes 6A, in the ?ber optic Wall that can be formed by, for 
example, mechanical means such as drilling or cutting. The 
holes 6A in the optical ?ber 10 can be ?lled With a suitable 
compound, such as a polymer. In some embodiments, the 
polymer is a hydrogel 8. In other embodiments of the sensor 
2 as shoWn in FIG. 2, the optical ?ber 10 does not have holes 
6A, and instead, the hydrogel 8 is disposed in a space distal to 
the distal end 12 of the optical ?ber 10 and proximal to the 
mirror 23. In some embodiments, the sensor 2 is a glucose 
sensor. In some embodiments, the glucose sensor is an intra 
vascular glucose sensor. 
[0055] In some embodiments, the porous membrane sheath 
14 can be made from a polymeric material such as polyeth 
ylene, polycarbonate, polysulfone or polypropylene. Other 
materials can also be used to make the porous membrane 
sheath 14 such as zeolites, ceramics, metals, or combinations 
of these materials. In some embodiments, the porous mem 
brane sheath 14 may be nanoporous. In other embodiments, 
the porous membrane sheath 14 may be microporous. In still 
other embodiments, the porous membrane sheath 14 may be 
mesoporous. 
[0056] In some embodiments as shoWn in FIG. 2, the 
porous membrane sheath 14 is attached to the optical ?ber 10 
by a connector 16. For example, the connector 16 can be an 
elastic collar that holds the porous membrane sheath 14 in 
place by exerting a compressive force on the optical ?ber 10, 
as shoWn in FIG. 2. In other embodiments, the connector 16 is 
an adhesive or a thermal Weld. 

[0057] In some embodiments as shoWn in FIG. 1, a mirror 
23 and thermistor 25 can be placed Within the porous mem 
brane sheath 14 distal the distal end 12 of the optical ?ber 10. 
Thermistor leads 27 can be made to run in a space betWeen the 
optical ?ber 10 and porous membrane sheath 14. Although a 
thermistor 25 is shoWn, other devices such as a thermocouple, 
pressure transducer, an oxygen sensor, a carbon dioxide sen 
sor or a pH sensor for example can be used instead. 

[0058] In some embodiments as shoWn in FIG. 2, the distal 
end 18 of the porous membrane sheath 14 is open and can be 
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sealed With, for example, an adhesive 20. In some embodi 
ments, the adhesive 20 can comprise a polymerizable mate 
rial that can ?ll the distal end 18 and then be polymerized into 
a plug. Alternatively, in other embodiments the distal end 18 
can be thermally Welded by melting a portion of the poly 
meric material on the distal end 18, closing the opening and 
alloWing the melted polymeric material to resolidify. In other 
embodiments as shoWn in FIG. 1, a polymeric plug 21 can be 
inserted into the distal end 18 and thermally heated to Weld 
the plug to the porous membrane sheath 14. Ihemoplastic 
polymeric materials such as polyethylene, polypropylene, 
polycarbonate and polysulfone are particularly suited for 
thermal Welding. In other embodiments, the distal end 18 of 
the porous membrane sheath 14 can be sealed against the 
optical ?ber 10. 
[0059] After the porous membrane sheath 14 is attached to 
the optical ?ber 10 and the distal end 18 of the porous mem 
brane sheath 14 is sealed, the sensor 2 can be vacuum ?lled 
With a ?rst solution comprising a monomer, a crosslinker and 
a ?rst initiator. Vacuum ?lling of a polymerizable solution 
through a porous membrane and into a cavity in a sensor is 
described in detail in Us. Pat. No. 5,618,587 to Markle et al.; 
incorporated herein in its entirety by reference thereto. The 
?rst solution is alloWed to ?ll the cavity 6 Within the optical 
?ber 10. 

[0060] In some embodiments, the ?rst solution is aqueous 
and the monomer, the crosslinker and the ?rst initiator are 
soluble in Water. For example, in some embodiments, the 
monomer is acrylamide, the crosslinker is bisacrylamide and 
the ?rst initiator is ammonium persulfate. In other embodi 
ments, the monomer is dimethylacrylamide or N-hydroxym 
ethylacrylamide. By increasing the concentrations of the 
monomer and/or crosslinker, the porosity of the resulting gel 
can be decreased. Conversely, by decreasing the concentra 
tions of the monomer and/ or crosslinker, the porosity of the 
resulting gel can be increased. Other types of monomers and 
crosslinkers are also contemplated. In other embodiments, 
the ?rst solution further comprises an analyte indicator sys 
tem comprising a ?uorophore and an analyte binding moiety 
that functions to quench the ?uorescent emission of the ?uo 
rophore by an amount related to the concentration of the 
analyte. In some embodiments, the ?uorophore and analyte 
binding moiety are immobilized during polymerization, such 
that the ?uorophore and analyte binding moiety are operably 
coupled. In other embodiments, the ?uorophore and analyte 
binding moiety are covalently linked. The indicator system 
chemistry may also be covalently linked to the polymeric 
matrix. 

[0061] In some embodiments, after the sensor 2 is ?lled 
With the ?rst solution, the optical ?ber 10 and the ?rst solution 
?lled porous membrane sheath 14 and cavity 6 are transferred 
to and immersed into a second solution comprising a second 
initiator. In some embodiments, the second solution is aque 
ous and the second initiator is tetramethylethylenediamine 
(TEMED). In some embodiments, the second solution further 
comprises the same ?uorescent dye and/or quencher found in 
the ?rst solution and in substantially the same concentrations. 
By having the ?uorescent dye and quencher in both the ?rst 
solution and the second solution, diffusion of ?uorescent dye 
and quencher out of the ?rst solution and into the second 
solution can be reduced. In some embodiments Where a sec 

ond solution is used, the second solution further comprises 
monomer in substantially the same concentration as in the 
?rst solution. This reduces diffusion of monomer out of the 
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?rst solution by reducing the monomer gradient betWeen the 
?rst solution and the second solution. 

[0062] In some embodiments, at or approximately at the 
interface betWeen the ?rst and second solutions, the ?rst 
initiator and the second initiator can react together to generate 
a radical. In some embodiments, the ?rst initiator and the 
second initiator react together in a redox reaction. In other 
embodiments, the radical can be generated by thermal 
decomposition, photolytic initiation or initiation by ionizing 
radiation. In these other embodiments, the radical may be 
generated anyWhere in the ?rst solution. Once the radical is 
generated, the radical can then initiate polymerization of the 
monomer and crosslinker in the ?rst solution. 

[0063] When the radical is generated via a redox reaction as 
described herein, the polymerization proceeds generally from 
the interface betWeen the ?rst and second solutions to the 
interior of the porous membrane sheath 14 and toWards the 
cavity in the optical ?ber 10. Rapid initiation of polymeriza 
tion can help reduce the amount of ?rst initiator that can 
diffuse from the ?rst solution and into the second solution. 
Reducing the amount of ?rst initiator that diffuses out of the 
?rst solution helps reduce polymerization of monomer out 
side the porous membrane sheath 14 Which helps in forming 
a smooth external surface. Polymerization of the monomer 
and crosslinker results in a hydrogel 8 that in some embodi 
ments substantially immobilizes the indicator system, form 
ing the sensor 2. Further variations on polymerization meth 
odologies are disclosed in Us. Patent Publ. No. 2008/ 
0187655; incorporated herein in its entirety by reference 
thereto. 

[0064] With reference to FIG. 3A, in certain embodiments, 
the glucose sensor 2 is a solid optical ?ber With a series holes 
6A drilled straight through the sides of the optical ?ber. In 
certain embodiments, the holes 6A are ?lled With the hydro 
gels 8. In certain embodiments, the series of holes 6A that are 
drilled through the glucose sensor 2 are evenly spaced hori 
zontally and evenly rotated around the sides of the glucose 
sensor 2 to form a spiral or helical con?guration. In certain 
embodiments, the series of holes 6A are drilled through the 
diameter of the glucose sensor 2. With reference to FIG. 3B, 
in certain embodiments, the glucose sensor 2 is a solid optical 
?ber With a series of holes 6A drilled through the sides of the 
?ber at an angle. In certain embodiments, the series of holes 
6A drilled at an angle, Which are ?lled With hydrogel 8, are 
evenly spaced horizontally and evenly rotated around the 
sides the glucose sensor 2. With reference to FIG. 3C, in 
certain embodiments, the optical ?ber comprises a groove 6B 
along the length of the optical ?ber, Wherein the groove 6B is 
?lled With hydrogel 8. In certain embodiments, the depth of 
the groove 6B extends to the center of the optical ?ber. In 
certain embodiments, the groove 6B spirals around the opti 
cal ?ber. In certain embodiments, the groove 6B spirals 
around the optical ?ber to complete at least one rotation. In 
certain embodiments, the groove spirals 6B around the opti 
cal ?ber to complete multiple rotations around the optical 
?ber. 

[0065] With reference to FIG. 3D, in certain embodiments, 
the glucose sensor 2 is a solid optical ?ber With triangular 
Wedges 6C cut from the ?ber. In certain embodiments, the 
triangular Wedge areas 6C are ?lled With hydrogel 8. In cer 
tain embodiments, the triangular Wedges cut-outs 6C are 
evenly spaced horizontally and around the sides of the glu 
cose sensor 2. In certain embodiments, all light traveling in 
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the glucose sensor 2 is transmitted through at least one hole 
6A or groove 6B ?lled With hydrogel 8. 

[0066] In certain embodiments, as illustrated in FIG. 4, the 
glucose sensor 2 comprises an optical ?ber 10 having a distal 
end 12, an atraumatic tip portion 134 having a proximal end 
136 and a distal end 138, a cavity 6 betWeen the distal end 12 
of the optical ?ber 10 and the proximal end 136 of the atrau 
matic tip portion 134, and a rod 140 connecting the distal end 
12 of the optical ?ber 10 to the proximal end 136 of the 
atraumatic tip portion 134. A hydrogel 8 containing glucose 
sensing chemistry, for example a ?uorophore and quencher, 
?lls the cavity 6. Covering the hydrogel ?lled cavity 6 is a 
selectively permeable membrane 14 that alloWs passage of 
glucose into and out of the hydrogel 8. Although these 
embodiments are described using a glucose sensor 2, it should 
be understood by a person of ordinary skill in the art that the 
sensor 2 can be modi?ed to measure other analytes by chang 
ing, for example, the sensing chemistry, and if necessary, the 
selectively permeable membrane 14. The proximal portion of 
the sensor 2 comprises the proximal portion of the optical 
?ber 10. In some embodiments, the diameter, D1, of the distal 
portion of the sensor 2 is greater than the diameter, D2, of the 
proximal portion of the sensor 2. For example, the diameter 
D1 of the distal portion of the sensor 2 can be betWeen about 
0.0080 inches and 0.020 inches, While the diameter D2 of the 
proximal portion of the sensor 2 can be betWeen about 0.005 
inches to 0.015 inches. In some embodiments, the diameter 
D1 of the distal portion of the sensor 2 is about 0.012 inches, 
While the diameter D2 of the proximal portion of the sensor 2 
is about 0.010 inches. 

[0067] In some embodiments, the glucose sensor 2 includes 
a temperature sensor 25, such as thermocouple or thermistor. 
The temperature sensor 25 can measure the temperature of 
the hydrogel 8 and glucose sensing chemistry system. The 
temperature sensor 25 is particularly important When the 
glucose sensing chemistry, such as a ?uorophore system, is 
affected by temperature change. For example, in some 
embodiments, the ?uorescence intensity emitted by the ?uo 
rophore system is dependent on the temperature of the ?uo 
rophore system. By measuring the temperature of the ?uoro 
phore system, temperature induced variations in ?uorophore 
?uorescence intensity can be accounted for, alloWing for 
more accurate determination of glucose concentration, as 
more fully described beloW. 

[0068] In certain embodiments, the hydrogels are associ 
ated With a plurality of ?uorophore systems. In certain 
embodiments, the ?uorophore systems comprise a quencher 
With a glucose receptor site. In certain embodiments, When 
there is no glucose present to bind With the glucose receptor, 
the quencher prevents the ?uorophore system from emitting 
light When the dye is excited by an excitation light. In certain 
embodiments, When there is glucose present to bind With the 
glucose receptor, the quencher alloWs the ?uorophore system 
to emit light When the dye is excited by an excitation light. 
[0069] In certain embodiments, the emission produced by 
the ?uorophore system varies With the pH of the solution (for 
example, blood), such that different excitation Wavelengths 
(one exciting the acid form of the ?uorophore and the other 
the base form of the ?uorophore) produce different emissions 
signals. In preferred embodiments, the ratio of the emission 
signal from the acid form of the ?uorophore over the emission 
signal from the base form of the ?uorophore is related to the 
pH level of the blood; the simultaneous measurement of glu 
cose and pH is described in detail in Us. Patent Publication 
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No. 2008/0188722 (incorporated herein in its entirety by 
reference thereto). In certain embodiments, an interference 
?lter is employed to ensure that the tWo excitation lights are 
exciting only one form (the acid form or the base form) of the 
?uorophore. 
[0070] Variations optical sensing systems, light sources, 
hardWare, ?lters, and detection systems are described in 
detail in Us. Publication No. 2008/0188725; incorporated 
herein in its entirety by reference thereto. See e. g., FIG. 5, 
Wherein certain embodiments comprise at least tWo light 
sources. In certain embodiments, the light sources 301A, 
301B generate excitation light that is transmitted through a 
collimator lens 302A, 302B. In certain embodiments, the 
resulting light from collimator lens 302A, 302B is transmitted 
to interference ?lters 303A, 303B. In certain embodiments, 
the resulting light from interference ?lters 303A, 303B is 
focused by focusing lens 304A, 304B into ?ber optic lines 
305A, 305B. In certain embodiments, ?ber optic lines may be 
a single ?ber or a bundle of ?bers. In certain embodiments, 
the ?ber optic line 309 may be a single ?ber or a bundle of 
?bers. In certain embodiments, ?ber optic lines 305A, 305B, 
309 are bundled together at junction 306 and are connected at 
glucose sensor 307. The glucose sensor 307 comprises hydro 
gels 8. 
[0071] In certain embodiments, the emission light and the 
excitation light are re?ected off the mirror 13 and into the 
?ber optic line 309. In certain embodiments, the ?ber optic 
line 309 is connected to microspectrometer 310 that measures 
the entire spectrum of light in the glucose measurement sys 
tem 300. The microspectrometer 310 may be coupled to a data 
processing module 311, e.g., the sensor control unit and/or 
receiver/display unit. In certain embodiments, the ratio of 
emission light over the corresponding excitation light is 
related to the concentration of glucose. In certain embodi 
ments, the ratio of the emissions light (for example, the acid 
form) produced by the ?rst excitation light over the emission 
light (for example, the base form) produced by the second 
excitation light is related to pH levels in the test solution, for 
example blood. 
[0072] In certain preferred embodiments, the microspec 
trometer is the UV/VIS Microspectrometer Module manufac 
tured by Boehringer Ingelheim. Any microspectrometer can 
be used. Alternatively, the microspectrometer could be sub 
stituted With other spectrometer, such as those manufactured 
by Ocean Optic Inc. 
[0073] In certain embodiments described above, the ratio 
metric calculations require measurements of various light 
intensities. In certain embodiments, these measurements are 
determined by measuring the peak amplitudes at a particular 
Wavelength or Wavelength band. In certain embodiments, 
these measurements are determined by calculating the area 
under the curve betWeen tWo particular Wavelengths as for 
example With the output from a microspectrometer. 
[0074] With reference to FIGS. 6A and 6B, another 
embodiment of an intravascular optical glucose sensor is 
illustrated; this sensor con?guration is disclosed in greater 
detail in WO2009/019470 (incorporated herein in its entirety 
by reference thereto). To provide a stronger and more robust 
sensor, Which can Withstand the pressures of being introduced 
into the body, yet retain some ?exibility, sensors have been 
developed With internal reinforced Walls, such as those 
depicted in FIGS. 6A and 6B. FIG. 6A shoWs a tube having a 
densely packed mesh 501A made of a ?rst material and 
coated With an outer Wall 502 of a second material. Three 
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square cutouts 503 in the outer Wall 502 of the tube arranged 
in a line can be seen in FIG. 6A, but cutouts of other shapes, 
positioned in other arrangements, are clearly feasible, 
depending on the embodiments. In the illustrated embodi 
ment, the mesh 501A shoWs a high density of ?lament cross 
overs. This embodiment therefore has an increased strength 
and a reduced porosity. The braid is able to provide strength to 
the sensor, While alloWing the tubular structure to ?ex and be 
maneuvered to the correct sensing position. 
[0075] FIG. 6B depicts an embodiment in Which the ?rst 
material is in the form of a coil 501B Which is coated With an 
outer Wall 502 of the second material. Similar to FIG. 6A, 
three square cutouts 503 in the outer Wall 502 of the tube 
arranged in a line can be seen in FIG. 6B, but cutouts of other 
shapes, positioned in other arrangements, are clearly feasible, 
depending on the embodiments. In this embodiment, the coil 
501B is densely packed, providing increased strength and 
reduced porosity in a similar manner to the embodiment 
depicted in FIG. 6A. The reinforced Walls can be provided in 
a number of Ways, for example by providing a braided tubular 
structure Which contains the sensing apparatus, as described 
in International patent publication WO2004/054438; incor 
porated herein in its entirety by reference thereto. 
[0076] The ?rst material is in the form of a mesh 501A, the 
density of ?lament crossovers may be varied in order to 
control the properties of the resulting tube. For example, a 
high density mesh may have greater strength and a loW den 
sity mesh a greater ?exibility. Variation in mesh density Will 
also vary the porosity of the mesh. This is signi?cant at the 
location of the opening in the outer Wall since the porosity of 
the mesh Will control the speed of diffusion of the material to 
be tested into the tube. Variation in the tightness of a coil can 
provide a similar effect. 
[0077] The second material is used to coat the ?rst material 
in order to form a continuous substantially impermeable outer 
Wall 502 of the holloW tube. As used herein, the phrase sub 
stantially impermeable means that the second material forms 
an effectively closed tube, Which is impermeable to the 
ingress of material from outside the tube to inside the tube. 
Accordingly, until a portion of the second material is 
removed, the tube is effectively sealed along its length, 
except, in some embodiments, at its ends. 
[0078] Suitable materials for use as the second material 
generally include polymeric materials, more particularly 
polyesters, polyole?ns such as polyethylene (PE), eg low 
density polyethylene (LDPE), ?uoropolymers such as ?uori 
nated ethylene propylene (FEP), polytetra?uoroethylene 
(PTFE) and per?uoroalkoxy polymer (PFA), polyvinylchlo 
ride (PVC), polyamides such as polyether block amide 
(PEBA), Pebax®, nylon and polyurethane. Polyesters and 
polyole?ns are preferred due to their suitability for extrusion 
over the coil 501B or tubular mesh 501A. The selective 
removal of a portion of a polyester or polyole?n coating, eg 
by laser ablation, is also straightforward. Polyole?ns are par 
ticularly preferred due to the ease of laser ablating these 
materials. 

[0079] In order to form a continuous substantially imper 
meable tube prior to selective removal of a portion of the 
second material, the second material is ?rst used to coat the 
coil or tubular mesh formed by the ?rst material. The second 
material can either coat the outer surfaces of the ?rst material, 
and in effect form a continuous substantially impermeable 
tube around the coil or tubular mesh formed by the ?rst 
material, or the second material can entirely encapsulate the 
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?rst material, effectively forming a tube of the second mate 
rial in Which is embedded the coil or tubular mesh formed by 
the ?rst material. In one embodiment the second material can 
be applied to the ?rst material by dip coating the coil or 
tubular mesh formed by the ?rst material. In this embodiment, 
the second material is probably a polyamide, Which results in 
a very stiff tube. In another embodiment, a tube of the second 
material can be provided, around Which is formed the coil or 
tubular mesh of the ?rst material. A further layer of the second 
material is then applied over the ?rst material, resulting in the 
?rst material being sandWiched betWeen tWo layers of the 
second material. 
[0080] In a preferred embodiment, the ?rst material is 
metallic and the second material is polymeric. In addition to 
the ?rst and second materials, it is possible to include further 
materials in the tubes of the invention. For example, for some 
applications it may be useful to include a radiopaque additive 
to enable the sensor incorporating the tube to be visible in 
vivo. For example, radiopaque additives such as barium sul 
fate, bismuth subcarbonate, bismuth trioxide and tungsten 
can be added. Where present, these are preferably doped 
Within the second material. 
[0081] In certain processes, a portion of the second material 
is selectively removed in order to generate at least one open 
ing in a region of the outer Wall, While retaining the ?rst 
material in that region. As the ?rst material is present in the 
form of a coil or a tubular mesh, the ?rst material does not 
form a completely closed tube. Accordingly, When the second 
material is removed in said region, this effectively forms a 
break in the continuous substantially impermeable Wall of the 
tube. Where the second material simply coats the ?rst mate 
rial, it is necessary simply to remove the coating provided by 
this second material in the region Where the opening is to be 
formed. Where the second material effectively encapsulates 
the ?rst material, it is necessary to remove all of the second 
material Which surrounds and encapsulates the ?rst material 
in the region Where the opening is to be formed. 
[0082] Preferably, the chemical indicator system of the sen 
sor is located adjacent to the opening formed by selective 
removal of the second material. This alloWs sensing of the 
environment in the region of the opening on the tube Wall. For 
example, Where the sensor is a glucose sensor, glucose is able 
to pass from the blood vessel or other cavity Where the sensor 
is introduced through the opening and into the tube Where its 
presence can be detected and measured by the probe. 
[0083] The siZe of the opening in the outer Wall Will gen 
erally be betWeen 1 and 400 m2, for example betWeen 25 
and 225 m2. The siZe of the opening must not be too small 
otherWise the blood or other substance into Which the sensor 
is introduced Will not be able to pass through the opening or 
Will pass through in insuf?cient quantities for an accurate 
measurement to be made. The opening must also be large 
enough to alloW positioning of the probe such that it is adja 
cent to the opening, even if it moves slightly When the sensor 
is introduced into the body. 
[0084] In one embodiment, only one opening is generated 
in the tube Wall, ie only one region of the second material is 
selectively removed. Preferably the opening extends only a 
portion of the Way around the circumference of the tube. In 
one embodiment, it is preferred to retain some continuity of 
the second material along the entire length of the tube, and is 
hence preferred that the opening does not extend fully around 
the circumference of the tube. For example, it may be pre 
ferred that the opening extends around up to a maximum 
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75%, more preferably up to 50%, of the circumference of the 
tube. In another embodiment of the invention, a plurality of 
openings can be generated in the tube Wall, i.e. more than one 
region of the second material can be selectively removed. 
This embodiment alloWs for probes to be located at a number 
of points along the length of the tube, and for multiple mea 
surements to be taken. Thus, it is possible for a number of 
probes to be located Within the tube, each tube being adjacent 
to a different opening Within the tube Wall. Alternatively, a 
single probe could be located Within the tube and be provided 
With means for moving it from one opening to another open 
ing, hence alloWing measurements to be taken at a number of 
points along the length of the tube. 

Thromboresistant Coatings 

[0085] Molecules of a biocompatible agent are attached to 
the surfaces of the medical device to improve biocompatibil 
ity, such as antithrombogenic agents like heparin, albumin, 
streptokinase, tissue plasminogin activator (TPA) or uroki 
nase. For example, the biocompatible agent may comprise 
molecules of both albumin and heparin. In one embodiment 
the molecules of a biocompatible material are joined to one 
another to form a ?lm that is attached to a solid surface by a 
linking moiety. In other examples, various surface treatments 
of the optical glucose sensor can be used, such as those 
disclosed in Us. Pat. Nos. 4,722,906, 4,973,493, 4,979,959, 
5,002,582, 5,049,403, 5,213,898, 5,217,492, 5,258,041, 
5,512,329, 5,563,056, 5,637,460, 5,714,360, 5,840,190, 
5,858,653, 5,894,070, 5,942,555, 6,007,833, 6,090,995, 
6,121,027, 6,254,634, 6,254,921, 6,278,018, 6,410,044, 
6,444,318, 6,461,665, 6,465,178, 6,465,525, 6,506,895, 
6,559,132, 6,669,994, 6,767,405, 7,300,756, 7,550,443, 
7,550,444, and Us. Patent Publ. Nos. 20010014448, 
20030148360, and 20090042742 (each of Which is incorpo 
rated herein in its entirety by reference thereto). 
[0086] In one embodiment, the chemical linking moiety 
has the formulaA-XiB in WhichA represents a photochemi 
cally reactive group capable of bonding covalently to a solid 
surface; B represents a different reactive group capable desir 
ably in response to speci?c activation to Which group A is 
unresponsive, of forming a covalent bond to a biocompatible 
agent and X represents a relatively inert, noninterfering skel 
etal moiety joining groups “A”, and “B”, that is resistant to 
cleavage in aqueous physiological ?uid. The physiological 
?uid referred to is such ?uid With Which X Will come in 
contact (e.g., blood, interstitial ?uid, etc.). In a method of the 
invention group “A” of the linking moiety is covalently bound 
to the solid surface, With a su?icient population density to 
enable the molecules of the biocompatible agent to effec 
tively shield the solid surface When the molecules are 
covalently bound to group “B” to provide a biocompatible 
effective surface. A biocompatible device of this invention 
includes a solid surface to Which molecules of a biocompat 
ible agent have been bound via the chemical-linking moiety 
as folloWs: solid surface-A residue-XiB residue-molecules 
of a biocompatible agent. 
[0087] In one embodiment, the molecules of the biocom 
patible agent are selectively bound to the solid surface With a 
suf?cient population density to provide a biocompatible 
effective surface using a chemically linking moiety that has 
the formula: 
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in Which R represents a selector group that is a member of a 
speci?c bonding pair and that is reactive to form a bond With 
a receptor forming the other member of the speci?c binding 
pair and carried by a selected biocompatible agent and A, and 
B represent the groups described above as A and B. X repre 
sents a relatively inert, non-interfering skeletal radical joining 
groups “A”, “B” and “R” and sterically enabling group “B” to 
separate from group “R” by at least about 10 A. 
[0088] Groups “B” and “R” are preferably sterically dis 
tinct groups; that is, they may, during the course of thermal 
vibration and rotation separate by a distance of at least about 
10 A. Group R, a “selector” group, representing a member of 
a speci?c binding pair, commonly forms a bond, usually 
noncovalent, With the biocompatible agent at an epitopic or 
other binding site of the latter (Which site typi?es a “receptor” 
herein). The group “B”, Which upon activation can covalently 
bond to the biocompatible agent, may be sterically spaced 
from the group “R”, thereby enabling the covalent bond to be 
formed at a site spaced from the receptor site. In turn, the 
selector receptor bond may be disassociated from the receptor 
site through breakage of a fragile bond betWeen the selector 
group and the chemical linking moiety folloWed by removal 
of the selector by, e.g., dialysis, environmental changes (pH, 
ionic strength, temperature, solvent polarity, etc.) or through 
spontaneous catalytic modi?cation of the selector group (as 
When the biocompatible agent is an enzyme), etc. The recep 
tor thus is reactivated to permit subsequent reaction With 
members of the speci?c binding pair. 
[0089] As referred to herein, “speci?c binding pair” refers 
to pairs of substances having a speci?c binding a?inity for 
one another. Such sub stances include antigens and their anti 
bodies, haptens and their antibodies, enZymes and their bind 
ing partners (including cofactors, inhibitors and chemical 
moieties Whose reaction the enZymes promote), hormones 
and their receptors, speci?c carbohydrate groups and lectins, 
vitamins and their receptors, antibiotics and their antibodies 
and naturally occurring binding proteins, etc. The concept of 
employing speci?c binding pairs in analytical chemistry is 
Well knoWn and requires little further explanation. Reference 
is made to Adams, U.S. Pat. No. 4,039,652, Maggio, et al, 
U.S. Pat. No. 4,233,402 and Murray, et al, U.S. Pat. No. 
4,307,071, the teachings of Which are incorporated herein by 
reference. 

[0090] In certain embodiments, X is preferably a Cl-Cl0 
alkyl group such as polymethylene, a carbohydrate such as 
polymethylol, a polyoxyethylene, such as polyethylene gly 
col or a polypeptide such as polylysine. 

[0091] The reactive group B is preferably a group that upon 
suitable activation covalently bonds to proteinaceous or other 
biocompatible agents. Such groups are typi?ed by thermo 
chemical groups and photochemical groups, as described and 
exempli?ed in Guire, U.S. Pat. No. 3,959,078, the teachings 
of Which are incorporated herein by reference. 
[0092] The photochemically reactive groups (A) (the cova 
lent bonding of Which is activated by actinic radiation) may be 
typi?ed by aryl, alkyl and acyl aZides, oxaZidines, isocyan 
ates (nitrene generators), alkyl and 2 ketodiaZo derivatives 
and diaZirines (carbene generators), aromatic ketones (triplet 
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oxygen generators), aromatic diaZonium derivatives and 
numerous classes of carbonium ion and radical generators. 
Reference is made to Frederick J. Dar?er and AndreW M. 
Tometsko, chapter 2 of Chemistry and Biochemistry of 
Amino Acids, Peptides and Proteins (Boris Weinstein, ed) 
vol. 5, Marcel Dekker, Inc. NeW York, 1978, for further 
description of photochemically reactive groups. AZidonitro 
phenyls, ?uoroaZido nitrobenZenes, and aromatic ketones 
form a preferred group due to their stability to chemical 
reaction conditions in the dark and their susceptibility to 
activation by light of Wave lengths harmless to most bioma 
terials, to form short-lived reactive intermediates capable of 
forming covalent bonds in useful yield With most sites on the 
biomaterial. 
[0093] NitrophenylaZide derivatives (shoWn as including 
the X group) appropriate for use as photochemically reactive 
groups for the most part can be derived from ?uoro-2-nitro 
4-aZidobenZene, and include 4-aZido-2-nitrophenyl(ANP)-4 
aminobutyryl, ANP-6-aminocaproyl, ANP-ll-aminounde 
canoyl, ANP-glycyl, ANP-aminopropyl, ANP 
mercaptoethylamino, ANP-diaminohexyl, ANP 
diaminopropyl, and ANP-polyethylene glycol. ANP-6 
aminocaproyl, ANP-ll-aminoundecanoyl, and ANP 
polyethylene glycol are preferred. Aromatic ketones 
preferred for use as photochemically reactive groups include 
benZylbenZoyl and nitrobenZylbenZoyl. 
[0094] Thermochemical reactive groups (that are activated 
by heat energy) are typi?ed by and include nitrophenylha 
lides, alkylamino, alkylcarboxyl, alkylthiol, alkylaldehyde, 
alkylmethylimidate, alkylisocyanate, alkylisothiocyanate 
and alkylhalide groups. 
[0095] Groups appropriate for use as thermochemically 
reactive groups include carboxyl groups, hydroxyl groups, 
primary amino groups, thiol groups, maleimides and halide 
groups. N-oxysuccinimide carboxylic esters of such groups 
as 6-amino hexanoic acid and amino undecanoic acid, alky 
lthiol groups such as mercaptosuccinic anhydride and beta 
mercaptopropionic acid, homocysteinethiolactones, and 
polyetheylene glycol derivatives are preferred. 
[0096] Other linking agents can also be used in the embodi 
ments of the present disclosure, such as those disclosed in 
Us. Pat. No. 6,077,698, Which is incorporated herein by 
reference. For example, a chemical linking agent comprising 
a di- orhigher functional photoactivatable charged compound 
can be used. The linking agent preferably provides at least one 
group that is charged under the conditions of use in order to 
provide improved Water solubility. The linking agent may 
further provide tWo or more photoactivatable groups in order 
to alloW the agent to be used as a cross-linking agent in 
aqueous systems. In preferred embodiments, the charge is 
provided by the inclusion of one or more quaternary ammo 
nium radicals, and the photoreactive groups are provided by 
tWo or more radicals of an aryl ketone such as benZophenone. 

[0097] The thromboresistant agent may carry one or more 
latent reactive groups covalently bonded to them. The latent 
reactive groups are groups Which respond to speci?c applied 
external stimuli to undergo active specie generation With 
resultant covalent bonding to an adjacent support surface. 
Latent reactive groups are those groups of atoms in a mol 
ecule Which retain their covalent bonds unchanged under 
conditions of storage but Which, upon activation, form cova 
lent bonds With other molecules. The latent reactive groups 
generate active species such as free radicals, nitrenes, car 
benes, and excited states of ketones upon absorption of exter 
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nal electromagnetic or kinetic (thermal) energy. Latent reac 
tive groups may be chosen to be responsive to various 
portions of the electromagnetic spectrum, and latent reactive 
groups that are responsive to ultraviolet, visible or infrared 
portions of the spectrum are preferred. Latent reactive groups 
as described are generally Well knoWn. 

[0098] The aZides constitute a preferred class of latent reac 
tive groups and include arylaZides, such as those disclosed in 
Us. Pat. No. 5,002,582, Which is incorporated by reference 
herein, for example phenyl aZide and particularly 4-?uoro-3 
nitrophenyl aZide, acyl aZides such as benZoyl aZide and 
p-methylbenZoyl aZide, aZido formates such as ethyl aZido 
formate, phenyl aZidoformate, sulfonyl aZides such as benZe 
nesulfonyl aZide, and phosphoryl aZides such as diphenyl 
phosphoryl aZide and diethyl phosphoryl aZide. DiaZo com 
pounds constitute another class of latent reactive groups and 
include diaZoalkanes (4CHN2) such as diaZomethane and 
diphenyldiaZomethane, diaZoketones such as diaZoacetophe 
none and 1-tri?uoromethyl-1-diaZo-2-pentanone, such as 
t-butyl diaZoacetate and phenyl diaZoacetates, and beta-ke 
tone-alpha-diaZoacetates such as t butyl alpha diaZoacetoac 
etate. Other latent reactive groups include the aliphatic aZo 
compounds such as aZobisisobutyronitrile, the diaZirines 
such as 3-tri?uoromethyl-3-phenyldiaZirine, the ketenes 
(iCH:C:O) such as ketene and diphenylketene and pho 
toactivatable ketones such as benZophenone and acetophe 
none. Peroxy compounds are contemplated as another class 
of latent reactive groups and include dialkyl peroxides such as 
di-t-butyl peroxide and dicyclohexyl peroxide and diacyl per 
oxides such as dibenZoyl peroxide and diacetyl peroxide and 
peroxyesters such as ethyl peroxybenZoate. Upon activation 
of the latent reactive groups to cause covalent bond formation 
to the surfaces to Which polymer molecules are to be attached, 
the polymer molecules are covalently attached to the surfaces 
by means of residues of the latent reactive groups. Exemplary 
latent reactive groups are recited in Us. Pat. No. 5,002,582 
incorporated herein by reference. 
[0099] The polymers and oligomers used may have one or 
more latent reactive groups. In certain embodiments, the 
polymers have at least one latent reactive group per molecule 
With the ratio of reactive groups extended polymer length, in 
Angstroms, ranging from about 1/10 to about 1/700 and prefer 
ably from about 1/50 to 1/400. As Will be noted from the fore 
going description, photoreactive latent reactive groups are for 
the most part aromatic and hence generally are hydrophobic 
rather than hydrophilic in nature. 
[0100] The latent reactive groups and the polymer mol 
ecules to Which they are bonded may have substantially dif 
ferent solvophilic properties. For example, the latent reactive 
groups may be relatively hydrophobic, Whereas the polymer 
molecules may be relatively hydrophilic; When solution of the 
molecules is contacted With a relatively hydrophobic surface, 
it is believed that the latent reactive groups, being hydropho 
bic, tend to orient nearer the surface so as to improve bonding 
ef?ciency When the latent reactive groups are activated. The 
preferred latent reactive groups are benZophenones, 
acetophenones, and aryl aZides. 
[0101] The loading density of polymers upon a surface may 
be improved by a process in Which a latent reactive molecule 
(a molecule having a latent reactive group) is ?rst brought into 
close association (as by means of a solvent solution) to a 
surface, and thereafter the polymer to be bonded to the surface 
is brought into contact With and is covalently bonded to the 
latent reactive molecule, as to a reactive group different from 
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the latent reactive group. Thereafter, the latent reactive groups 
may be activated to cause them to covalently bond to the 
surface to thereby link the polymers to the surface. 

[0102] In other embodiments, polymer chains may be pro 
vided upon a surface or other substrate by ?rst covalently 
bonding to the substrate through a latent reactive group a 
monomer, oligomer or other reactive chemical unit. To the 
thus bonded reactive units are covalently bonded monomers 
or oligomers in a polymeriZation reaction or polymers via 
covalent bonding (grafting) of the reactive units onto the 
polymer chains. 
[0103] The reactive chemical units of the invention carry 
covalently bonded thereto latent reactive groups as described 
herein for covalent attachment to a non pretreated surface or 
other substrate. These molecules are characterized as having 
reactive groups capable of covalent bonding to polymer mol 
ecules of a polymer having the desired characteristics, or of 
entering into a polymerization reaction With added monomers 
or oligomers to produce polymer chains having the desired 
characteristics. Reactive chemical molecules capable of 
covalently bonding to polymer molecules include not only 
monomers and oligomers of various types but also molecules 
having such functional groups as carboxyl, hydroxyl, amino, 
and N-oxysuccinimide, such groups being reactive With reac 
tive groups carried by the polymer chain to bond to the chain. 
The reactive chemical molecules are preferably monomers or 
oligomers and most preferably are ethylenically unsaturated 
monomers capable of entering into an addition polymeriza 
tion reaction With other ethylenically unsaturated monomers. 
Particularly preferred are the acrylate and methacrylate 
monomers Which are the esteri?cation products of acrylic or 
methacrylic acid and hydroxy-functional latent reactive 
groups. Examples of such molecules include 4-benZoylben 
Zoyl-lysyl-acrylate. 
[0104] UtiliZing reactive chemical units bearing latent 
reactive groups, one may ?rst coat a surface or other substrate 
With a solvent solution of such molecules. Upon removal of 
solvent, the application of an appropriate external stimulus 
such as UV. light Will cause the molecules to covalently 
bond, through the latent reactive groups, to the substrate. The 
substrate may then be appropriately contacted With a solution 
containing the desired polymer, monomer or oligomer mol 
ecules to cause bonding to these molecules. For example, if 
the reactive chemical unit molecule is carboxyl functional, it 
may be reactive With, and covalently bonded to, an appropri 
ate hydroxyl-functional polymer such as dihydroxy polyeth 
ylene glycol. If the reactive chemical molecule is a monomer 
or oligomer, e.g., a methacrylate monomer, the substrate to 
Which the molecule is covalently bonded may be contacted 
With a solution of addition-polymeriZable monomers such as 
hydroxyethyl methacrylate and a free-radical addition poly 
meriZation initiator such as dibenZoyl peroxide under addi 
tion polymeriZation conditions to result in the groWth of 
polymer chains from the monomer molecules bound 
covalently to the substrate. Once the desired polymeriZation 
has occurred, the substrate may be Washed to remove residual 
monomer, solvent and non bound polymer that Was formed. 

[0105] In other embodiments the thromboresistant coating 
can adhere better by surface modi?cation of the medical 
device by adsorbing a layer of a polyamine having a high 
average molecular Weight on to the surface. The polyamine is 
stabilised by cross-linking With crotonaldehyde, Which is a 
mono-aldehyde having a C4C double bond in conjugation 
With the aldehyde function. Thereafter one or more altemat 
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ing layers of an anionic polysaccharide and the cross-linked 
polyamine, folloWed by a ?nal layer of the said polyamine, 
not cross-linked, may be adsorbed onto the ?rst layer of 
cross-linked polyamine, Whereby a surface modi?cation car 
rying free primary amino groups is achieved. 
[0106] In certain embodiments, the thromboresistant coat 
ing is made by bringing the substrate into contact With an 
aqueous solution of the polyamine at pH 8-10, for example 
pH 9. The concentration of the initial polyamine solution Will 
range from 1-10% by Weight, especially 5% by Weight, 1 ml 
of Which may be diluted to a ?nal volume of 500-2000 ml, 
especially 1000 ml. This ?nal solution may also comprise 
from 100-1000 especially 340 [1.1 crotonaldehyde. Altema 
tively the substrate Will be treated ?rst With a solution of 
polyamine of said concentration and pH, and then With a 
solution of the crotonaldehyde of the said concentration and 
pH. The temperature is not critical, so it is preferred for the 
treatment to be at room temperature. 

[0107] After rinsing With Water, the substrate is treated With 
a solution of an anionic polysaccharide, containing from 
about 10 to about 500 mg, preferably about 100 mg of the 
polysaccharide in a volume of 1000 ml. This step is executed 
at a temperature in the range of 40°-70o C., preferably about 
55° C. and pH 1-5, preferably about pH 3. 
[0108] After another rinsing With Water, these ?rst steps 
may be repeated one or several times and ?nally, after having 
adsorbed a layer of polysaccharide, the substrate may be 
treated With a polyamine solution having a concentration 
1-20 times, preferably 10 times, that mentioned above, at the 
said temperature and pH. The polyamine Will preferably be a 
polymeric aliphatic amine, especially polyethylene imine 
having a high average molecular Weight, but any polyamine 
having a high average molecular Weight and carrying free 
primary amino groups may be used. The anionic polysaccha 
ride Will preferably be a sulfated polysaccharide. The ami 
nated surface may optionally be further stabiliZed by reduc 
tion With a suitable reducing agent such as sodium 
cyanoborohydride. The modi?ed surface according to present 
invention has free primary amino groups by Which chemical 
entities may be bound either ionically or covalently. Also 
aldehyde containing chemical entities may be bound by for 
mation of Schiffs bases, eventually folloWed by a stabiliZa 
tion reaction such as a reduction to convert the Schiffs bases 
to secondary amines. Further examples are disclosed in Us. 
Pat. No. 5,049,403 Which is hereby incorporated by reference 
in its entirety. 
[0109] In certain embodiments, to provide a thromboresis 
tant coating to the medical device, a composition is prepared 
to include a solvent, a combination of complementary poly 
mers dissolved in the solvent, and the bioactive agent or 
agents dispersed in the polymer/ solvent mixture. The solvent 
is preferably one in Which the polymers form a true solution. 
The pharmaceutical agent itself may either be soluble in the 
solvent or form a dispersion throughout the solvent. 

[0110] Due to the properties of materials frequently used on 
the outer surface of sensors, sensors can be dif?cult to coat 
With conventional anticoagulants, or anti-thrombogenics, 
e.g., heparin, to obtain a suitable anticoagulant coating, Which 
is suf?ciently stable, long-lasting, and active for preferred 
intravascular applications, and yet is suf?ciently invisible to 
analytes of interest and non-interfering With the sensor chem 
istry to alloW reliable and suf?ciently long-lasting operation. 
Various issues can arise relating to the suitability of a particu 
lar coating including, for example, stability of the coating 
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during manufacturing and handling of the sensor, resistance 
of the coating to removals during use, such as by solubiliZa 
tion, reaction, etc., resistance to diffusion through the coating 
of analytes of interest, and interaction betWeen species in the 
coating and the sensor technology, Whether by hydrolysis of 
detectable species from the coating or by other means. 
[0111] Coating materials comprising heparin are preferred, 
but other polysaccharide and biologically derived materials 
and analogs can be utiliZed as Well, either With heparin or in 
place of heparin. Preferred methods of applying the coating 
include application of a heparin-quaternary ammonium com 
plex in isopropanol to a sensor Wetted With Water or Water/ 
surfactant under vacuum, but other suitable methods of apply 
ing a coating can also be successfully employed, such as 
application of a heparin-quaternary ammonium complex 
from combinations of solvents, such as non-polar solvents 
and polar solvents; sequential application of quaternary 
ammonium compound and heparin, such as to form a heparin 
quaternary ammonium complex in-situ; covalently bonding 
heparin molecules to the surface of the sensor, including 
methods for attaching individual ends of heparin molecules to 
the surface such as described by Carmeda AB (Upplands 
Vasby, Sweden); and application of cross-linked forms of 
heparin or heparin With other compounds. 
[0112] In certain embodiments, a coating of heparin or a 
heparin containing material canbe applied to at least a portion 
of the sensor surface to limit or prevent thrombus formation. 
HoWever, in some cases, application of such a coating can be 
dif?cult due to problems of adhesion Where the coating Will 
not properly adhere to the surface initially or Will tend to 
detach or dissolve from the surface upon use. Instances Where 
the coating detaches upon use can be particularly problematic 
due to the possibility of particulate impurities being released 
into the bloodstream and the possibility that these can result in 
plugging of small blood vessels. In addition, detachment or 
dissolution of heparin coating material can result in therapeu 
tic or sub-therapeutic dosing of the patient With an anticoagu 
lant material. Such adhesion problems can be particularly 
pronounced When applied to certain types of materials, espe 
cially plastics such as polyole?ns, ?uoropolymers, polycar 
bonate, and polysulfone. For example, polyole?ns and ?uo 
ropolymers in particular are especially dif?cult to adhere 
materials to, as evidenced by the dif?culty and limited 
strength that is typically achieved When these plastics are 
glued. 
[0113] The present inventors have found that surprisingly a 
coating comprising heparin and benZalkonium can be effec 
tively applied and Will maintain an acceptably stable and 
active coating over polymeric surfaces of analyte sensors 
disclosed herein, including polymeric surfaces such as poly 
ole?ns, ?uoropolymers, polycarbonate and polysulfone, 
porous polymeric surfaces, and porous polymeric surfaces on 
sensors incorporating immobilizing polymeric matrices, 
While still maintaining acceptable functionality of the analyte 
sensor. In certain embodiments, the porous surfaces capable 
of maintaining an acceptably stable and active coating com 
prising heparin and benZalkonium are more speci?cally 
described as microporous, nanoporous, or mesoporous. 

[0114] In preferred embodiments, the coating comprising 
heparin and benZalkonium may include pharmaceutical grade 
heparin, such as heparin sodium or heparin calcium as 
described in the US. Pharmacopeia, revised Jun. 18, 2008, 
hoWever, other grades and forms of heparin can be utiliZed in 
various applications, including instances Where pharmaceu 
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tical regulations do not apply. Preferred grades of heparin can 
have an average molecular Weight of about 12 to about 15 
kDa, hoWever, individual strands can have molecular Weights 
as high as about 40 kDa or 50 kDA or even higher, and as loW 

as about 5 kDa or 3 kDa or even loWer. In other embodiments, 
heparin With average molecular Weights higher or loWer than 
about 12 to about 15 kDa can be successfully utiliZed, such as 
those as high as about 20 or 30 kDa or as loW as about 7 or 10 

kDa. 

[0115] In some preferred embodiments, the coating com 
prising heparin and benZalkonium may include molecules of 
benZalkonium chloride having alkyl groups of about 1 to 
about 5 carbons for tWo of the R-groups and an alkyl group of 
about six to about 22 carbons for the third R-group, either as 
a single pure compound or as a combination of compounds 
With differing R-groups. In some embodiments, grades of 
benZalkonium chloride include those having compounds and 
mixtures of compounds having primarily tWo methyl groups 
and an alkyl group of about six to about 22 carbons, or more 
preferably tWo methyl groups and an alkyl group of about 10 
to about 18 carbons as the R-groups. 

[0116] In certain embodiments, other ammonium com 
plexes can be used, e.g., particular alkylbenZyl dimethyl 
ammonium cationic salts, Which can be used in high loading 
concentrations With heparin to form coatings, as disclosed in 
US. Pat. No. 5,047,020 to Hsu; incorporated herein in its 
entirety by reference. Hsu found that commercially available 
benZalkonium chloride may comprise a mixture of alkylben 
Zyldimethylammonium chloride of the general formula, 
[C6H5CH2N(CH3)2R]Cl, in Which R represents a mixture of 
alkyls, including all or some of the groups comprising C8 and 
greater, With C12, C14 and C16 comprising the major portion. 
Generally, the composition breaks doWn to more than 20% 
C14, more than 40%, C12 and a less than 30% mixture ofC8, 
C10 and C16. In contrast, Hsu found that preferred heparin/ 
quaternary ammonium complexes have at least about 50 
Weight percent of the organic cationic salt, and preferably 
from 60 to 70 Weight percent. Hsu found that optimum results 
Were achieved With complexes consisting of cetalkonium 
heparin and/or stearylkonium heparin and mixtures thereof. 
Indeed, Hsu teaches that coatings for medical devices con 
sisting of complexes of cetalkonium heparin and/or 
stearylkonium heparin and mixtures thereof, exhibit “vastly 
superior hydrophobicity and surface adhesion over the pres 
ently and most commonly used complexes of heparin and 
benZalkonium chloride.” Accordingly, in another aspect of 
the invention, other heparin/quaternary ammonium com 
plexes besides those comprising benZalkonium, like those 
disclosed by Hsu, may be used to coat and render thrombo 
resistant the glucose sensors disclosed herein. 

Surface Coating Agents 

[0117] Various compounds can be useful as coating agents 
for the thromboresistant coating of the medical device, for 
example those disclosed in US. Pat. Nos. 6,278,018, 6,603, 
040, 6,924,390, 7,138,541, Which are all incorporated herein 
by reference. In one aspect, the present invention provides a 
compound comprising a nonpolymeric core molecule com 
prising an aromatic group, the core molecule having attached 
thereto, either directly or indirectly, one or more substituents 
comprising negatively charged groups, and tWo or more pho 
toreactive species, Wherein the photoreactive species are pro 
vided as independent photoreactive groups. The ?rst and sec 
















