NOVEL BORONATE COWVPLEX AND I TS USE IN A GLUCOSE SENSOR
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25  of two equivalents of water. The pK, of the boronic acid diester is significantly
reduced compared to the boronic acid and thus, at suitable pH, binding of vicinal

diols results in the formation of the charged boronate ester. Due to favourable
stereochemistry, the binding constant is significantly greater when the boronic acid

is in the tetrahedral form (Bosch et al., 2004). A set of coupled equilibria resulting

30 from these interactions is shown in Figure 1. The pKy of phenylboronic acid has
been reported to be around 8.9; thus, the tetrahedral boronate, which binds cis-diols

much more readily than the trigonal form, is present at very low concentrations at
physiological pH. Development of boronic acid ligands for physiological glucose
detection has focused on reducing the pK, via synthetic modification of the boronic

35 acid receptor (Wiskur et al, 2001). It is known that a charge stabilisation
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concentrations at physiol ogi cal pH Devel opnent of
boronic acid ligands for physiol ogical glucose
detection has focused on reducing the pKa via
synthetic nodification of the boronic acid receptor
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in particular, WO03/087899 describes how a holographic sensor formed by
the polymerisation of monomers including vinylphenylboronic acid may be used to
detect glucose. The pendant phenylboronic acid groups can react reversibly with a
vicinal diol group of glucose, resulting in swelling of the holographic support
medium.

WO04/081624 is based on the discovery of a class of phenylboronic acid
derivatives which allow for the detection of glucose and other vicinal diol-containing
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anal yte. Thus, when fluid is passed over the
hol ographi c el enent, any anal yte present can be
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(i) whereinnis 0, 1, 2, 3 each X (if present)
is independently an atom whi ch, via an
el ectronic effect, pronotds for t|\9n of a tetrahedral

()

wherein

nis0,1,2 3o0r4;

each X (if present) is independently an atom or group which, via an
electronic effect, promotes formation of a tetrahedral geometry about the boron
atom; and

Y is a spacer which, when n is 0 or otherwise optionally, is an atom or group
which, via an electronic effect, promotes formation of a tetrahedral geometry about
the boron atom.

Such a sensor can be used in a method for the detection of an analyte

comprising a vicinal diol moiety in a fluid, which comprises contacting the fluid with
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geonetry about the boron atom Such a sensor can be

used in a nethod for the detection of an analyte
conprising a vicinal diol miety in a fluid, which
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2004b). Summary of the
| Summary of the Inventlon

It has now been discovered that a cationic species such as a quaternary
amine is particularly useful in the context of the above discussion. In particular,
such species may allow greater selectivity for glucose.

It will be apparent from the description that a quaternary amine-modified
glucose-responsive hydrogel matrix may be used to fabricate holographic sensors
with enhanced selectivity for glucose. The addition of a charged quaternary
ammonium group to the polymer structure caused a dramatic change to the glucose
response characteristics, resulting in the observation of a blue-shift in the diffraction
peak wavelength and an increase in the selectivity of the sensor for glucose
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3\aA, Y1 Zimol%@ﬁmm%ﬂfg@eﬁﬁ n RBhEnde3ARB)sugars: Fructose (@), Xylose

(0), Galactose (+), Maltose (x), Ribose (o), Mannose (&), Lactose (#), Sucrose
(M), and Glucose (). The response of the sensor to glucose was measured before
each sugar to check reproducibility (for glucose N = 8, for the other sugars N = 1).
Fig. 4 is a graph showing the response of holograms containing 3 mol%
MBA, 12 mol% 3-APB and 12 mol% ATMA to the sugars: Maltose (A, Mannose
(#), Mannitol (o), Galactose (@), Ribose (x), Fructose (+), Xylose (0), Sucrose (&),
and Glucose (s). The response of the sensor to glucose was measured before
each sugar to check reproducibility (for glucose N = 7, for the other sugars N = 1),
Fig. 5 shows two of the possible ways glucose may bind and cross-link two
phenylboronic acid receptors, (a) through the 1,2 and 4,6 positions of the pyranose



Fig. 3 is a graph showing the shift in the diffraction
wavel ength of a 3 nol % MBA, 12 nol % 3- APB hol ogram in
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Gal actose (+), Maltose (x), Ri bose (o), Mannose ((r)),

Lactose () , Sucrose (F) , and ducose (). The
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Descri ption referred Embo heln\/e Koliy
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The se sui table for e.g. a contact
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t nmg-@sgm suitadleifor this purpose
There are various embodiments of the invention. One is a contact lens (see
WO02005/031442). Others are in detection systems using fluorescence/FRET, with
a donor/acceptor pair or a quencher.

The fringe structure of the hologram may be made from a liquid crystal or
the resulting diffraction pattern or image may be due to fringes produced by a liquid
crystal. It will be understood that multiple liquid crystal types and multiple liquid
crystal layers may be used.

Where a quaternary amine is used in a hologram, the hologram in the
sensor can be generated by the diffraction of light. The hologram may only be
visible under magnification, or may be viewable under white light, UV light or infra-
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the art. Simlarly, boronic acids are known. Reference
may be made to the various docunents referred to
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a furt ri se means for
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coayre sueh et personey digitel sssighdre RDAh whive isedperdosdl odganizer
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0 I
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interaction.

The filter can be a lowpass filter (which allows radiation below a certain
wavelength to pass through it), a highpass filter (which allows radiation above a
certain wavelength to pass through it), or a bandpass filter (which allows radiation
having a wavelength within a certain band, or certain bands in the case of a multi-
bandpass filter, to pass through it). Hence, the use of such filters controls the
frequency of the light that reaches the sensor. The hologram in the sensor acts like
a bandpass reflector so the reflection wavelength of the hologram must be in the
region of the filtered light to be transmitted back from the sensor to the observer or
detector.

Filters are selected to provide a cut-off point for light of a high or low
wavelength or both so can ensure that any response is in a particular range, for
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The change in optical properties caused by interaction
of the sensor with an analyte (known as the response)
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col our or image of the hologram preferably in the
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gives an accurate and reliable readout that can be
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eren
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articl SNESNEPIYY (7Y be Wedd aé'c% [Fhi% 2R KEustiglaiapgicraft
c #embeonusisihgi @ d\eamraﬂuﬂaSelémehtdSeleaud ffro’wm iteink i of ljeweTRyy, ems of

A EAE L 36 PO BB Sl b POk Sl
b@mkemrm'q!ugassware) architecture (including glass, tile, paint, metals, bricks,
ceramics, wood, plastics and other internal and external installations), art (including
pictures, sculpture, pottery and light installations), stationery (including greetings
cards, letterheads and promotional material) and sporting goods, or an article
which is a product or device for use in agricultural studies, environmental studies,
human or veterinary prognostics, theranostics, diagnostics, therapy, chemical
analysis or petrochemical analysis, especially which is a test strip, chip, cartridge,
swab, tube, pipette, contact lens, sub-conjuctival implant, sub-dermal implant,
breathalyser, catheter or a fluid sampling or analysis device. The sensor of the
invention can be included on a transferable holographic film. The fim is preferably
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cheque card, tax banderole, gift voucher, postage
stanp, rail or air ticket, tel ephone card, lottery
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card, or an itemused in consuner, brand or product
protection for the purpose of distinguishing genuine
products fromcounterfeit products or identifying
stol en products. Alternatively, the article may be an
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nm) Nd:YAG laser. The slide was removed from the exposure bath and agitated for
~10 s in freshly made modified Saxby developer solution (40 mL of 20 g/L ascorbic
acid, 3 g/L 4-methylaminophenol sulfate, 50 g/L sodium carbonate, 15 g/L. sodium
hydroxide) (Saxby, 1994). The developed hologram was rinsed under distilled
water and immersed in stop solution (5% (v/v) aqueous acetic acid). After rinsing
under distilled water, the film was immersed for 5 min in agitated 20% (w/v)
aqueous sodium thiosulfate to remove any undeveloped silver and rinsed in
methanol and then distilled water.



solution with the required nolar ratios. The nononers
were dissolved in 2% DMPA (WvVv) in DVMSO at a ratio

wa 200725468 v) of nononers to solvent. A 100 nlPrairiGp2oic/004172

10

15

20

25

30

35

of nmonomer sol ution was |ayered onto the pol yester
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B Rre 8 B\ ST demalh Y FesshineBisagamie wpspitker (MBA), 4 or
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dipslymiet maitmaadoetamgjultrarﬂm g.euhsl(n 20 hapdismbiet) &g\gBE%Ubsequent
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c%‘é‘% %@m ?%!”%) %gb\’ﬂ] rggqj%qqaggl ng inward. PBS (1 ni)
wEkHeolrfedcaharidene cuvette left to equilibrate at 300C
In a t oD RIRLHELHCRNIEMIL $Ei0GHNR Sr&pd8l 48R3 moi% MBA and 12
mol% 3-APB was examined in the presence of 0-9 mM of various sugars. The
results are shown in Fig. 3. A red-shift in the position of the diffraction peak
wavelength, due to the volumetric expansion of the hydrogel, was observed in the
presence of all sugars except sucrose. The expansion is most likely to be due to the
formation of charged boronate groups, which generates a Donnan potential and
causes the osmotic flow of water into the polymer. The mechanism for the
response, according to the scheme shown in Fig. 1, is proposed to be the reduction
of the boronic acid pK, caused by hinding of vicinal diols, which then results in the
formation of more charged boronate groups. The magnitude of the peak shift is
10



An Avantes AVS- MC2000-2 refl ection spectrophotoneter
equi pped wth AvaSoft 5 processing software was used
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white |ight source by the hol ogram as determn ned by
spacing of the fringes within the polyner. The
response of the sensor to the addition of aliquots of
O 1 Msugar in PBS was recorded after equilibration of
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The ATMA-modified films were found to be significantly less sensitive to all
the other sugars tested. The response to added fructose was dramatically reduced
compared to the unmodified film. The interferent sugars tested only caused a
minimal volumetric change. The reduced swelling observed may also be due in
part to cross-linking. However, for saccharides other than glucose, cross-linking is
reported to be much less favourable (Alexeev et al., 2003). The lack of noticeable
swelling is most likely due to a reduction in charge repuision between positively
charged ATMA groups upon receptor-ligand binding and the formation of the
boronate diester. For fructose, a small red-shift is observed; this is most likely due
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di fferent saccharides will be affected by differences
in both the binding constant and the pKa shifts. It
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The “AYRRE nodi fied it re found to be si§iMicantly

| ess sensitive to all the other sugars tested. The

r onse tfoladded frgct se was dranmati cal Ify reduced

conpared 1M HESRSHIVRNeP RN o ardateand frugtese

sugar sThee séspdne b/ theasemeor AolbgramMR la¥ate Rt & hGdeRRBEE: was

The r.edu%ed ?\/\/?I I Lng opser ved max al so be due’iIn
investigated, as Tactate is & potential interferent for blood glucose measurements,

being present in blood at concentrations of approximately 0.36-0.75 mM.

Holograms composed of 12 mol% 3-APB and 4 or 12 mol% ATMA were

tested in glucose or lactate solutions of 0 to 6 mM. The results are shown in (Fig. 6.

]

It was found that the lactate response was completely attenuated using 3 and 5
mol% MBA and 12 mol% ATMA. Both films responded to glucose, with a negative
peak shift of approximately 10 nm mM™” or 5 nm mM” for 3 and 5 mol% MBA,
respectively. The greater response of the hologram containing 3 mol% MBA may
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part to cross-linking. However, for saccharides other
than glucose, cross-linking is reported to be nuch

woOesw/bawsour abl e (Al exeev et al., 2003). The | aCk/GB2006/004172
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noti ceable swelling is nost likely due to a reduction
in charge repul sion between positively charged ATVA
groups upon receptor-ligand binding and the formation
of the boronate diester. For fructose, a snal

- qhi i : kel.y dueto it
5 b & OIS o U b e s
prtedomrachin a preataaekient. of bor onate groups on bi ndi ng
| eadi ngzd ého%”ﬂt#l A Welds! an@'H t\}EQ‘{’éogigtﬂon(&%or\ﬁ@l 5}1%}\9%3 after 6 mM

shows the appr oxi te se
hdllésgpariadt keesuagded, causedfthepeis! tﬁyerselspbﬂn& egativeepeak shift.

Paatfneni ddaitloRs t@ BUGM fﬁ&&s@nf]JlgtﬂeQé}sgé t r%“%?pee% shift.

oi nt of the norma i ol ogl ca

hggfﬁqunﬁmﬁeé the @dltwn of epmwylmatedm@mw ﬁ'umoaﬁ thehresponse of the
semagtamneﬁth@sz of AendR efml\n"/aa%lw“gﬂc%é ?Ja%'\ﬂg.lfily | %Rtical. This

pol ymer, as shown

t he trol
dé’ﬁ‘ﬁ?ﬁ*ﬁ etH’PSPY”PCH RIGBEIF 1S Qfsierema@ﬁ kirding fruaiesey thus breaking

r eldeJCESsihhleeosgtﬁﬁdtﬁré\éiSE%létébl Rtk Qfalcht bbﬁcbé’ét Shﬁlﬁﬁ Hirthermore,
ruct ose, Based on this

ly f
SR SimeREE 58 plibta el eepias: GeRke & desponsible for the
p h:;aairaﬂtllrgnespd)nsred? @&mbféiblhdmg? ob@ve}i lmt%ﬁie ATIﬂA%hta'ﬁﬁHgyﬂth To
n||an rents to a relia
ot aist ihleSadad e 168 ann Jle, RS e firee sliedireose up to
T@@Il’d\ﬂl EPQ@S@ rhlmedﬁgfgtome&eaﬂew&héremsh@ reg@+shiffSaskbciated with

| @%ﬁﬁgt%nagﬂ tl'fer B?ltogﬁf% b-m:ﬁ%{ %% onsg aafgr\%th%\l\ggenggﬁilibrium from a

hol ogram to
i rb!ﬁ@gtqng@t@dcosas:orrmdmcavwands aal: mwsemmmmh Hetvwessnf - &rid aCId and

f Qluchs@odryid lr’sc‘ﬂ?‘%og??ﬂ? Y¥s %@iﬂg b%l@%@@ rcess%@mﬁ;\ﬁrrays 23 rein

at” concentrati ons pr oxi I’TB.
HEPSPGPERIe QeeRseste SGflso_r_zmmﬂv%wmeadvs biueeshift due tbZontadion and

AT!M’P\ \éﬂb\ﬁe& est Rd-dhftt ToHESRRCA d| { a% Iﬁg,SgL‘,‘H%\)I&PSWRICh would

he results are's
f aafﬁ'a"%&heﬁeesqréasaﬂrereab@@bwen @@Wpt &t @093).
at t enuahegrubeke gorcentistion WBioo/El MEbpigdlg fa@nd'gik%ﬁ;qMAcorEpared
Both films r "{E %ucose with a negative pea
g‘if‘lﬂ ucgpe a?}p?ﬁ téP@ it ¢5 AhRrefreL uplikely foninterfere with ghucose
an@aSur@nie%sNB/bhymSl%Q@ﬂtﬂu}??%| YI'lo O/cUhNgng w@tgﬁé 3 [nteomg\wtgg dpz‘ mol%
t ra nin nD 0 maybe attribu
E?Fﬂ%d?%dgw é&]ﬁ@& %i*’@ﬂﬂ&?"b\)om E%tqdni""t ithg |jesener) of a
t hackgfame afl). ¢ rild faotuse dor jtst .@s@or@éeta dqaicoeétaefuss tS P range 2-6
it was dition of 2

7 FREY 718 pelcRpiche iy B o Sleie dimiBans oapoape of 0.
t M fraetosenivas debvesal 2%16 tileginegss) ane 7pekmdhgllitose) compared

to control tests performed in the absence of fructose. The error in the measurement
from repeated readings (N = 3) was calculated to be approximately 5%, thus

demonstrating the potential for these holographic sensors to selectively detect
glucose concentration in complex biological media.
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Further additions to 6 mMfructose fully reversed the

negati ve peak shift. Interestingly, after the addition
wohoappisxi mately 8 mM fruct ose, the response BETHIB2006/004172

hol ogram either with or without 6 mM added gl ucose was

virtually identical. This indicates that the

phenyl boronic acid is preferentially binding fructose,

t hus breaking the cross-1linked structure associ ated

Supp b A ot ol RREST Sz BTG5 1 ki ng 1 5
L es gmilémba aﬂ,mooumesgnﬁm’ermui PrécéRiens Efsmz,gl 00GOIDEE.
Fur IR B otaio s slSR AN oR. 16 A e

titralaydset 2ln199A1008leChgm i, 3800H8B9G&Even at these high

conc tinQRSp,.1 -shi 1. ' d wth
5 cat ucarpB1oBR” preeiEl FigkBReny e Plenlie IR bR, 1

i n t Weisleet b, BEOLArg.rleth 3 1811 $8814bnat e- gl ucose conpl ex

t owar ds o | A 1 [ '

ol uoosc PR Ao bl LR LR iy b rfinen,

crystalline arrays wherein response to glucose, the

sensor initially showed a blue-shift due to

contraction and then showed a red-shift correspondi ng

to swelling, behaviour which would conplicate the

sensor's use in real applications (Al exeev et al.

2003). The fructose concentration in blood is

typically found at <0.1 mM conpared to glucose at 4-8

mMVvi and it is therefore unlikely to interfere with

gl ucose neasurenents in physiological fluids. To

confirmthis, the 3 nol % MBA, 12 nol % 3- APB, 12 nol %

ATMA sensor hol ogramwas tested in the presence of a

background of 0.1 mMfructose for its response to

gl ucose across the range 2-6 nM The percentage change

in response to glucose due in the prescence of 0.1 nM

fructose was between 2% (6 nmM gl ucose) and 7% (2 mM

gl ucose) conpared to control tests perforned in the

absence of fructose. The error in the nmeasurenent from

repeated readings (N = 3) was calculated to be

approximately 5% thus denonstrating the potential for

t hese hol ographi c sensors to selectively detect

gl ucose concentration in conplex biological nedia.
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i nifor a- rapskrisadadebidiy to bkimA, Wﬁ&%ﬂth@ﬁ%g'cB&pFn&saéWe&flansmg
cl a)}rrs 4 to 11, wherein the hologrami
11. A sensor according to any of claims 4 to 10, wherein the hologram is
viewable under white light, UV light or infra-red radiation.
12. A sensor according to any of claims 4 to 11, wherein the hologram is
viewable under specific temperature, magnetism or pressure conditions.
13. A sensor according to any of claims 4 to 12, which has an optical filter
thereon.
14. A sensor according to claim 13, wherein the optical filter is a bandpass filter.
15. A sensor according to any of claims 4 to 14, wherein the fringe structure of
the hologram is made from a liquid crystal or the resulting diffraction pattern or
image is due to fringes produced by a liquid crystal.
16. A sensor according to any preceding claim, wherein the cationic species is a
quaternary ammonium compound.
17. A complex of a glucose-binding boronate and a quaternary ammonium
compound.
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pressure conditions. 13. A sensor according to any of
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14. A sensor according to claim13, wherein the

optical filter is a bandpass filter. 15. A sensor
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acc to claim an | ndust
or crﬁakﬂry @dfqlassuvgrﬁ caishitactira dingludiag arlassi ile, @la@hemetals bricks,
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25 25.  An article according to claim 19, which is a product or device for use in
agricultural studies, environmental studies, human or veterinary prognostics,
theranostics, diagnostics, therapy, chemical analysis or petrochemical analysis.

26.  An article according to claim 23, which is a test strip, chip, cartridge, swab,
tube, pipette, contact lens, sub-conjuctival implant, sub-dermal implant,

30  breathalyser, catheter or a fluid sampling or analysis device.

27. A transferable holographic film comprising a sensor according to any of
claims 1 to 16.

28. A film according to claim 25, which is present on a hot stamping tape.

29. A method of enhancing the security of an article, which comprises

35 transferring onto the article the sensor from a film according to claim 25 or claim 26.
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crockery and gl assware), architecture (including

glass, tile, paint, netals, bricks, ceram cs, wood,
wohewstoses9 and ot her i nternal and external PCT/GB2006/004172

installations), art (including pictures, scul pture,

pottery and light installations), stationery

(including greetings cards, |etterheads and

pronotional material) and sporting goods. 25. An

article accordlng to claim19, ichis roduct . or . .
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swab, tube, pipette, contact |ens, sub-conjuctival
i mpl ant, sub-dermal inplant, breathal yser, catheter or
a fluid sanpling or analysis device. 27. A
transferabl e hol ographic filmconprising a sensor
according to any of clains 1 to 16. 28. A film
according to claim25, which is present on a hot
stanpi ng tape. 29. A nethod of enhancing the security
of an article, which conprises transferring onto the
article the sensor froma filmaccording to claim 25
or claim26.30. A product conprising a sensor
according to any of clains 1 to 16, which is capable
of generating data fromsaid sensor. 3 1. Use of a
system for storage, control, transm ssion, reporting
and/ or nodeling of data generated by a sensor
according to any of clainms 1 to 16.
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