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(57) ABSTRACT

Disclosed are systems for measuring the concentration of a
disaccharide in an aqueous medium, the system comprising
a boronic acid derivative and a fluorescent molecule. Also
disclosed are methods of determining gastrointestinal per-
meability in a subject, the method comprising contacting an
aqueous medium obtained from a subject with the above
system to obtain a mixture, where the patient has consumed
a known quantity of a disaccharide; measuring the fluores-
cence emission of the mixture; and correlating the extent of
fluorescence emission to the concentration of the disaccha-
ride in the aqueous medium; and correlating the concentra-
tion of the disaccharide in the aqueous medium to the
gastrointestinal permeability in the subject. Also disclosed
are methods of determining the concentration of a disaccha-
ride in an aqueous medium, the method comprising contact-
ing the aqueous medium comprising the disaccharide with
the above system to obtain a mixture; measuring the fluo-
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rescence emission of the mixture; and correlating the extent
of fluorescence emission to the concentration of the disac-
charide in the aqueous medium.

8 Claims, 4 Drawing Sheets

(51) Int.CL
GOIN 33/58 (2006.01)
GOIN 21/64 (2006.01)
(52) US. CL
CPC ... GOIN 33/582 (2013.01); GOIN 2021/6439
(2013.01); GOIN 2400/00 (2013.01); GOIN
2800/06 (2013.01); GOIN 2800/70 (2013.01)

(56) References Cited

OTHER PUBLICATIONS

Rooyakkers et al., “Simple and sensitive multi-sugar-probe gut
permeability test by high-performance liquid chromatography with
fluorescence labelling”, J Chromatogr A. Apr. 12, 1996;730(1-2):99-
105.

International Search Report and Written Opinion dated Sep. 23,
2016 in PCT/US2015/034557 (8 pages).

PCT/US2015/034557, International Search Report and Written Opin-
ion dated Sep. 23, 2015, 7 pages.

Rooyakkers et al., “Simple and sensitive multi-sugar-probe gut
permeability test by high-performance liquid chromatography with
fluorescense labelling”, Journal of Chromatography A, vol. 730,
1996, 99-105.

* cited by examiner



U.S. Patent

Apr. 30,2019 Sheet 1 of 4 US 10,274,483 B2

Driminished Fluorescont sipnad

tewratiedral anjogic boronate ester

Hydroxyl \ Q
e

Lroups

from \‘13:;

succharide

% 6,_\3 OH fk&\
) 3Na* O i o

H

e O R
. »
08 A

N
Fluorescent signal restored b

Figure 1



U.S. Patent Apr.30,2019  Sheet 2 of 4 US 10,274,483 B2

N
N
o
i y
e a3
¥ \*‘L S
S
St
=
N
)
poo

il GMBY
e BBV

o
e

} 7 f
0 P 0 43 < 0 &4 ks &

(wagesxas0p) “4/d



U.S. Patent Apr.30,2019  Sheet 3 of 4 US 10,274,483 B2

Fhuwesconts Iniepsity { 420/53% am)

i
e
ASENN
AR e ¥
N R EaY RN
v > N 13
ke et bR Py

e T e A\
Coamentmian (oM

Figure 3

- odified suniatose
o Sunrse contiof
54 g Sucraloss contol »

FiF, {(405ex/53%:em}

Saccharids concentration miM

Figure 4



U.S. Patent Apr.30,2019  Sheet 4 of 4 US 10,274,483 B2

LR

ety
e
38 4
5

....................... \

l l )

3

@i SABem}:

fw

L5575
3
4

Fluorescerge intenslly {4
>
&
&

o

& S % & x

0 3 = i Y
¥ N & ¥ »
};: o Y bl I3 X
& z b4 - ~ 3
kS % P 2 = X

& & Ny &

el Z

e jed

Conditions

Figure 5



US 10,274,483 B2

1
FLUORESCENCE METHOD FOR SENSING
CHLORINATED DISACCHARIDES

RELATED APPLICATIONS

The present invention is filed under 35 U.S.C. § 371 as the
U.S. national phase of International Patent Application No.
PCT/US2015/034557, filed Jun. 5, 2015, which designated
the U.S. and claims priority to the U.S. Provisional Appli-
cation Ser. No. 62/008,441, filed on Jun. 5, 2014, by Bakthan
SINGARAM et al., and entitled “FLUORESCENCE
METHOD FOR SENSING CHLORINATED DISACCHA-
RIDES,” the entire disclosure of each of which is incorpo-
rated by reference herein, including all the drawings.

FIELD OF THE INVENTION

The present invention is in the field of sensing molecules
in solution, and in particular, a method for sensing and
quantifying chlorinated disaccharides in solution.

BACKGROUND OF THE DISCLOSURE

Gastrointestinal barrier dysfunction is now recognized as
an early event in the pathogenesis of several problematic
diseases, such as inflammatory bowel disease (IBD), Par-
kinson’s disease, Crohn’s disease, celiac disease and type 1
and 2 diabetes mellitus. There is a critical need, both in
clinics and research, for a way to efficiently map and
quantify leaky regions of the gastrointestinal (GI) tract.
Permeability testing is becoming one of the prominent ways
of characterizing changes in small intestine histology, mal-
absorption of nutrients, and abnormal permeability of the
intestinal mucosa. Gastrointestinal permeability can be
assessed noninvasively by analyzing saccharide biomarkers
in urine such as sucrose for upper GI permeability, lactulose
and mannitol for small intestine permeability. The synthetic
sweetener sucralose is the main probe of choice for colonic
permeability. Current methods for analyzing these biomark-
ers require expensive and time consuming instrumentation
such as high performance liquid chromatography/mass spec-
trometry (HPLC/MS).

Devices and methods for sensing glucose in solution are
described elsewhere, for example in, U.S. Pat. Nos. 6,653,
141, 6,627,177, 7,470,420, 7,968,714, and 8,394,357, and
Patent Application Publication Nos. US 2004-0028612 A1,
US 2009-0148956 A1, US 2012-0009126 A1, and US 2013-
0121925 Al, the entire disclosure of all of which is incor-
porated by reference herein, including the drawings. How-
ever, these documents disclose the sensing of glucose, a
monosaccharide. Further, chemical strategies for altering
chlorinated sugar derivatives (e.g., sucralose) such that they
can be detected and quantified are not described.

Thus, there is a need in the art for a low cost, high
throughput urinalysis assay that will detect chlorinated sac-
charide biomarkers in urine. This would enable clinicians to
immediately gain insight about microscopic tissue damage
that cannot be seen by endoscopy.

SUMMARY OF THE INVENTION

Disclosed are systems for measuring the concentration of
a disaccharide in an aqueous medium, the system compris-
ing a boronic acid derivative and a fluorescent molecule.
Also disclosed are methods of determining gastrointestinal
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permeability in a subject, the method comprising contacting
an aqueous medium obtained from a subject with the above
system to obtain a mixture, where the patient has consumed
a known quantity of a disaccharide; measuring the fluores-
cence emission of the mixture; and correlating the extent of
fluorescence emission to the concentration of the disaccha-
ride in the aqueous medium; and correlating the concentra-
tion of the disaccharide in the aqueous medium to the
gastrointestinal permeability in the subject. Also disclosed
are methods of determining the concentration of a disaccha-
ride in an aqueous medium, the method comprising contact-
ing the aqueous medium comprising the disaccharide with
the above system to obtain a mixture; measuring the fluo-
rescence emission of the mixture; and correlating the extent
of fluorescence emission to the concentration of the disac-
charide in the aqueous medium.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing showing the interaction
between the two component fluorescent sensor system based
on boronic acid appended bipyridinium salt oMBV (7) or
ortho bis-boronic acid viologen (0BBV) as the receptor and
corresponding HPTS reporter dye.

FIG. 2 1s a graph showing the comparison of lactulose
binding for mono vs bis substituted boronic acid viologen
receptor at a ratio of 125:1 receptor to fluorophore. This
study was performed with boronic acid receptor oMBV (7)
and bis substituted boronic acid viologen (0BBV) in sodium
phosphate buffer 0.1 M at pH 7.4. The fluorescence intensity
is normalized intensity where F=fluorescence intensity after
saccharide addition and F_ =fluorescence intensity of the
quenched reporter dye.

FIG. 3 is a graph showing the results of studies that
demonstrate that the two component system works effi-
ciently in human urine media.

FIG. 4 is a graph showing the results of a proof of concept
experiment to measure modified sucralose after 1 hr of
reaction time. This study was performed with ortho bis
boronic acid viologen (0BBV) in sodium phosphate and
HEPES buffer 0.1M containing 0.01% Triton-X100, pH 7.4.
The fluorescence intensity is the normalized intensity where
F=fluorescence intensity after saccharide addition and
F —fluorescence intensity of the quenched reporter dye.

FIG. 5 is a bar graph illustrating the fluorescence obtained
for various reaction conditions.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Provided herein are systems and methods for the mea-
surement of gastrointestinal permeability in a subject. In
broad terms, a subject is asked to consume a known quantity
of a disaccharide, preferably a non-metabolizable disaccha-
ride. After a certain amount of time, a fluid, for example
urine, is obtained from the subject. The fluid is then con-
tacted with a system having a fluorophore and a boronic acid
derivative. Normally, the boronic acid derivative quenches
the fluorescence of the fluorophore. When the disaccharide
is present, the fluorophore binds the disaccharide and loses
its ability to quench the fluorophore. The more disaccharide
is present in the solution, the more fluorescent the solution
is. By comparing the fluorescence obtained from an
unknown sample, and comparing the fluorescence to a series
of standards, the concentration of the disaccharide in the
solution is determined. If one knows how much disaccharide
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was consumed, then one is able to measure the extent of the
permeability of the gastrointestinal track.

Thus, disclosed herein are systems for measuring the
concentration of a disaccharide in an aqueous medium, the
system comprising a boronic acid derivative and a fluores-
cent molecule.

In some embodiments, the boronic acid derivative is a
viologen derivative. In other embodiments, the boronic acid
derivative is cationic. In certain embodiments, the boronic 10
acid derivative has a core structure of a compound of
Formula 1.
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In some embodiments, the boronic acid derivative is a
compound selected from the group consisting of trans-1,2-
bis(4,4'-N,N'-(benzyl-4-boronic acid)-pyridinium)ethylene
dibromide; 1,7-N,N'-bis(benzyl-3-boronic acid)-phenan-
throlinium dibromide; benzyl viologen (BV)-a comparative
quencher;  4,4'-N,N'-bis-(benzyl-2-boronic  acid)-dipyri-
dinium dibromide (0BBV); 4,4'-N,N'-bis-(benzyl-3-boronic
acid)-dipyridinium dibromide (mBBV); 4,4-N,N'-bis-(ben-
zyl-4-boronic acid)-dipyridinium dibromide (pBBV); N,
N'-bis (benzyl-(2, 3, or 4)-boronic acid-4,7-phenantholinium
halide (4,7-phen-o, m, or p-BBV); 4-N-(benzyl-2-boronic
acid)-4'-N'-(benzyl)-dipyridinium bromide chloride; 4-N-
(benzyl-3-boronic  acid)-4'-N'-(benzyl-4-ethenyl)-dipyri-
dinium bromide chloride (m-SBBV); 4-N-(benzyl-2-bo-
ronic acid)-4'-N'-(benzyl-4-ethenyl)-dipyridinium bromide
chloride (0-SBBV); 4-N-(benzyl-4-boronic acid)-4'-N'-
(benzyl-4-ethenyl)-dipyridinium bromide chloride
(p-SBBYV); trans-1,2-bis-4-N-(benzyl-4-boronic acid)-4'-N'-
(benzyl-4-ethenyl)dipyridinium-4-ethylene dibromide; 4-N-
(benzyl-3-boronic acid)-4'-N'-(benzyl-3-ethenyl)-3 phenan-
throlinium dibromide; 4,4'-N,N-bis-[benzyl-(3-methylene-
4-vinyl-pyridinium bromide)-5-(boronic acid)]-
dipyridinium  dibromide) (m-BBVBP); 4-N-(benzyl-3-
(boronic acid)-7-n-[benzyl-3-(methylene-(1-oxy-3-
(oxybenzylvinyl)-propane))-5-boronic acid]-4,7-
phenanthrolinium dibromide; and 4,4'-N.N-bis-[benzyl-(3-
methylene-4-vinylpyridiniumbromide)-5-(boronic acid)]-4,
7-phenanthrolinium dibromide.

MeO

MeO

HO

HO

10

12
In certain embodiments, the fluorescent molecule is a
pyrene sulfonate derivative. In some embodiments, the
pyrene sulfonate is selected from the structure:

I | | |
0] ¢} ¢} O

wherein R*, R?, and R? are each —NHR*, R* is —CH,—
CH,(—O0—CH,—CH,) —X";

wherein X! is —OH, OCH,—CO,H, —CONH,,
—SO,H, or —NH,; and n is between 70 and 10,000.

In some embodiments, the fluorophore comprises at least
one negative charge.

In some embodiments, the fluorophore is a compound
formed by reacting 8-acetoxypyrene-1,3,6-trisulfonylchlo-
ride with an amino acid. In some of these embodiments, the
amino acid is amino butyric acid or lysine. In certain
embodiments, the fluorophore is

OMe, or

wherein n is 125.
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Throughout the present disclosure, the abbreviation
“HPTS” refers to 8-hydroxypyrene-1,3,6-N,N'N"-tris-
methoxy sulfonamide. Several derivatives of HPTS are
known and are disclosed in, for example, U.S. Pat. Nos.
7,968,714, and 8,394,357, the entire disclosure of both of
which is incorporated by reference herein, including the
drawings, and in particular, the discussion quenchers and
pyrene derivative compounds, for example those in FIGS.
1A-1C. Some derivatives of HPTS include 8-hydroxy-
pyrene-1,3,6-N.N',N"-tris-(methoxypolyethoxyethyl
(n~125) sulfonamide (HPTS-PEG); 8-acetoxypyrene-1,3,6-
N,N',N"-tris-(methacrylpropylamidosulfonamide) (acetoxy-
HPTS-MA); and 8-hydroxypyrene-1,3,6-N,N'N"-tris (car-
boxypropylsulfonamide) (HPTS-CO,). A generic reference
to HPTS in this disclosure can refer to any of these HPTS
derivatives.

In some embodiments, the disaccharide is a synthetic
disaccharide. In some of these embodiments, the disaccha-
ride is sucralose or lactulose.

In some embodiments, the aqueous medium is a biologi-
cal fluid. In some of these embodiments, the biological fluid
is selected from the group consisting of blood or compo-
nents thereof (e.g., serum, red cells, white cell, platelets),
urine, semen, sweat, saliva, tears, and fecal matter.

In some embodiments, the subject is a mammal. In some
of these embodiments, the subject is a human.

In another aspect, disclosed herein are methods of deter-
mining gastrointestinal permeability in a subject, the method
comprising:

contacting an aqueous medium obtained from a subject
with a system as described herein to obtain a mixture,
wherein the patient has consumed a known quantity of a
disaccharide;

measuring the fluorescence emission of the mixture; and

correlating the extent of fluorescence emission to the
concentration of the disaccharide in the aqueous medium;
and

correlating the concentration of the disaccharide in the
aqueous medium to the gastrointestinal permeability in the
subject.

In a further aspect, disclosed herein are methods of
determining the concentration of a disaccharide in an aque-
ous medium, the method comprising:

contacting the aqueous medium comprising the disaccha-
ride with a system as described herein to obtain a mixture;

measuring the fluorescence emission of the mixture; and

correlating the extent of fluorescence emission to the
concentration of the disaccharide in the aqueous medium.

Proper gastrointestinal (GI) function is critical for absorp-
tion of nutrients, a process that is facilitated by the absorp-
tive area of the GI. The only way to noninvasively assess GI
function is to perform the permeability test. Normally,
human GI permeability is assessed by the measurement of
urinary excretion of an orally administered disaccharide
(lactulose, sucrose, or sucralose) and a monosaccharide
(mannitol or L-rhamnose). The urinary excretion of these
biomarkers is considered to be a parameter of gastrointes-
tinal health. A common technique for determining the con-
centrations of these urinary sugars is performance liquid
chromatography/mass spectrometry (LC/MS) in combina-
tion with refractive index (Ref 37). An alternative tool to
using analytical instrumentation is the development of
chemical assays that target the analyte of interest.

High throughput assays are becoming indispensible for
studying biological processes and discovering novel com-
pounds for potential new drug candidates. Aside from study-
ing biological processes and discovering potent compounds,
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there is an increasing utility for high throughput assays in
clinical chemistry. Whether it is looking for biomarkers in
blood serum or urine, there are still certain assays that could
be done more rapidly and effectively. One instance is a
permeability test. These tests look at the gastrointestinal
tract permeability to provide insight on GI barrier function.
Such tests are routinely used in clinical research because of
their noninvasiveness and usefulness as tools to investigate
the role of increased permeability in such disorders as
inflammatory bowel disease (IBD) (Crohn’s disease and
ulcerative colitis), Parkinson’s disease. celiac disease, and
diabetes mellitus, to name a few. Analysis of specific sac-
charide biomarkers in urine, such as lactulose, mannitol,
sucrose, and sucralose, can provide this information (Ref
16-19, 36, 40). Current methods for analyzing these bio-
markers require expensive and time consuming instrumen-
tation such as high performance liquid chromatography/
mass spectrometry (LC/MS). There has been a growing
interest in using specific saccharides as biomarkers (lactu-
lose, mannitol, sucralose, and sucrose) for assessing gastro-
intestinal permeability. Disclosed herein are rapid and high
throughput chemical assays that can quantify the concen-
tration of more complex non-reducing saccharides, such as
sucralose.

Boronic acids are known to undergo reversible covalent
interactions with cis-hydroxyl functional groups, which are
commonly found in saccharides. Since saccharides have
multiple hydroxyl groups, it has not been fully elucidated
how boronic acid receptors bind to their saccharide target.
Currently the exact position on the saccharide that reacts
with the boronic acid is not well understood, especially in
acyclic sugar alcohols. What is understood is that boronic
acids form covalent bonds with the hydroxyl groups in the
cis 1,2 or 1,3 positions to form five- or six-membered rings.
This does not always hold true: if this were the case, then
every boronic acid receptor made would follow a similar
pattern for a range of saccharides with high selectivity and
sensitivity. Based on previous studies it has been shown that
the saccharide target is preferably a reducing saccharide
containing the hemiacetal (or hemiketal) to obtain a signifi-
cant signal. Since most of the focus has been on developing
sensitive and selective boronic acid receptors for glucose
and fructose, although these are important saccharides, there
are other saccharides such as sucralose that are not com-
monly studied and are becoming recognized as equally
important. The biomarker sucralose can be used to nonin-
vasively assess the colon health and potentially serve as an
early indicator before the onset of colon cancer and other
maladies associated with colon health.

Sucralose is among the only probes that are used for
assessing colonic permeability. Typically, urine is collected
from 6 to 24 hours after oral ingestion and urinary excretion
is quantified as a percent of the amount ingested.

The present disclosure is directed to methods of detecting
a chlorinated disaccharide (e.g., sucralose) in a solution
using a two-component system that comprises a boronic acid
receptor and a fluorescent molecule reporter. A diverse class
of boronic acid receptors are synthesized and used in the
disclosed methods to identify optimal sensitivity for saccha-
ride biomarker lactulose.

The disaccharide sucralose is used as a commercial arti-
ficial sweetener, which is synthesized by replacing three of
the hydroxyl groups on sucrose with chlorine. It is regarded
to be 600 times sweeter than sucrose, but is impervious to
sucrase hydrolysis (Ref 6). Since it appears in the urine
unchanged, it has been utilized widely as a biomarker for
measuring small intestinal and colonic permeability (Ref 6).
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If small intestinal permeability is normal, then it can be used
to detect an increase in colonic permeability alone. A
common technique for determining the concentrations of
these urinary sugars is liquid chromatography/mass spec-
trometry (LC/MS) in combination with refractive index (Ref
1). An alternative way to using analytical instrumentation is
the development of chemical assays that target this analyte
of interest.

Disclosed herein are methods to measure the concentra-
tion of sucralose via fluorescence. The primary and second-
ary alkyl halides of sucralose are reacted such that they are
replaced by hydroxyl groups and the fructose ring is opened
in order to couple sucralose to a fluorescent urine assay for
gut permeability. This is possible and reliable in urine
because chlororganics otherwise do not normally appear in
MM concentrations in urine.

Boronic acid recognition of sucralose is better achieved
by developing a degradation pathway of sucralose into a
saccharide that would consist of the hydroxyl groups. The
halogenated carbons can be modified via a hydroxyl anion or
radical to dechlorinate sucralose, yielding a detectable sugar
alcohol. Based on literature precedence, sucralose can be
modified through advanced oxidation photolysis to generate
a sugar alcohol derivative, which is thought to only be
detectable by mass spectrometry (Ref 38). The methods
described herein utilize the Fenton and similar oxidation
reactions to generate reactive hydroxyl and radical species in
solution to de-chlorinate sucralose to yield a sugar alcohol
derivative of the fructose moiety. This modified sugar is
quantified using the two component systems disclosed
herein.

Further, a user-friendly platform for urinalysis assay is
development and optimized, where the assay comprises
ortho bis-boronic acid viologen, 4,4'-N,N'-bis-(benzyl-2-
boronic acid)-dipyridinium dibromide (0BBV). Addition-
ally, the artificial sweetener sucralose is identified using the
present methods. Synthesizing a diverse class of boronic
acid receptors provides a sensitive receptor for the saccha-
ride biomarkers of interest.

Rapid quantification of saccharide biomarkers brings gas-
trointestinal permeability tests a step closer to routine use.
This assay enables clinicians to use the permeability test
routinely to monitor the GI permeability of patients who
have undergone GI procedures. Such testing is of value in
pharmacological studies of drug absorption and bicavail-
ability of pharmaceuticals that affect GI permeability.

Boronic acids form covalent bonds with the cis-1, 2-hy-
droxyl groups that are commonly found in saccharides.
Based on this property, a two-component sensing system is
developed, comprising a fluorescent dye that serves as the
indicator unit and a boronic acid-appended viclogen that
serves a dual function as fluorescence quencher and saccha-
ride receptor. Dye and viologen form a non-fluorescent
ground state complex. Binding to a diol weakens the com-
plex. Subsequent dissociation from the fluorescent dye
results in an increase in fluorescence dependent on diol
concentration.

The disclosed two component system operates well by
using the number and position of the boronic acid moiety,
and the cationic charge number, both of which affect signal
modulation. By synthesizing an array of boronic acid recep-
tors that have unique structural and electronic properties, the
present methods provide an optimal boronic acid receptor to
obtain a sensitive signal for the biomarker lactulose. Overall,
this system allows manipulation of the boronic receptor and
the fluorescent molecule, which are tailored for detecting the
saccharide of interest.
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The presently disclosed methods provide cost-effective,
easy-to-use platforms that are highly desirable in a clinical
lab setting for the detection of chlorinated saccharide bio-
markers in urine. The already synthesized oBBYV, together
with the dye, are deposited in the wells of a 96- or 384-well
plate, or any other high throughput platform, which will
require a fluorescent plate reader that is readily available in
a clinical chemistry laboratory to perform an analysis. There
are multiple chemical species present in human urine, the
composition and concentration of which can vary depending
on the subject’s diet and health. An evaluation of the
presently disclosed two component system (BBVs and dye)
is performed to determine stability and solubility propetrties
to obtain confident limits of detection and quantification for
sucralose.

Sucralose, like sucrose, is a non-reducing compound; it is
understood that boronic acids can only bind to reducing
saccharides (e.g., glucose, fructose, galactose, etc). The
hemiacetal (or hemiketal) group found in reducing saccha-
rides is used in boronic acid binding. By a simple chemical
transformation, sucralose is converted into a polyhydroxy
product that is amenable to quantification using the 0 BBV
receptor and dye. The presently disclosed two component
system provides alternative methods to rapidly measure
sucralose, alleviating the drawbacks of using expensive
analytical instrumentation, such as HPLC/MS.

The design and synthesis of synthetic molecular receptors
for biologically important molecules has developed into a
major research area. Progress has been driven by advarnces
in the analytical capabilities of biologists and chemists as
well as from medical professionals whose practices lay
increasing emphasis on accurately monitoring a patient’s
biochemical balance. Since the coupling of boronic acids
and a fluorescent molecule by Czarnik (Ref 1) and Shinkai
and co workers (Ref 2) for the detection of glucose, the field
has become vastly transformed, from detecting simple
monosaccharides to the recognition of cell surface carbohy-
drate biomarkers (Ref 3). Various research groups have
developed molecular receptors for the detection of simple to
complex saccharides (Ref 4, 5). Although these receptors
show potential, there still remains an open avenue for the
development of sensors that utilize boronic acid receptors.
Over the past years, much of the focus has been on the
detection of glucose, although glucose is an important
analyte. There are known diagnostic saccharide biomarkers
that are used noninvasively to assess gastrointestinal per-
meability in humans and animals in a clinical setting (Ref 6,
7). This permeability test is valuable for diagnosing primary
intestinal defects. The non-invasive measurements can be
exploited as a diagnostic tool to serve as an early indicator
for Crohn’s disease, celiac disease, irritable bowel syndrome
and other gut-related or colon-related maladies, potentially
before their clinical onset (Ref 8-10).

In the current standard of analysis, saccharide biomarkers
are orally administered to patients and over a time interval,
a urine sample is collected and analyzed by analytical
instrumentation. High performance liquid chromatography
is the only method for quantifying saccharide biomarkers in
urine but requires a pulsed amperometric electrochemical
detector or a evaporative light scatter detector (11).
Although an effective instrument, it requires trained person-
nel; the process is labor intensive when analyzing hundreds
and thousands of samples; and costly when it comes to
maintenance or parts replacement.
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Disclosed herein are two-component fluorescent probes
that utilize a boronic acid-appended viologen (BBV) that has
the dual function of a quencher and receptor, and a fluores-
cent molecule that generates the quantifiable signal to detect
saccharides in an aqueous medium. The majority of probes
that are being developed are one-component systems, which
some have selectivity and sensitivity for specific saccha-
rides. The synthesis is a difficult multistep process and there
are strict limitations for modifying the parameters of the
fluorophore and the receptor itself (Ref 4, 5). A two-com-
ponent system is more flexible in the following sense: the
fluorophore can be chosen without affecting the receptor.
This research has been developed and translated for practical
uses such as continuously measuring glucose levels in the
blood in patients (Ref 12, 13). In the present methods, a
diverse class of boronic acid receptors are developed that are
specific for clinically relevant saccharide biomarkers and
provide a low-cost, user-friendly high throughput platform
to measure these biomarkers in urine.

The presently disclosed systems, which translate the use
of boronic acid receptors to a platform that can be easily
used in the permeability test to assess GI tract permeability,
represent an important practical advance in patient treatment
and a conceptual advance in the importance of the applica-
bility of boronic receptors for the detection of clinically
relevant saccharides. This noninvasive assay is an addition
to the arsenal of diagnostics that not only help diagnose
gastrointestinal disease, but also help prevent them through
early detection before the onset of the disease with current
treatments that are widely available (Ref 14, 15).

Synthesis of a Diverse Class of Boronic Acid Receptors to
Identify Optimal Sensitivity for Saccharide Biomarker
Lactulose.

Boronic acids are known to undergo reversible covalent
interactions with hydroxyl functional groups, which are
commonly found in saccharides. Since saccharides have
multiple hydroxyl groups, it has not been fully elucidated
how boronic acid receptors bind to their saccharide targets
and it is not well understood what exact position on the
saccharides the boronic acid reacts. What is understood is
that boronic acids form covalent bonds with the hydroxyl
groups in the cis 1,2 or 1.3 positions to form five or six
membered rings. This does not always hold true: if this were
the case, then every boronic acid receptor made should
follow a similar pattern for a range of saccharides with high
selectivity and sensitivity. Most of the focus has been on
developing sensitive and selective boronic acid receptors for
glucose and fructose, although these are important saccha-
rides, there are other saccharides that are not commonly
studied and are becoming recognized as equally important.
There has been a growing interest in using specific saccha-
rides as biomarkers (lactulose, mannitol, sucralose, and
sucrose) for assessing gastrointestinal permeability (Ref
16-19). Because each saccharide is structurally diverse, the
sensitive boronic receptor that has been used for glucose or
fructose does not suffice. Instead, presently disclosed are
methods to synthesize a diverse library of boronic acid
receptors that have unique structural and electronic propet-
ties.

The presently disclosed two component system relies on
a boronic acid receptor that contains a cationic charge.
Formula 1 shows the general core of the boronic acid
receptor that is utilized for generating a diverse class of
compounds.
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B(OH),

This cationic charge helps with the complex formation
with the fluorophore through charge interaction and 7 stack-
ing interaction (FIG. 1). The cationic charge also helps the
electron acceptor capabilities of the receptor, which in turn
contributes to its ability to quench the fluorescence of the
fluorophore by forming a ground state complex. Because of
this property, considerations for implementing multiple cat-
ionic motifs are incorporated into the synthetic strategy. The
rationale for using multiple cationic charges would enhance
the quenching efficacy to obtain an “off” signal. Theoreti-
cally, the more cationic character the boronic acid receptor
has, the better a quencher it will be. Having multiple boronic
acid units on the whole receptor increases the likelihood of
interaction with the saccharide and increases the fluores-
cence response. Thus, in some embodiments, the boronic
acids disclosed herein contain multiple cationic charges.

In addition to the compounds of Formula 1, other boronic
acid compounds that are useful in the methods disclosed
herein are those disclosed in, for example, U.S. Pat. Nos.
7,968,714, and 8,394,357, the entire disclosure of both of
which is incorporated by reference herein, including the
drawings, and in particular, the discussion on boronic acid
compounds, for example, FIGS. 2A-2G and 3A-31.

Based on using simple, low cost starting materials that
require short step syntheses for these boronic acid receptors,
the synthetic approach presented herein is advantageous in
developing a practical system that can be utilized by clini-
cians. Overall, this two-component system reduces molecu-
lar complexity, allows flexibility in multiple areas, and
having stable boronic acid receptors for developing a plat-
form 1s advantageous. The presently disclosed two compo-
nent system is capable of detecting the saccharide biomarker
lactulose. The plots in FIG. 2 illustrate a binding relationship
when using the mono and bis-substituted boronic acid
receptor against the disaccharide lactulose.

Boronic acids have high affinity for keto-saccharides such
as fructose. Since lactulose and fructose have a ketose within
their structure, similar binding affinities are expected. To the
contrary, what was observed was strong binding for the
acyclic sugar alcohol sorbitol and the disaccharide lactulose.

Starting with the mono-boronic acid platform, a diverse
class of boronic acid receptors are synthesized to make a
broad range of structurally diverse boronic acid receptors.
The library is based on two structural themes: first, different
receptors are synthesized that are characterized by a single
unit with multiple cationic groups and are electronically
unique. Second, polymeric boronic acid receptors are syn-
thesized that comprise a water soluble peptide backbone
substituted with multiple boronic acid units, the number
being dictated by the length of the peptide.

The synthetic scheme for synthesizing the structurally
diverse class of boronic acid receptors is outlined in Scheme
1.
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To synthesize the electronically unique receptors, the
reaction scheme begins with boronic receptor 1 and three
unique receptors are synthesized with the corresponding
starting materials. The binding properties of Compound 7
are shown in FIG. 2. Compounds 5 and 6 are synthesized
according to Scheme 1. The polymeric boronic acid receptor
unit is synthesized through a similar approach. Starting with
compound 1, the appropriate starting material is prepared to
attach the receptor onto the polypeptide unit (Scheme 2).
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ten amino acids long. The appropriate length was evaluated
based on solubility and effectiveness as a receptor. The
polypeptide 12 was synthesized from lysine and glycine
amino acid residues through peptide-coupling synthesis. An
alternative approach was to purchase commercially avail-
able poly-lysine oligomers. Compound 13 was achieved
through a reductive amination or amide coupling reaction.

After the synthesis, these boronic acid receptors were
tested against the saccharide biomarkers lactulose, mannitol,
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There were two routes used to achieve the above reaction;
synthesis of compounds 10 and 11 were performed first,
because they were the two starting reagents for the install-
ment of the receptor onto the polypeptide unit. The poly-
peptide unit had an “n” repeating unit that had from five to
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sucrose, and sucralose to identify any structural binding
relationships. Several concentrations of each saccharide
were examined to determine the lower limit of detection,
saturation limit, and lower limit of quantification. This was
rapidly accomplished through the use of a 96-well plate and
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a fluorescent plate reader. Further structural elucidation was
carried out via Heteronuclear Single Quantum Coherence
spectroscopy (HSQC). NMR structural elucidation had been
carried out for fructose and glucose thus far using phenyl
boronic acid as the receptor (Ref 22, 23).

By synthesizing this diverse class of boronic acid recep-
tors, a higher sensitivity to the lactulose biomarkers of
interest was achieved. The structural features of the boronic
acid receptor enhance the binding affinity for its saccharide
target. Using the receptors, this binding was studied and
further confirmed by indentifying structural binding rela-
tionships. Because of the multi cationic character of recep-
tors 5 and 13, these receptors had high sensitivity for each
saccharide biomarker in the targeted concentration range (50
uM-5 mM). Each receptor was demonstrated to work in
various aqueous media such as human urine, phosphate
buffer saline, sodium phosphate buffer, and potassium phos-
phate buffer at pH 7.4, proving that there were no compo-
nents that can cause interference.

Development and Optimization of a User-Friendly Plat-
form for Urinalysis Assay Comprising Ortho Bis-Boronic
Acid Viologen (0BBV).

A chemical probe, in which the signaling components are
dissolved in solution, is commonly used in in vitro biologi-
cal assays (Ref 24, 25). Another analytical system, often
more challenging to develop, is a sensor in which the probes
are immobilized in polymers or on a surface. Sensors have
several distinct advantages over probes. For example, sen-
sors may cause less interference with the biological system
being studied and can even be re-used for multiple experi-
ments. Immobilization can also improve the sensitivity, as
well as the selectivity, of optical probes (Ref 26). Because
fabrication of sensors can be difficult, there are few
examples of multi-well sensors that can be used for practical
high-throughput assays (Ref 27-30). Most multi-well sensor
examples in the literature make use of enzymes such as
glucose oxidase to generate a signaling species. Although
effective, these systems can be troublesome in different
environments (high temperatures/humidity) and give inac-
curate read outs at low glucose and oxygen levels. Saccha-
ride sensors have been developed based on artificial recep-
tors in a hydrogel matrix. These are fabricated by
synthesizing polymerizable monomers of fluorescent dyes
and boronic-acid containing receptors and copolymerizing
them with hydrogel-forming monomers (Ref 26, 31). These
sensors were designed to detect glucose in the physiological
range of 1 to 20 mM. No urine assay utilizing boronic acid
receptors for high throughput analysis of various saccharide
biomarkers exist in the art.

In some embodiments, methyl cellulose is the immobi-
lizing reagent that is used with preliminary boronic acid
receptors. Methyl cellulose is a carbohydrate polymer that
dissolves in cold water but is insoluble in hot water (reverse
solubility) (Ref33-35). It has a wide range of uses in general
industrial and pharmaceutical settings. The pharmaceutical
grade can be used as thickeners, binders, emulsifiers, and
stabilizers. Using this reagent, various parameters, such as
viscosity, concentration, and degree of polymerization of
methyl cellulose are examined. In the present methods, the
methylcellulose first formed a gel structure, then, upon
addition of aqueous medium, the gel solid dissolved to give
a clear solution. After the appropriate conditions for gel
formation were achieved, the sensing elements were fixed to
a substrate by entrapment in the methylcellulose gel. The
fixed sensing elements were then dissolved in an aqueous
saccharide solution; their ability to quantitatively analyze
sugars (activation of sensing elements) was evaluated to
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show that the fixation did not detrimentally affect the sac-
charide response. Further studies are performed to determine
a relative rate of dissolution, thereby achieving activation of
the platform.

Other polymers instead of methyl cellulose can be used as
the immobilizing regent. These include other cellulose based
polymers, or other physiologically compatible polymers.

The sensing elements were then fixed onto 96-well plates
and their performance was examined using the saccharide
biomarkers, such as lactulose, mannitol, and sucrose, and the
boronic acid receptors shown above. The stability of this
platform for rapid quantification of saccharide biomarkers in
human urine samples was then tested. In other studies
synthetic urine media was used. Stability of the assay was
examined by preparing the well plate and aging it for several
days; its performance as a saccharide biomarker assay was
evaluated at different time intervals. This demonstrated the
feasibility for this assay to be packaged and shipped without
causing any disruption to the sensing elements.

Urine has been analyzed for the permeability markers
sucrose (stomach), lactulose and mannitol (small intestine)
and sucralose (colon). The viologen oBBV was used with
the fluorophore HPTS (Exc. 420 or 485 nm, Em 535 nm).
Fluorescence was measured with a benchtop plate reader.
HPTS is normally read at 420/535 nm, but performs well at
485/535 nm, matching FITC filter sets normally found in
clinical labs. The HPTS was quenched by this viologen and
selectively de-quenched in the presence of the sugars lactu-
lose and mannitol, but not sucrose or sucralose (FIG. 3). The
4,4'-0-BBV showed greatest preferential sensitivity to lactu-
lose with good sensitivity to mannitol. Lower limit of
quantification (LLOQ) and dynamic range are suitable for
typical urine samples.

With equipment available to any hospital lab assistant
(e.g., pipetters and plate reader), it was possible to assay
more than one microtiter plate (40 patient samples in dupli-
cate) within 30 minutes. Hence, the prototype viologen
4,4'-0-BBV offers a clear solution.

In these studies, the sensing elements are fixed onto well
plates to provide a user-friendly system for clinicians. The
clinician is only required to add the urine sample to the well
bringing the sensing elements into solution ready for analy-
sis. The platform comprises a specific timeline that is
required for activation of sensing elements to reduce wait
time. This provides a high throughput approach that allows
analysis of thousands of samples within hours, making the
permeability test routine. Using readily available reagents
makes this platform practical at a low cost. This platform
provides a faster alternative approach with the instrumen-
tation than the conventional instrumentation.

Molecular Recognition of the Artificial Sweetener Sucral-
ose.

The disaccharide sucralose is used as a commercial arti-
ficial sweetener, which is synthesized by replacing three of
the hydroxyl groups on sucrose with chlorine. It is regarded
to be as 600 times sweeter than sucrose, but makes it
impervious to sucrase hydrolysis (Ref 36). Since it appears
in the urine unchanged, it has been utilized widely as a
biomarker for measuring small intestine and colonic perme-
ability (Ref 36). If small intestine permeability is normal,
then it can be used to detect an increase in colonic perme-
ability alone. A common technique for determining the
concentrations of these urinary sugars is performance liquid
chromatography/mass spectrometry (LC/MS) in combina-
tion with refractive index (Ref 37). An alternative tool to
using analytical instrumentation is the development of
chemical assays that target the analyte of interest.
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Developing a degradation pathway of sucralose into a
saccharide that consists of the hydroxyl groups is needed for
boronic acid recognition, which allows for the molecular
recognition of sucralose. Sucralose contains halogenated
carbons, which are easily modified via a hydroxyl anion or
radical to de-chlorinate sucralose to form a detectable sac-
charide. Based on literature precedence, sucralose is modi-
fied through advanced oxidation photolysis to generate a
fructose sugar alcohol derivative of sucrose (Ref 38). The
presently disclosed methods demonstrate that sucralose is
chemically modified and measured using the disclosed
oBBV-HPTS two component system. This has been accom-
plished by generating hydroxyl anion and radicals via the
Fenton chemical reaction (Ref 39) in the presence of sucral-
ose, and upon reaction completion, the modified sucralose
solution was tested against the o BBV-HPTS system. Using
the disclosed two component system, it is confirmed that
sucralose is modified. By adding increasing amounts of this
modified saccharide, there is an increase in fluorescence
signal (FIG. 4). Sucralose and sucrose were tested in parallel
with modified sucralose to show that there is no obtainable
signal when attempting to measure the concentration of
these non-reducing saccharides.

Thus, it has been demonstrated that sucralose can be
chemically modified and measured in aqueous solution
using our oBBV-HPTS two component system. This has
been accomplished by generating hydroxyl anion and radi-
cals via the Fenton chemical reaction (Ref 39) in the
presence of sucralose, and upon reaction completion, the
modified sucralose solution was tested against the oBBV-
HPTS system. Using our two component system, we have
confirmed that sucralose can be modified and measured by
adding increasing amounts of this modified saccharide, a
significant fluorescence signal was obtained.

A solution of sucralose (20 mM) in the presence of ferrous
iron (II) sulfate and hydrogen peroxide was allowed to stir
for 1 hour and dilutions were made to determine if a
fluorescence signal can be obtained. In addition, a silver
nitrate test was conducted to demonstrate liberated chlorides
during the reaction. The silver nitrate test gave a white
precipitate, indicative of the formation silver chloride from
liberated chloride ions from the Fenton oxidation of sucral-
ose. Since iron complexes are known to form interactions
with sulfonate groups, and these groups are found in our
HPTS reporter dye, further analyses were performed to
determine if the reaction intermediates interfere with the
fluorescence signal (FIG. 5).

The conditions for the results obtained and shown in FIG.
5 were as follows: A) HPTS 1x: total fluorescence obtain-
able in 0.025M sodium phosphate/HEPES buffer containing
0.01% Triton-X100, pH 7.4, HPTS concentration 4 pM.
RXNI1 unfil: total fluorescence of HPTS in the solution after
Fenton reaction went to completion without any processing
(i.e. purification to remove iron complex). RXN1 conditions
Sucralose (20 mM)+H,0, (20 mM)+FeSO, (10 mM). B)
RXN2 unfil: total fluorescence with conditions as mention
above but with different reagent equivalences. RXN2 con-
ditions Sucralose (20 mM)+H,O, (40 mM)+FeSO, (10
mM). C) RXNI and RXN2 cation is total fluorescence of
HPTS in the solution after Fenton reaction went to comple-
tion and processed through a cationic exchange column to
remove residual iron complexes. D) Probe 1x: Fluorescence
of HPTS (4 uM) in the presence of oBBV (400 uM) in
0.025M sodium phosphate/HEPES buffer containing 0.01%
Triton-X100 pH 7.4.

Based on these results, the fluorescence is slightly affected
by not crudely purifying the solution after reaction has gone
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to completion, but is not significantly affected. By crudely
purifying the solution processing the solution before analy-
sis, the fluorescence is no longer affected by residual iron
complexes. The fluorescence recovery shown in FIG. 1 is
obtained after processing the solution through the cationic
exchange column. This assay can be performed rapidly
using a 96- or 384 well plate, which allows analysis of
multiple samples per plate. This proof of principle will allow
for rapid analysis of sucralose in any media (urine, buffer,
plasma, serum, or wastewater), addressing unmet needs for
the rapid analysis of sucralose beyond only gut permeability,
such as in the food industry, environmental sciences, and
basic biomedicine research.

Investigations of this newly developed method were car-
ried out for optimization. This was accomplished by char-
acterizing the products formed upon modification reaction
using mass spectrometry and 2D-NMR. By characterizing
the product(s) formed, it is shown which boronic acid
receptor achieves the dynamic range that is best suited for
the urinalysis assay. The presently disclosed boronic acid
receptors are efficient at obtaining dynamic ranges in con-
centration greater than two orders of magnitude for modified
sucralose.

Using the presently disclosed oBBV-HPTS system, it is
possible to rapidly quantify, for the first time, the concen-
tration of sucralose using a fluorescent 96- or 384-well
platform. This method can be applied in media such as
blood, serum, urine, and water. The presently disclosed
system allows the analysis of multiple samples containing
the biomarker sucralose to gain insight of human health
depending on how it is administered (orally or intravenous
injection) and can be measured in plasma, serum, or urine.
In addition, an alternative modification can be applied to this
system as well; the method described here uses the Fenton
reaction to generate the reactive oxygen species to carry out
the conversion of sucralose to sugar alcohol derivative of
fructose. Alternatively, an enzymatic or photolysis approach
can be utilized to generate this reactive species. This method
would allow for rapid analysis of a sample containing
sucralose whether it is to non-invasively assess colon health
to gain early insight before the onset of colon maladies or
determine concentration of it for food industry/environmen-
tal purposes.

It is self-evident that this same assay or a minor variation
of its basic scheme may be employed for other purposes,
such as quantifying chlorinated compounds in food or
drinking water if diol groups are made available.
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What is claimed is:

1. A method of determining the concentration of a sucral-
ose in a sample from a subject, where the subject has been
administered sucralose, the method comprising:

dechlorinating the sucralose in a first solution comprising

the sample;

contacting the first solution comprising the dechlorinated

sucralose with a boronic acid derivative and a fluores-
cent molecule to obtain a first mixture;

measuring the fluorescence emission of the first mixture;
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contacting a second solution comprising a known amount
of dechlorinated sucralose with the boronic acid deriva-
tive and the fluorescent molecule to obtain a second
mixture;

measuring the fluorescence emission of the second mix-

ture and

contacting a third solution known to contain an amount of

dechlorinated sucralose too low to be detected using the
boronic acid derivative and the fluorescent molecule to
obtain a third mixture;

measuring the fluorescence emission of the third mixture;

generating a series of standards from the fluorescent

emissions of the second and third mixtures; and
comparing the fluorescence emission of the first mixture

to the series of standards, thereby determining the

concentration of the sucralose in the aqueous medium.

2. The method of claim 1 where the boronic acid deriva-
tive comprises 4,4'-N,N'-bis-(benzyl-2-boronic acid)-dipyri-
dinium dibromide (0BBV).

3. The method of claim 1 where the fluorophore com-
prises HPTS.

4. The method of claim 1 where the sample comprises a
biological fluid.

5. The method of claim 4 where the biological fluid
comprises one or more of blood, or a fraction thereof, urine,
semen, sweat, saliva, tears, or fecal matter.

6. The method of claim 1, further comprising collecting
the sample from the subject.

7. The method of claim 1 further comprising administer-
ing the sucralose to the subject.

8. The method of claim 7 where the sucralose is admin-
istered orally.
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