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Abstract—Chemiluminescent acridinium-9-carboxamide probes containing 1, 3, 9, and 27 phenylboronic acids were prepared and
their chemiluminescent properties evaluated. The relative chemiluminescent signal from the probes varied from 4 to
0.83 x 10'° counts/mol across the series, while the apparent affinity of the probes for the diabetes marker glycated hemoglobin
increased from 211 to 0.43 pM. The dose-dependent modulation of the chemiluminescent intensity of the probes upon binding
was used to demonstrate a homogeneous assay for glycated hemoglobin.

© 2006 Published by Elsevier Ltd.

The signal from chemiluminescent acridinium-9-carbox-
amide-modified ligands can be specifically quenched/
modulated upon non-covalent association with binding
proteins specific for the ligand. The ligand-binding pro-
tein pairs investigated thus far have included biotin—
avidin,! folic acid—folate binding protein,? and vitamin
B,,—intrinsic factor.? In each case, the degree of signal
modulation was dose-dependent and sufficient to dem-
onstrate a competitive homogeneous assay for the li-
gand of interest.

In this communication, we report a homogeneous
chemiluminescent assay for glycated hemoglobin, a
diagnostic marker for which no innate binding pro-
tein—ligand pairing is available.

Glycated hemoglobin (GHb) is the marker of choice in
assessing patient glycemic status during the diagnosis
and treatment of diabetes.*> The non-enzymatic reac-
tion of glucose and hemoglobin (Hb) primarily forms
a Schiff base with the B-chain, amino terminal valine
that subsequently undergoes an Amadori rearrangement
to give a stable N-(1-deoxy-p-fructos-1-yl)amino deriva-
tive (designated HbA ) (Fig. 1). Other minor glycation
products are also formed and contribute to the total
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Figure 1. Formation of glycated hemoglobin (GHDb) via the Amadori
rearrangement.

%GHDb. Since the half-life of the hemoglobin molecule
in vivo is relatively long, the degree of glycation reflects
the time-averaged concentration of glucose over the
previous 6-8 weeks.

The current trends in assaying this marker have been
recently reviewed.* Among the most useful assays are
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Figure 2. Specific interaction of arylboronic acids with cis-diols.

those that report total %GHb based on the specific
reaction of aryl boronic acids with the cis-diols of the
glycated molecule (Fig. 2).

The stability of the boronate ester is rather low in
aqueous media (logK = 3) and typically is augmented
by the multivalent interactions provided by polymeric®
or dendritic boronic acids’ (see also any of the several
excellent reviews on boronic acid carbohydrate
sensors®10),

To demonstrate chemiluminescent signal modulation in
the detection of glycated hemoglobin, a series of acridi-
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Scheme 1. Preparation of mono-boronic acid chemiluminescent probe
7. Reagents and conditions: (a) i—MsCl, Et;N, toluene, 0 °C, 2 h;
ii—methylamine, 7 d, 68%; (b) 3, K,CO3, AcCN, 69%; (c) i—TFA,
CH,Cl,, 15 min; (d) 6, DMF/buffer (pH 8), 2 h, 50%.
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Scheme 2. Preparation of trivalent boronic acid chemiluminescent
probe 14. Reagents and conditions: (a) i—oxalyl chloride, CH,Cl,,
DMF; ii—Behera’s amine fert-butyl ester 9, Et;N, CH,Cl,, 1 h, 70%;
(b) TFA, CH,Cl,, 2 h, 88%; (c) N-hydroxysuccinimide, EDAC, DMF,
14 h, 62%; (d) 5, Ets;N, DMF, 14 h, 79%; (¢) i—HBr/AcOH, 45 min,
83%; 1i—6, Et;N, DMF, 14 h, 86%.

nium-9-carboxamide boronic acid reagents were pre-
pared containing from 1 to 27 boronic acid groups,
with the aim of identifying a reagent with the minimum
diol ‘affinity’ sufficient for an assay. The increased stabil-
ity and operable pH range offered by o-aminomethyl
arylboronic acids in the formation of the boronate
ester!! prompted the choice of compound 5 as the
common element for incorporation into the target
reagents.

Thus, as shown in Scheme 1,'? alcohol 1! was converted
to the methylamine linker 2, and then alkylated by the
o-bromomethylphenyl boronic acid anhydride 3'#!3 to
afford the #-Boc-protected intermediate 4. Subsequent
trifluoroacetic acid deprotection to 5 and acylation with
acridinium-9-carboxamide pentafluorophenyl active
ester 67 gave the desired mono-boronic acid chemilumi-
nescent probe 7.

Chemiluminescent arborol probes 14, 25, and 35 bearing
3, 9, and 27 boronic acid surface groups, respectively,
were prepared as shown in Schemes 2-4. The tert-butyl
ester of Behera’s amine'® (9, Scheme 2) served as the ini-
tial AB3 branching unit. The focal point was extended
by the addition of a 6-(Cbz-amino)caproic acid linker
to give 10. Acid deprotection, activation, and coupling
to boronic acid 5 afforded 13. Removal of the Cbz-pro-
tecting group by hydrogenolysis and acylation with
acridinium active ester 6 completed the preparation of
the trivalent reagent 14. Preparation of the 9-mer 25
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Scheme 3. Preparation of nonavalent-boronic acid chemiluminescent
probe 25. Reagents and conditions: (a) i—oxalyl chloride, CH,Cl,,
DMF; ii—Behera’s amine fert-butyl ester 9, Et;N, CH,Cl,, 1 h, 86%;
(b) TFA, CH,Cl,, 2h, 72-84%; (c) N-hydroxysuccinimide, EDAC,
DMEF, 14 h, 63-74%; (d) H,, Pd/C, MeOH, 100%; (e) 19, Et;N, DMF,
14 h, 79%; (f) 5, Et;N, DMF, 14 h, 86%; (g) NH,CH,CH,NH,, DMF/
buffer (pH 8), 1h, 45%; (h) i—HBr/AcOH, 45min, 80%;
ii—pentafluorophenyl trifluoroacetate, pyridine, DMF, 14 h, 57%;
iii—24, Et;N, DMF, 14 h, 48%.

(Scheme 3) and the 27-mer 35 (Scheme 4) proceeded
similarly, using the advanced intermediates from the
preceding schemes where possible.

The chemiluminescence properties of each probe are
shown in Figure 3. The chemiluminescent signal gradu-
ally dropped from 4 x 10" to 8.3 x 10'® counts/mol as
the number of boronic acids increased across the series,
while the emission profile for each displayed the ‘flash’
kinetics typical for the unsubstituted acridinium-9-
carboxamide.
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Figure 3. Chemiluminescence of boronic acid probes. (A) Chemilumi-
nescence emission profiles. (B) Dilution linearity. Conditions: aliquots
(25 uL) of each sample were triggered using 200 uL of triggering
solution (0.35 N NaOH, 1.32% H,0,, 0.09% DTPA, and 2% Triton X-
100). The chemiluminescent response from each sample was integrated
over a 10s window.

The chemiluminescent response of the boronic acid
reagents 7, 14, 25, and 35 was next evaluated in the
presence of stabilized human glycated hemoglobin
(azido-methemoglobin, 40% glycation by vendor assay)
and ‘non-glycated’ hemoglobin (azido-methemoglobin,
5% glycation by vendor assay) both obtained from
American Biological Technology, Inc. (Fig. 4). The
chemiluminescent signal was recorded from samples
containing a fixed concentration of the chemilumines-
cent reagent (0.5 nM) and either glycated or non-glycat-
ed hemoglobin upon addition of basic hydrogen
peroxide. Total hemoglobin concentration was deter-
mined using a commercial kit following the manufactur-
er’s protocol (Sigma Total Hemoglobin). Representative
raw data using the trivalent boronic acid 14 are seen in
Figure 4A.

The degree of signal modulation was dependent on the
total amount of hemoglobin present. Similar quenching
effects have been noted with fluorescent indicators in the
presence of hemoglobin.!” At each concentration, the
chemiluminescent signal from the glycated hemoglobin
was lower than that of the non-glycated one indicating
that upon formation of the boronate ester the signal
is further quenched. The concentration-dependent
quenching specific to the formation of the boronic
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Scheme 4. Preparation of 27-valent boronic acid chemiluminescent probe 35. Reagents and conditions: (a) Et;N, DMF, 14 h; (b) TFA, CH,Cl,, 2 h,
72-85%; (c) N-hydroxysuccinimide, EDAC, DMF, 14 h, 63-72%; (d) 5, Et;N, DMF, 14 h, 75%; (¢) HBr/HOACc, 2 h, 89%; (f) 6-(Cbz-amino)caproic
acid 8, HOBt, EDAC, CH,Cl,, 14 h, 72-87%; (g) H, Pd/C, MeOH, 99%; (h) Et;N, DMF, 14 h, 50%; (i) i—HBr/HOAc, 45 min, 72%; ii—6, DMF/

buffer (pH 8), 5 h, 58%.

acid-glycated hemoglobin complex is presented in
Figure 4B.

The effect of multivalency is clearly evident. The appar-
ent binding constants derived from the curves indicate a
500-fold improvement on going from the mono-boronic
acid 7 to the 27-mer 35. It is also interesting to note that
at total Hb concentrations below 10 uM, the chemilumi-
nescent signal from the weakest binder, mono-boronic
acid 7 is not quenched, while 25 and 35 just reach their
maximal signal attenuation at 10 uM. The conclusions
from this observation are twofold. First, at concentra-
tions below 10 uM Hb non-specific quenching of the
acridinium chemiluminescent signal by hemoglobin is

absent. Second, the nonavalent boronic acid 25 had suf-
ficient affinity for GHb to operate in that concentration
range.

Testing of these observations with human whole blood
samples with established values for glycated hemoglobin
(as %HbA ) resulted in the dose-response curve depict-
ed in Figure 5.

The five samples were first treated with potassium ferri-
cyanide (130 mol %) to convert hemoglobin to methe-
moglobin (analogous to the stabilized hemoglobin
used above) and then diluted in buffer to give a total
hemoglobin concentration of 10 uM. The data shown
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Figure 4. Chemiluminescent signal attenuation by ‘non-glycated’ and ‘glycated’ hemoglobin. (A) Illustrative raw data using probe 14. (B) Apparent
affinity of probes 7, 14, 25, and 36. Conditions: non-glycated hemoglobin (ABT, Inc.) contained the normal physiological level of glycation (5%),
while the glycated samples contained a high level of modification (40%). Solutions containing the chemiluminescent boronic acids (0.5 nM) and
hemoglobin were prepared in buffer (10 mM HEPES, 2 mM EDTA, and 0.1% Tween 20, pH 7.3). Aliquots (25 pL) of each sample were triggered
(200 uL, 0.35 N NaOH, 1.32% H,0,, 0.09% DTPA, and 2% Triton X-100) and the chemiluminescent response from each sample was integrated over

a 2s window. Data points represent the average of triplicate values.
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Figure 5. Glycated hemoglobin dose-response curve with chemilumi-
nescent boronic acid probe 25. Conditions: whole blood samples
(Trimar) were treated with K3Fe(CN)g (130 mol %) and diluted to a
final concentration of 10 pM along with 25 (0.5 nM) in buffer (10 mM
HEPES, 2 mM EDTA, and 0.1% Tween 20, pH 7.4). Aliquots (25 pL)
of each sample were triggered (200 pL, 0.35 N NaOH, 1.32% H,O0,,
0.09% DTPA, and 2% Triton X-100.) The chemiluminescent response
from each sample was subsequently integrated over a 2s window.

here represent the average of triplicate reads for tripli-
cate samples (9 data points/sample). The response over
the clinically relevant %HbA . range of 5-12% showed
good linearity (R = 0.9902) and slope, thus demonstrat-
ing the foundation for a homogeneous assay for glycat-
ed hemoglobin.

Further studies to expand the utility of homogeneous
chemiluminescent assays are in progress.
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