
Journal of Peptide Science
J. Peptide Sci. 11: 339–346 (2005)
Published online 1 November 2004 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/psc.624

Insulins with built-in glucose sensors for glucose responsive
insulin release

THOMAS HOEG-JENSEN,* SIGNE RIDDERBERG, SVEND HAVELUND, LAUGE SCHÄFFER, PER BALSCHMIDT,
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Abstract: Derivatization of insulin with phenylboronic acids is described, thereby equipping insulin with novel glucose sensing
ability. It is furthermore demonstrated that such insulins are useful in glucose-responsive polymer-based release systems. The
preferred phenylboronic acids are sulfonamide derivatives, which, contrary to naı̈ve boronic acids, ensure glucose binding at
physiological pH, and simultaneously operate as handles for insulin derivatization at LysB29. The glucose affinities of the novel
insulins were evaluated by glucose titration in a competitive assay with alizarin. The affinities were in the range 15–31 mM

(Kd), which match physiological glucose fluctuations. The dose-responsive glucose-mediated release of the novel insulins was
demonstrated using glucamine-derived polyethylene glycol polyacrylamide (PEGA) as a model, and it was shown that Zn(II)
hexamer formulation of the boronated insulins resulted in steeper glucose sensitivity relative to monomeric insulin formulation.
Notably, two of the boronated insulins displayed enhanced insulin receptor affinity relative to native insulin (113%–122%) which
is unusual for insulin LysB29 derivatives. Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Diabetes is associated with significant long-term risks
of complications by damage to the eyes, heart, kidneys
and other organs. Encouragingly, recent long-term
studies have documented that tight glucose control
can minimize these risks [1]. Concurrently, a number
of insulin analogues have become available recently,
which are helpful in the aim for tight control via daily
multi-injection regimens, which can cover the need for
both basal and meal-related insulin [2]. Unfortunately,
even with the most stringent adherence to optimized
regimens, many diabetes patients experience frequent,
unexpected fluctuations in blood glucose [3].

This problem has been approached in several cases
by engineering glucose-sensing polymers, which can
bind or entrap insulin, and subsequently release
insulin in a glucose responsive fashion. Such systems
could potentially be useful as ‘smart’ subcutaneous
insulin depots [4–8].

This paper reports a modified approach where the
glucose sensor is part of the insulin molecule, i.e.
not part of the polymer. Ultimately, the work is
aimed at glucose responsive release from polymer-free
systems, but initially this is a report of the preparative
procedures for the novel insulins, and their use with a
model polymer. The preferred glucose sensor is based
on boronate, which is the anionic, tetragonal form of the
otherwise planar boronic acid (Scheme 1). Boronates
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are known to bind glucose and other carbohydrates
with apparent affinities in the mM range (Kd) [9–12].
This range matches the physiological range of glucose,
whereas other carbohydrates physiologically occur at
lower levels. The small size of the boronate building
blocks allows boronated insulins to retain the overall
biophysical properties of insulin. This is an advantage
with respect to the predictability of insulin solubility,
stability and general handling. On the contrary, if fusion
proteins of insulin with protein-based glucose sensors
were targeted (e.g. concanavalin A or glucose oxidase),
one would likely need to establish the biophysical
properties of the fusion proteins from scratch.

The carbohydrate affinity of aryl boronates have
been exploited previously in construction of fluorescent
glucose sensors [13], affinity columns for glycosylated
proteins [14] and saccharide transport systems [15].
However, it is only the boronate form of boronic acid
that binds glucose efficiently (Scheme 1) [9–12], and
this is a problem for use at physiological conditions,
because the pKa of simple aryl boronic acid is 8.5.
Alkyl boronic acids are even less acidic and furthermore
oxidatively unstable [16]. Not surprisingly, the pKa

Scheme 1
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of aryl boronic acid can be modulated by use of
electron-withdrawing groups, and carboxyl and nitro
groups have previously been applied for this purpose.
However, neither of these groups are ideal for use in a
physiological system. Carboxyl groups are not strongly
electron-withdrawing, and hence the pKa values of
carboxy phenylboronic acids are roughly 8 [17–19].
Nitro groups are more effective [20,21]. but these
groups are not desirable from a pharmacological point
of view due to general toxicity [22]. An alternative
is 2-aminomethyl-phenylboronic acids, which form
the desired tetragonal boronate configuration via B-N
interaction above pH 5.5 [23]. However, 2-aminomethyl-
phenylboronics are zwitterionic structures, which are
usually scarcely soluble in water at neutral conditions,
and therefore usually applied in 50% methanol [24].
Furthermore, these compounds are annoying to work
with from a synthetic point of view, because they are
prone to salt formation.

With these aspects in mind, sulfonamide phenyl-
boronic acids appeared almost ideal for the given pur-
pose. Unfortunately, sulfonamide phenylboronic acids
are scarcely described, mainly because sulfonyl chlo-
rides of phenylboronates were unknown until recently.
Although there are alternative methods for the prepa-
ration of sulfonamide phenylboronic acids rather than
via sulfonyl chlorides, those methods [25,26] are not
compatible with the unprotected peptide functions as
found in insulin. With regard to sulfonyl chlorides, they
can usually be coupled with unprotected peptides to
give N-selective sulfonylation. Luckily, sulfonyl chloride
phenylboronate chemistry has recently been enabled by
our description of selective lithiation of bromo phenyl
N-methyl-diethanolamine boronates [27]. The pKa val-
ues of 4-sulfonamide phenylboronic acids are approxi-
mately 7.4, making them compatible with physiological
conditions. The present work describes the incorpora-
tion of sulfonamide and nitro carboxy phenylboronates
into insulin, and the use of such boronated insulins in
a glucose responsive model release system.

MATERIALS AND METHODS

Boronic acids were detected on thin layer chromatography
sheets by the use of diphenylcarbazone in methanol as a
spray reagent. 1H and 13C NMR spectra were recorded on 300
or 400 MHz Varian instruments. Chemical shifts are reported
relative to TMS at 0 ppm, and J-values are given in Hz. The
mass spectra of insulins were recorded by electrospray mass
spectrometry (ESMS).

Succinimidyl 3-pinacolborono-5-nitro-benzoate 1

3-pinacolborono-5-nitro-benzoic acid (5.26 g, 20.0 mmol,
Combiblocks, San Diego, CA) in ethyl acetate (75 ml) was
cooled with an ice-bath, treated with N ,N ′-dicyclohexylcarbod-
iimide (4.33 g, 21.0 mmol) and N-hydroxysuccinimide (2.3 g,

20.0 mmol) and left at room temperature overnight. The pre-
cipitated N ,N ′-dicyclohexylurea was removed by filtration, and
the solvent was removed in vacuo. The active ester was crys-
tallized from acetone-hexane to give 1 (6.47 g, 83%).

1H-NMR (CDCl3): 9.01 (m, J1 = 1.6, J2 = 0.8, 1H), 8.90 (m,
J1 = 1.6, J2 = 0.8, 1H), 8.84 (m, 1H), 2.94 (s, 4H), 1.38 (s,
12H).

Lithium 4-sulfinyl N-methyl-diethanolamine
phenylboronate 2

4-Bromo N-methyl-diethanolamine phenylboronate (26.5 g,
94 mmol, Lancaster, Lancashire, UK) in THF (800 ml) was
cooled to −100 °C using an ether-nitrogen bath and treated
drop-wise with butyl lithium in hexane (1.43 M, 59 ml,
70 mmol) over 10 min. After 15 min, gaseous sulfur dioxide
(28 g, 0.43 mol) was added and the mixture was stirred at
room temperature for 1 h. The precipitate was collected by
filtration, washed with THF and dried in vacuo, providing
23.0 g (99%).

1H NMR (DMSO-d6): δ 7.43 (d, 2H), 7.35 (d, 2H), 3.97–3.83
(m, 4H), 3.26–3.19 (m, 2H), 2.98–2.89 (m, 2H), 2.17 (s, 3H).

tert-Butyl 4-amino-N-(4-pinacolborono-
phenylsulfonyl))butyrate 3

Sulfinyl 2 (0.55 g, 2.0 mmol) was suspended in DCM (2 ml)
and treated with N-chloro-succinimide (0.30 g, 2.2 mmol)
under stirring for 1 h. N ,N-diisopropylethylamine (0.23 g,
2.2 mmol) and tert-butyl 4-amino-butylate hydrochloride
(0.43 g, 2.2 mmol) was added, and after 1 h, the organic
phase was washed with 1 M hydrochloric acid solution followed
by water and dried over sodium sulfate. The organic phase
was filtered and pinacol (0.26 g, 2.2 mmole) and magnesium
sulfate (0.26 g, 2.2 mmol) were added. The reaction mixture
was stirred at room temperature for 1 h, and the organic phase
was washed twice with water, dried over sodium sulfate and
evaporated to provide compound 3; 508 mg oil (60%).

1H NMR (CDCl3): δ 7.93 (d, J = 8.3, 2H), 7.83 (d, J = 8.3,
2H), 4.71 (t, J = 6.0, 1H), 2.99 (q, J = 6.7, 2H), 2.25 (t, J = 7.0,
2H), 1.75 (q, J = 6.8, 2H), 1.42 (s, 9H), 1.36 (s, 12H).

Succinimidyl N-(4-pinacolborono-phenylsulfonyl)-4-
amino-butyrate 4

Tert-Butyl ester 3 (360 mg, 0.90 mmol) was dissolved in
trifluoroacetic acid (8 ml) and cooled with an ice bath. The
reaction mixture was slowly heated to room temperature and
stirred at this temperature for 1 h. The reaction mixture
was evaporated and the crude material was triturated with
toluene. The crystalline material was filtered, dried and
dissolved in dry dichloromethane, and cooled with an ice
bath. N-Hydroxysuccinimide (104 mg, 0.90 mmol) and N ,N ′-
dicyclohexylcarbodiimide (185 mg, 0.90 mmole) were added
and the reaction mixture was stirred at room temperature for
2 h. The reaction mixture was filtered and evaporated. The
crude material was redissolved in ether and filtered to remove
N ,N ′-dicyclohexylurea. The ether solution was evaporated to
give compound 4, 470 mg (87%).

1H NMR (CDCl3): δ 7.94 (d, J = 8.7, 2H), 7.84 (d, J = 8.7,
2H), 4.91 (t, 1H), 3.08 (m, 2H), 2.84 (br. s., 4H), 2.68 (t, 2H),
1.95 (m, 2H), 1.35 (s, 12H).
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Sulfonyl chloride N-methyldiethanolamine
phenylboronate 5

Sulfinyl 2 (8.7 mg, 32 µmol) was suspended in THF (800 µl)
and treated with N-chloro-succinimide (4.2 mg, 32 µmol), and
the mixture was stirred for 1 h to provide sulfonyl chloride 5
in situ.

Alternatively, sulfinyl 2 was suspended in dichloromethane
(1 ml). N-chloro-succinimide (73 mg, 0.55 mmol) was added
and the mixture was stirred at room temperature for 1 h. The
organic solution was washed three times with ice cold water,
dried with sodium sulphate and evaporated to isolate 80 mg
(52%) of 5 as colourless crystals.

1H NMR (CDCl3): δ 7.94 (d, J = 8.3, 2H), 7.89 (d, J = 8.3,
2H), 4.29–4.14 (m, J1 = 5.6 J2 = 3.0, J3 = 1.9, 4H), 3.28 (ddd,
J1 = 4.2 J2 = 1.1, J3 = 2.0, 2H), 3.06 (ddd, J1 = 6.8 J2 = 1.5,
J3 = 3.4, 2H), 2.36 (s, 3H).

LysB29-Nε-(3-borono-5-nitro-benzoyl) DesB30
insulin 6

DesB30 insulin (400 mg, 70 µmol) was dissolved in aqueous
0.1 M sodium carbonate (4.5 ml) and treated with succinimidyl
ester 1 (33 mg, 84 µmol) in acetonitrile (4.5 ml), and the
mixture was slowly stirred for 30 min. Control of pH showed
10.3 initially, and 9.8 at end point. The reaction was quenched
by addition of 0.2 M methylamine hydrochloride (0.8 ml). The
pH was adjusted to 6 with 0.5 M HCl, and the mixture was left
in a refrigerator whereby the insulin product was precipitated
and isolated by centrifugation.

Insulin 6 was purified by RP-HPLC on C4 column eluted
with gradient from 80% to 10%, 0.1% TFA in water/0.1% TFA,
80% acetonitrile in water, to give 143 mg (35%). Amino acid
sequence analysis showed Gly/Phe 1 : 1 as the first step, which
is consistent with acylation at LysB29.

ESMS: 5863.0 (MH+−2H2O). C260H376BN65O78S6 requires
5863.5.

LysB29-Nε-(N-(4-borono-phenylsulfonyl)-4-amino-
butyroyl) DesB30 insulin 7

DesB30 insulin (1 g, 175 µmol) was dissolved in ice-cooled
50 mM sodium carbonate (50 ml) and the pH was adjusted to
10.2 with 2 N NaOH. Succinimidyl ester 4 (98.1 mg, 210 µmol)
was dissolved in 50 ml acetonitrile and the insulin solution
was added. The reaction mixture was slowly agitated and
the pH determined as 10.4. The reaction was quenched
after 30 min by addition of 0.2 M methylamine hydrochloride
(19 ml) and diluted by addition of water (132 ml). The pH was
adjusted to 5.5 with 2 N HCl and the resulting suspension
was left at −18 °C for 2 h. The crude product was isolated
by centrifugation and purified by RPLC on a C18 column
eluted with a gradient from 32% to 40% (v/v) ethanol in
0.1 M phosphoric acid, 0.1 M sodium dihydrogen phosphate.
The eluted fraction containing 7 was collected, desalted on a
Sephadex G25 column in 0.5 M acetic acid and lyophilized to
give 103.5 mg (10%). Amino acid sequence analysis confirmed
LysB29-acylation (Gly/Phe 1 : 1).

ESMS: 5939.5 (MH+−2H2O). C263H384BN65O78S6 requires
5939.7.

LysB29-Nε-(4-borono-phenylsulfonyl) DesB30
insulin 8

DesB30 insulin (150 mg, 26 µmol) was dissolved in DMSO
(3.0 ml) by slowly rotating the vial for 1 h. Triethylamine
was added (36 µl, 260 µl), followed by THF solution of in situ
generated sulfonyl chloride 5 (32 µmol), and the mixture was
slowly stirred for 1 h. The reaction was quenched by addition
of excess aqueous methylamine, and the insulin was isolated
by aqueous dilution and adjustment of the pH to 6, followed
by cooling and centrifugation.

Insulin 8 was purified by RP-HPLC similarly with insulin 6
to give 20 mg (13%). Amino acid sequence analysis confirmed
LysB29-acylation (Gly/Phe 1 : 1).

ESMS: 5857.6 (MH+−2H2O). C259H377BN64O77S6 requires
5858.6.

PEGA-succinyl-D-glucamide resin 9

Amino PEGA resin (PEG800) [28] (500 mg, 0.4 mmol/g,
0.2 mmol, Novabiochem, CH or Polymer Laboratories, UK)
was washed on a filter with DMF, and treated with succinic
anhydride (100 mg, 1.0 mmol) in DMF (3 ml) and left for 4 h.
Upon further washing with DMF, the resin was treated with
O-benzotriazol-1-yl-N ,N ,N ′,N ′-tetramethyluronium tetrafluo-
roborate (TBTU, 320 mg, 10.0 mmol) and N ,N-diisopropyle-
thylamine (171 µl, 1.0 mmol). The mixture was left for 30 min
and washed with DMF. D-Glucamine (181 mg, 1.0 mmol) dis-
solved in water-DMF (2 : 1, 3 ml) was added, and the mix-
ture was left overnight. Resin 9 was washed with DMF and
methanol and stored wet.

Glucose Responsive Insulin Release

Insulin 7 (1.0 mg, 168 nmol) was dissolved in neutral PBS
buffer (0.5 ml, 10 mM phosphate, 100 mM NaCl, pH 7.4),
by addition of small quantities of 0.1 M NaOH (1–2 µl), and
readjustment to pH 7.4 with 0.1 M HCl (1–2 µl).

The insulin solution was added to D-glucamide resin 9
(250 mg, 0.1 mmol), and the mixture was left for 60 min. The
resin was washed batch-wise with 0.5 ml portions of neutral
PBS buffer, or 5, 25 or 50 mM D-glucose in neutral PBS buffer
for 5 min each, and the insulin contents in the batches were
evaluated by HPLC analysis (214 and 256 nm).

Glucose Responsive Insulin Release of Hexameric
Insulin

Insulin 7 (1.0 mg, 168 nmol) was dissolved in neutral PBS
buffer (0.5 ml, 10 mM phosphate, 100 mM NaCl, pH 7.4),
by addition of small quantities of 0.1 M NaOH (1–2 µl), and
readjustment to pH 7.4 with 0.1 M HCl (1–2 µl).

Zn(II) acetate was added (8.4 µl, 10 mM, 84 nmol, 3
Zn/hexamer), and the insulin hexamer was loaded on resin
and eluted batch-wise with neutral buffer and glucose, as
described above.

Determination of ARS : boronate Affinities

Stock alizarin solution was prepared at 50 µM in PBS buffer
(10 mM phosphate, 100 mM NaCl, pH 7.4).

3-Borono-5-nitro-benzamide 10 (Combiblocks, San Diego,
CA) and N-methyl-4-borono-benzene sulfonamide [27] 11
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were each dissolved in stock ARS solutions at 2 mM. The
boronate/ARS solutions were mixed with stock ARS solution
to give 14 boronate concentrations in the range 0.2 µM–4 mM

with constant ARS concentration. UV/Vis spectra of the
solutions were recorded and the absorption values at, e.g.
530 nm, were extracted and imported to GraphPad Prism 4.01,
where curve fitting to the model of sigmoidal dose response
gave Kd(ARS : 10) = 91 µM and Kd(ARS : 11) = 101 µM. These
values were used in calculation of boronated insulin : glucose
affinities by competitive ARS titration with glucose (below). The
measurements were performed in duplicate.

Glucose Affinity Assay by Competitive Alizarin
Titration

Boronated insulins 6–8 were dissolved at 100 µM in 50 µM ARS
solution. Glucose was dissolved at 400 mM in the resulting
ARS/insulin solutions. The glucose/ARS/insulin solutions
was mixed with ARS/insulin solutions to give 14 glucose
concentrations in the range 20 µM–400 mM, with constant ARS
and insulin concentrations. UV/Vis spectra were recorded and
the absorption values at 530 nm were extracted and imported
to GraphPad Prism 4.01. Curve fitting to the model of one site
competition using ARS Kd values as measured above gave the
boronated insulin : glucose affinities as listed in Table 1. The
measurements were performed in duplicate.

Insulin Receptor Affinity Assay

Insulin receptor affinity was measured with solubilized insulin
receptor in a competitive scintillation proximity assay (SPA)
using TyrA14-125I human insulin as tracer, similarly to the
described precipitation assay [29].

SPA-PVT antibody-binding beads (Amersham, UK) were
applied in combination with F12 insulin receptor monoclonal
antibody [30] and solubilized insulin receptor (minus exon
11) in buffer (100 mM HEPES, 100 mM NaCl, 10 mM MgSO4,
0.5% human albumin, 0.025% Triton X-100, pH 7.8). The
experiments were performed twice in duplicate and human
insulin was used as control.

RESULTS AND DISCUSSION

Building blocks 1, 4 and 5 (Scheme 2) were prepared
as described in the experimental section. Since boronic
acids are generally prone to anhydro formation, it is
customary to protect and handle these in the form

Table 1 Glucose and Insulin Receptor Affinity of Boronated
Insulins

Insulin structure Kd D-glucose (mM) Kd Insulin receptor (pM)
(relative to insulin)

Human insulin No binding 11 (100%)
6 15 17 (65%)
7 31 9.1 (122%)
8 26 9.7 (113%)

of esters. This point is important for characterization
purposes, as NMR spectra of boronic acids in organic
solvent otherwise appear complicated due to formation
of mixed anhydro species. Pinacol esters (as used with
1 and 4) are usually not recommended for protection of
boronic acid, because these esters can be hard to cleave,
and the released pinacol can be difficult to remove
[31,32]. However, the present work shows that pinacol
esters are efficiently cleaved during RP-HPLC as used
for purification of the final insulin products (C4 or C18
columns). Notably, the interim robustness of pinacol
esters is attractive for multi-step synthesis of building
blocks, as this allows aqueous work-up procedures to
be employed.

DesB30-Insulin was acylated at the LysB29 epsilon
amine by reaction with succimidyl esters 1 or 4
to give insulins 6 and 7 as outlined in Scheme 3.
Although insulin has three amino groups available for
derivatization (A1, B1 and B29), the LysB29 epsilon
amine is the most basic (pKa approximately 10), and
hence the most nucleophilic at alkaline conditions (>pH
10) [33,34].

Insulin 8 was pursued under similar conditions by
reaction of insulin with sulfonyl chloride 5, but this
reaction led only to formation of a complex mixture.
Instead, DMSO-TEA was identified as conditions in
which N-sulfonylation at LysB29 gave the main
product.

The semi-synthetic insulins 6, 7 and 8 were purified
by RP-HPLC and characterized by electrospray mass
spectrometry. Acylation at B29 was ascertained by
amino acid sequence analysis and mass spectrometry
following V8 endopeptidase cleavage of insulin peptide
chains. The mass spectra of boronated peptides
generally show dehydrated masses due to gas phase
anhydro formation from the boronic acids.

While working with the nitro boronate insulin 6,
it was noticed that this compound was partially
unstable. Since nitro arenes are often photolytically
reactive, it was suspected that sensitivity to light

Scheme 2
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Scheme 3

could be the problem. Indeed, by running simple
stability studies with various boronate building blocks
in aqueous solution (PBS buffer, pH 7.4) in daylight
and in the dark, it was discovered that under
daylight conditions, 3-borono-5-nitro-benzoic acid and
its derivatives were transformed within 24 h to the
de-boronated compounds (3-nitro-benzoic acid). On
the contrary, the sulfonamide boronates were fully
stable under identical conditions. Problematic stability
of nitrated phenylboronic acids has a precedence
in the described hydrolysis of 4-carboxy-2-nitro-
phenylboronic acid to 4-carboxy-2-nitrophenol at pH
>9 [18].

As mentioned, the boronated insulins were expected
to attain glucose affinities in the mM range (Kd). This
range matches the physiological range for glucose fluc-
tuations, which in diabetes patients fluctuates between
approximately 1 and 25 mM. The matching of glucose
affinity and glucose concentration is important with
respect to optimal glucose sensitivity. If the glucose
affinities were in the µM or nM range, the sensor would
be fully saturated in the physiological range. Deter-
minations of affinities in the mM range are, however,
often problematic due to, among other things, solu-
bility problems. Noteworthy, since D-glucose is a very
small molecule, any labeling of the saccharide with a
larger label would easily perturb the binding proper-
ties of glucose. With these aspects in mind, carbohy-
drate titration by competitive binding to Alizarin Red
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Figure 1 UV/VIS titration of boronated insulin/ARS with
glucose (20 µM–400 mM) in PBS, pH 7.4.

Sodium (ARS) was preferred. Initially, ARS : boronate
affinities were evaluated by titration in PBS at pH
7.4, and the absorption data at 324 or 530 nm were
curve-fitting (non-linear regression) [38]. The affinities
of ARS : 3-borono-5-nitro-benzamide 10 and ARS : N-
methyl-4-borono-benzensulfonamide 11 were 91 µM

and 101 µM, respectively (Kd), which matches well
with literature values [35–37]. Subsequently, solu-
tions of ARS and boronated insulins 6, 7 and 8 were
titrated with glucose (Figure 1), and the absorption
data were curve-fitted by non-linear regression using
the Kd values above for the ARS : boronate interac-
tion (Figure 2). The glucose affinities were in the range
15–31 mM (Table 1), which is in accordance with lit-
erature values measured for small molecule boronates
[11].
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Figure 2 Curve fitting of absorption data from glu-
cose titration.

Insulin receptor affinity of the novel insulins were
measured in a competitive TyrA14-125I human insulin
assay [29], and were in the range 65%–122% relative to
human insulin (Table 1). The insulin LysB29 position
is generally tolerant with respect to derivatizations,
and LysB29-derivatives usually display affinities in
the range 40%–80%. The enhanced receptor affinities
(>100%) of insulins 7 and 8 compared with native
insulin may reflect participation of the boronate
function in the receptor recognition.

A model insulin release system for the novel
insulins was created by derivatizing commercial amino
polyethylene glycol polyacrylamide resin (amino PEGA)
[28,39] with D-glucamine via succinic acid as a linker.
PEGA resin was chosen because the material swells
well in aqueous solvent and allows diffusion of large
molecules, such as insulin and its dimers or hexamers.
Furthermore, PEGA is non-carbohydrate material.
Many polymers used in biochemical applications
(affinity columns, size-exclusion columns etc) are
based on carbohydrate materials, but such materials
may be problematic for the present purpose, due to
the boronate affinity for carbohydrates. For instance,
concanavalin A protein is known to bind not only to
glucose, but also to sephadex [40]. Notably, boronates
bind mainly to 1,2-cis-diols, and in e.g. Sephadex or
agarose materials the majority of 1-hydroxy groups are
blocked by glycoside bonds [41]. Nevertheless, since
the polymer terminals are not glycosides, and since
a bulk of other alcohol functions are present within
such polymers, non-carbohydrate polyamide (PEGA)
was preferred.

Boronated insulin 7 was loaded on the pre-
swollen polymer and released by batch-wise wash-
ings with buffer or buffered glucose solutions, pH
7.4. Insulin quantification by HPLC analysis demon-
strated basal release with buffer and dose-responsive
release with glucose solutions of 5, 25 or 50 mM,
Figure 3 (�). Since the interaction of the polymer-bound
D-glucamide with boronated insulin is rather weak (Kd
0.1 mM) [42] compared with typical affinity purification

Glc
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OD

wash number

50

25

5

1.2

1.0

0.8

0.6

0.4

0.2

Figure 3 Insulin release from monomor (�) and Zn(II) insulin
hexamer (�) formulation on D-glucamide polymer, by PBS or
D-glucose (5, 25, 50 mM) in PBS, pH 7.4.

columns (Kd in the µM–nM range), it is not surpris-
ing that buffer alone can partially elute the insulin.
However, since some level of basal insulin release is
physiologically desired, insulin ‘bleeding’ from the poly-
mer is acceptable at some level. It is, however, a problem
with the general principle of glucose responsive insulin
release from polymers that the release profiles tend to
be rather flat compared with physiological conditions.
In vivo the insulin response to a glucose challenge
is amplified relative to the challenging glucose spike
[43]. This amplification will be challenging to mimic
fully with a diffusion-based polymer release system.
Physiological insulin release furthermore proceeds in a
pulsatile fashion, but this phenomenon seems to be of
less importance [44,45], and it is not complied with in
traditional insulin treatment.

Shiino et al. seemingly improved the insulin-polymer
affinity by employing doubly glyconated insulin in com-
bination with a multi-boronated polymer (the positions
of insulin acylation were not characterized) [6,42]. This
setup likely improves the affinity by cooperative effects,
and it probably also leads to improved glucose sen-
sitivity. Discouragingly, A1- and/or B1-derivatives of
insulin usually display unbeneficial properties such
as lowered insulin receptor affinity and/or changes to
peptide folding and hexamer stability [46–50].

Notably, insulins are usually formulated as hexamers
via complexation with 2 or 3 zinc ions per hexamer.
The zinc stabilized insulin hexamers have importance
for the overall stability of insulin, which in the market
must be in the order of several years. To the best of
our knowledge, hexamer formulation of insulins has
not previously been practised in studies of glucose
responsive insulin release from polymers [51]. However,
it was found that employment of the novel boronated
insulins as hexamer formulations resulted in steeper
insulin responses to glucose challenges relative to
insulin monomer formulation, see Figure 3 (�). The
given experiments are only meant to give qualitative
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information, and further work is needed to evaluate
these aspects in full detail. The applied PEGA resin
is anyway only meant as a model polymer, since
clinical use would surely demand a biodegradable,
preferably soluble, material and not a beaded resin.
Such material should be identified and evaluated
before further optimization makes sense. Furthermore,
it is clear from Figure 3 that insulin is released
from the polymer in generally smaller amounts from
the hexamer formulation relative to the monomer
formulation. This may reflect the larger size of insulin
hexamer (36 kD), and hence more hesitant diffusion
and release of insulin from the polymer network of the
PEGA polymer [52,53]. The cut-off from commercially
available PEGA is specified by the suppliers as
approximately 35 kD (PEG800; Novabiochem, CH and
Polymer Laboratories, UK).

Obviously, a potential problem with the given system
is the possible interference from other boronate-binding
carbohydrates or diols etc. For instance fructose is
known to bind to boronates stronger than does glucose.
However, since the physiological glucose concentration
is approximately 100 times higher than the fructose
concentration (5 mM vs 50 µM) [54], this is likely not to
be a serious problem. Noteworthy, distinctly glucose
selective di-boronates have been described in the
literature [55–57]. Unfortunately, the majority of these
are not easily applicable to insulin systems, due to the
lack of conjugation handles and/or non-physiological
boronic acid pKa. Accordingly, investigations of insulins
with built-in glucose selective di-boronates will require
significant further work.

CONCLUSION

Insulins with built-in glucose sensors in the form of
boronates have been prepared, and demonstrated to
be useful in model glucose responsive release systems
based on D-glucamine polyamide polymer. The preferred
sensors are sulfonamide phenylboronic acids, which
were shown to be compatible with neutral conditions,
and which bind glucose in the physiologically relevant
range around 20 mM (Kd). By formulating the boronated
insulins as traditional zinc (II) hexamers, a steeper
glucose sensitivity and release profile could be gained,
and this point is important in consideration of the
physiological amplification of insulin response to a
given glucose challenge. With further development,
boronated insulins could lead to improved control of
diabetes by use in a glucose responsive release system.
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