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Selective holographic detection of glucose using tertiary amines
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Introducing tertiary amine monomers into holographic sensors
containing phenylboronic acids gives greatly improved selectiv-
ity for glucose.

To address the need for simple, robust and inexpensive analytical
devices within the environmental, chemical, food and biomedical
industries novel sensing systems based on ‘smart’ holograms are
being developed.'” The holograms utilise the principles of volume
holography with a Denisyuk holographic grating recorded within
a ‘smart’ polymer. Unlike conventional holographic recording
media, the ‘smart’ polymers contain receptors that allow the
holograms to act as transducers. Interaction with a specific analyte
changes the colour, image or brightness of the hologram and these
changes can be easily visualised and quantified.

One analyte of significant interest is glucose. With the increasing
prevalence of diabetes there is a real need for improved methods of
glucose monitoring. Current electrochemical methods relying on
enzymes are painful, inconvenient and provide only intermittent
measurements, factors which may lead to reduced patient
compliance and poorer glycaemic control. This can have
potentially serious consequences as inadequate control over blood
sugar increases the risk of developing diabetes-related complica-
tions such as heart disease, kidney disease and blindness.®

A different approach to glucose monitoring relies on a group of
synthetic receptors known as phenylboronic acids. These Lewis
acids can reversibly bind the cis-1,2- or -1,3-diols of saccharides
covalently to form five- or six-membered rings.” Unlike enzymes,
phenylboronic acids have the advantage of being highly stable and
able to resist moist heat, allowing them to be sterilized then used
in vivo for continuous monitoring of glucose.

The ability of a biosensor to measure glucose accurately against
a variable background of potential interferents is an essential
requirement for real applications. Physiological fluids are com-
posed of numerous substances which may potentially interact with
the sensing element. The most likely interferents for biosensors
based on phenylboronic acids are other saccharides possessing cis-
1,2- or -1,3-diols. In healthy individuals glucose is normally present
in the range 4-8 mM while fructose and galactose, the most
abundant sugars after glucose, are usually present in physiological
fluids at sub-millimolar levels.'” Unfortunately as Fig. 1 demon-
strates, phenylboronic acids have a much greater affinity for
fructose than glucose,!! a feature that may affect the accuracy of
any glucose measurement. The increase in the diffraction peak
wavelength (red-shift) with increasing sugar concentration in
phosphate buffered saline (PBS, pH 7.4, I ~ 150 mM) is due to
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volumetric expansion of the hydrogel and an increase in the
spacing between the silver fringes of the holographic grating. These
fringes selectively reflect light of a narrow band of wavelengths,
reflecting longer wavelengths as their separation increases.t The
increase in the volume of the hydrogel is attributed to the
formation of charged boronate groups on binding cis-diols and
the generation of a Donnan potential, causing the osmotic flow of
water into the polymer. The much greater sensitivity of
3-acrylamidophenylboronic acid (3-APB) holograms to fructose
than glucose poses a problem for blood glucose monitoring in
patients with diabetes. Though the body is unable to use fructose
without first converting it to glucose or glycogen in the liver, its
presence in the blood and interaction with the phenylboronic acid
biosensor potentially may lead to an artificially elevated glucose
reading. This could result in no preventative clinical action being
taken or the opposite treatment to that required with the
associated risk of a potentially fatal episode of hypoglycaemia.

A strategy that has been employed for improving the selectivity
of boronic acids relies on the observation that some mono-
saccharides possess more than one potential binding site. Thus, by
altering the structure of the receptor so that the boronic acids are
in favourable positions and orientations, one saccharide may be
preferred over another.'? Rather than alter the chemical structure
of the phenylboronic acid, the alternative strategy employed here is
to tune the composition of the polymer. As Fig. 2 shows there is a
dramatic change in behaviour when the tertiary amine monomer,
N-[3-(dimethylamino)propyl]-acrylamide (DAPA), is incorporated
into polyacrylamide hydrogel films containing 3-APB receptors.
Instead of glucose causing swelling, there is now a glucose-specific
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Fig. 1 The shift in the peak diffraction wavelength of a 3 mol% MBA
crosslinker, 12 mol% 3-APB receptor polyacrylamide hologram in
response to different sugars (for glucose N = 8, for the other sugars N = 1).
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Fig. 2 The shift in the peak diffraction wavelength of a 3 mol% MBA
crosslinker, 12 mol% 3-APB receptor, 16 mol% DAPA tertiary amine
polyacrylamide hologram in response to different sugars (for glucose N =8,
for the other sugars N = 1).

blue-shift in the diffraction peak wavelength corresponding to
volumetric contraction of the film perpendicular to the fringe
planes. The most probable explanation for the observed contrac-
tion is crosslinking of two neighbouring boronic acid receptors
with favourable stereochemistry by glucose to give a bis-boronate-
glucose complex. Such complexes have previously been reported in
the literature for fluorescent molecular chemosensors.'?

The importance of the tertiary amine in promoting hydrogel
contraction can be seen from experiments where the concentra-
tions of receptor (3-APB) and tertiary amine (DAPA) are varied
(results not shown). There is an increased response to both glucose
(contraction) and fructose (swelling) on increasing the concentra-
tion of both monomers. This is because introducing more 3-APB
into the hydrogel results in more saccharide binding sites, thus
increasing the potential for hydrogel swelling. At the same time,
increasing the number of adjacent tertiary amines increases the
likelihood of contraction through crosslinking of those sites by
glucose. At lower molar ratios of DAPA to 3-APB (~0.3 : 1,
~0.7 : 1) the potential for hydrogel swelling is greater while
conversely at higher ratios, the likelihood of glucose induced
hydrogel contraction increases. One explanation for the ability of
the tertiary amines to induce glucose-specific crosslinking is their
ability to form B-N type bonds with phenylboronic acids.'*!?
Acting as Lewis bases, the tertiary amines may donate their lone
pairs either directly to the boron atom or to a hydrogen of a
solvent molecule coordinated to the boron atom. This may affect a
change in the hybridisation state of nearby boron atoms from sp>
to sp°, which has the effect of lowering the pK, of the boronic acid.
Once in the more reactive tetrahedral configuration, the boronic
acid is better able to bind cis-diols due to improved overlap of the
bonding orbitals leading to more stable ring structures. As noted
for molecular chemosensors, glucose is relatively unusual in that it
may bind two boronic acids simultaneously via two pairs of diols
located at either end of the glucose molecule.'>'® It is likely that
free radical polymerisation of DAPA with 3-APB, in the presence
of N,N’-methylenebisacrylamide (MBA) crosslinker, results in the
tertiary amines and boronic acids being in sufficient proximity
within the hydrogel to allow bond formation to occur while at the

same time placing boronic acids close enough for there to be
crosslinking by glucose. As the concentrations of 3-APB and
DAPA increase, the amines and boronic acids get closer and closer
together increasing the potential for crosslinking.

To see if the contraction of the hydrogel in response to glucose
would lead to an improvement in selectivity, the 3 mol% MBA,
12 mol% 3-APB, 16 mol% DAPA hologram shown in Fig. 2 was
titrated with glucose in the presence of a very high background
(0.1 mM) of fructose and the perturbation on the response of the
sensor examined (results not shown). Newer, more accurate
methods of analysis, which are not prone to interference from
glucose, have determined serum fructose levels for healthy subjects
and diabetics to be in fact much lower ~8-12 pM.'®!7 The
perturbation to the sensor with a background of 0.1 mM fructose
was minimal being within the error of the measurement. At even
higher concentrations of fructose there was a slight decrease in the
degree of contraction due to competition from fructose for the
receptor binding sites. The latter observation emphasizes an
advantage of relying on crosslinking and contraction of the holo-
gram for glucose detection. In this case, the presence of fructose
leads to a lower concentration of glucose being reported than
actually present, thereby providing an early warning of hypogly-
caemia. Thus, the fructose interference has reduced clinical
significance. This is in contrast to the case where glucose binding
causes hologram swelling when the additional presence of fructose
causes a larger than normal shift in the diffraction peak corres-
ponding to a higher glucose concentration than actually present.

The above results highlight the suitability of this approach for
physiological glucose determination. Importantly, the sensor does
not respond to maltose, which is present in many parenteral
products and has been found to interact with numerous
commercial electrochemical devices relying on glucose dehydro-
genase and pyrroloquinolinequinone (GDH-PQQ). This has led to
false readings of hyperglycaemia and unnecessary insulin admin-
istration, resulting in injury and death.'® Furthermore, the
sensor does not respond to proteins (e.g. albumin, lysozyme,
ay-glycoprotein, IgG) due to their large size and inability to
penetrate into the crosslinked hydrogel matrix (data not shown).
Further studies are in progress to assess the behaviour of
holographic glucose sensors in blood and plasma.

Notes and references

+ Thin polymer hydrogel films were prepared on 3-(trimethoxysilyl)propyl
methacrylate silanised glass slides by UV polymerisation of 3-acrylamido-
phenylboronic acid (3-APB), N,N’-methylenebisacrylamide (MBA), N-[3-
(dimethylamino)propyl]-acrylamide (DAPA) and acrylamide in dimethyl
sulfoxide containing 2,2-dimethoxy-2-phenylacetophenone photoinitiator
at the required molar ratios. Holographic gratings were fabricated by
diffusing AgNO;, then KBr and 1,1’-diethyl-2,2'-cyanine iodide photo-
sensitizer into the hydrogel films, resulting in insoluble, light sensitive
crystals of AgBr. The films were then placed between two mirrors and
exposed to collimated laser irradiation. Interference between the incident
and reflected beams selectively sensitises AgBr for conversion to metallic
silver. Subsequent photographic development and fixing results in the
production of silver fringes perpendicular to the incident beam. Acting as a
diffraction grating, the silver fringes selectively reflect light of a narrow
band of wavelengths. As the interlayer spacing of a holographic grating
changes due to the volumetric changes of the hydrogel matrix resulting
from receptor-analyte binding, the wavelength of diffracted light changes
according to Bragg’s law (4. = 2nd sin ). The sugars used in this work
were: D-(—)-fructose, D-(+)-galactose, D-(+)-maltose, D-(+)-mannose,
D-(+)-glucose, D-(—)-ribose, D-(+)-xylose, lactose and sucrose. The
holographic response was monitored using a single strip of hologram
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inserted into a plastic cuvette with the film side facing inward. PBS (10 mM
phosphate, 137 mM NaCl, 2.7 mM KCI, pH 7.4) (1 mL) was added and
the cuvette left to equilibrate at 30 °C with stirring. A reflection
spectrophotometer was used to measure the wavelength of light reflected
from a white light source by the back of the hologram. The response of the
sensor to the addition of aliquots of 0.1 M sugar in PBS was recorded.
Between each addition, the sensor was allowed to equilibrate to a stable
diffraction wavelength.
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