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We have developed novel glucose
and galactose sensing materials that re-
port on analyte concentrations via dif-
fraction of visible light from polymer-
ized crystalline colloidal arrays
(PCCAs)'*, These PCCAs are
mesoscopically periodic crystalline col-
loidal arrays (CCA) of spherical poly-
styrene colloids polymerized within
thin intelligent polymer hydrogel films
(Fig 1). CCAs are brightly colored; they
efficiently diffract visible light meeting
the Bragg condition. The intelligent
hydrogel contains molecular recogni-
tion agents that cause the gel to swell
(Fig. 2) in response to the presence of
analyte®1°.

- CCAs self assemble from suspen-
sions of highly charged, monodisperse
colloidal particles (Fig. 1).*'""4 At low
ionic strengths, the colloidal particles
repel each other, and the system as-
sumes a minimum energy configura-
tion, which is usually a body- or face-
centered cubic lattice. The colloidal
particles may be composed of inorganic
materials such as silica, or organic
polymers such as poly(methylmeth-
acrylate), polystyrene, or poly(N-
isopropyl acrylamide).> !*1#

The periodicity of the CCA is on the
order of ~200 nm, so the CCA diffracts
visible light. The diffraction is in the
“dynamical diffraction regime”, and al-
most obeys Bragg's law: 17

mA=2ndsin 8

where m is the order of diffraction, A is
the diffracted wavelength in vacuum,
n is the refractive index of the system
(solvent, hydrogel and colleids), d is
the spacing between the diffracting
planes (for the CCAs here, the 110
planes of a BCC lattice), and 8 is the
glancing angle between the incident
light propagation direction and the dif-
fracting planes.
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¥ Figure 1. Self assembly of a body centered cu-
bic CCA. At low tonic strengths repulsion be-
tween monodisperse, highly charged collpidal
particles forces the colloidal spheres into a
minimum energy configuration, which is ei-
ther a body or face centered cubic lattice.

We polymerize the CCA into an ac-
rylamide hydrogel film to form a
PCCA'? by dissolving non-ionic po-
lymerizable monomers, crosslinkers
and photoinitiators into the liquid
CCA, and then photopolymerizing the
mixture to make a thin, diffracting
PCCA film. These PCCA films have ap-
plications as tunable filters, optical
switches and non-linear optical de-
Vices_lnt.lﬂ.l‘?

To make an intelligent polymerized
crystalline colloidal array (IPCCA) sen-
sor, we incorporate glucose oxidase or
B-D-galactosidase as the chemical rec-
ognition elements. We attach glucose
oxidase or galactose oxidase by cou-
pling some of the acrylamide amide
groups in the PCCA to biotin func-
tional groups. This biotinylated hydro-
gel then binds avidinated glucose oxi-
dase, and B-D-galactosidase.

Figure 3 and 4 show the response of
the glucose and galactose sensors, to
varying concentrations of glucose or
galactose. For example, 0.1 mM glu-
cose concentrations causes the diffrac-
tion to shift from yellow at 550 nm to
red at 600 nm. The IPCCA continues to
shift to diffract in the deep red for glu-
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¥ Figure 2. General motif for the Intelligent Po-
lymerized Crystalline Colloidal Array
(IPCCA) sensors. The CCA Bragg diffraction
is a sensitive monitor of the hydrogel volume
change induced by the interaction or binding
of the molecular recognition agents to an ana-
Iyte. In principle, any molecular recagnition
agent can be attached to the hydrogel

cose concentrations of 0.2 mM; the
shifts saturate for concentrations above
0.2 mM for this sensor. In the case of
the galactose sensor the shifts occur for
concentrations even beyond 0.3 mM
galactose. Neither sensor responds to
sucrose, or to the substrate of the other
enzyme (glucose or galactose).

As discussed below these shifts re-
sult from a steady state concentration
of reduced enzyme where a competi-
tion occurs berween the reduction of
the enzyme by reaction with glucose
and reoxidation of the enzyme by oxy-
gen. At low levels of oxygen, where
the enzyme oxidization rate is very
small, the glucose sensor swells in
sub-nanomolar concentrations of glu-
cose. We observed a 30 nm diffraction
wavelength shift in 10"'° M glucose,
and an 8 nm wavelength shift in 1072
M glucose.

These IPCCA hydrogels are
crosslinked polymeric networks that
are swollen in water. These hydrogel
networks change volume as their envi-
ronment changes; hydrogels swell into
good solvents, and this tendency to

LEOS NFWSI FTTFRD W Arril 1008




1.2 0imm 02mM

Extinction

450 500 350 H;ﬂ l;ﬁ ?I;O T;ﬂ
Wavelength / nm

¥ Figure 3. Response of an IPCCA containing
glucose oxidase to glucose.
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¥V Figure 4. Response of the IPCCA sensor
containing galactosidase to galactose.

swell is resisted by the elastic restoring
force of the hydrogel network, which
arises from the crosslinks. Hydrogels
with covelently attached ionic groups
swell in water, due to Donnan-type
equilibria established by the mobile
counterions of the fixed charges inside
gel and by electrolytes in the gel or its
bathing solution.?*** Tanaka has
shown that the degree of swelling of a
polyelectrolyte gel is proportional to
the number of ionic side groups per
polymer chain in the gel (a polymer
chain is defined as the length of poly-
mer between crosslinks).?"*? In addi-
tion, repulsions between charged
groups will further swell the gel at
high charge densities.

The equilibrium hydrogel volume is
determined by the sum of the free en-
ergy of mixing of the polymer chains
with the solvent medium, the free en-
ergy of elasticity of the crosslinked net-
work, and the ionic electrostatic en-
ergy due to the Donnan equilibrium
and electrostatic repulsions between
charged side groups on the polymer
backbone:

Ale=-/—\-Fmix+AFcbs+AFion

Glucose oxidase converts glucose to
glucomnic acid in a two-step process. In
the first step, glucose is converted to

gluconic acid, and the enzyme is re-
duced. In the second step, the enzyme
is reconverted to its oxidized form by
oxygen in the solution, producing
H,0; as a by-product:****

EnzymeH(ox) + Glucose — Enzyme'
(red) + Gluconic Acid + H*

H* + Enzyme'" (red) +
0; —H,;0; + Enzyme(ox).

When the glucose oxidase reacts
with glucose the enzyme flavin pros-
thetic group becomes reduced and
negatively charged?***. The hydrogel
then expands, primarily due to an in-
creased osmotic pressure from a
Donnan-type potential arising from
mobile counterions.

In the absence of oxidizer, the sen-
sor should eventually reach its maxi-
mum volume even if the bath solution
contains only one stoichiometric
amount of glucose relative to the glu-
cose oxidase in the gel. In principle, we
could detect diffraction from a 1 (um)?
IPCCA sensor. Since the glucose oxi-
dase concentration in our IPCCA is ~
10 M, and since we can detecta ~ 10
nm shift in diffraction, this suggests a
detection limit of less than ~ 10° mole-
cules of glucose which would be re-
quired to fully reduce the glucose oxi-
dase in this 1um?® IPCCA

Conclusions

These IPCCAs are a new motif for
fabricating sensors. The utility of this
motif is limited only by the availability
of suitable molecular recognition

* agents. We previously demonstrated,

that the IPCCA can be coated onto op-
tical fibers such that they can be used
to fabricate optrodes to remotely meas-
ure analytes.

These sensors have the great advan-
tage of having a response which is easily
detectable by the human eye. The sensi-
tivity and detection range of these sen-
sors can be tailored by controlling the gel
composition, as well as the molecular
recognition agents used. We are now
medifying this glucose sensor for use at
the high physiological ionic strengths of
biological fluids such as blood.
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