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ABSTRACT: This paper reports a simple, rapid, and sugar-selective method to induce gelation from glucose-containing
samples. This method employs glucose oxidase (GOx) to selectively “recognize” and oxidize glucose to generate gluconic acid,
which acts to solubilize calcium carbonate and release calcium ions. The release of calcium ions triggers gelation of the calcium-
responsive polysaccharide alginate to form a calcium-alginate hydrogel. Rheological measurements confirm that gel formation is
triggered by glucose but not fructose or sucrose (consistent with GOx’s selectivity). Vial inversion tests demonstrate that gel
formation can be readily observed without the need for instrumentation. Proof-of-concept studies demonstrate that this gel-
forming method can detect glucose in food/beverage products sweetened with glucose or high-fructose corn syrups. These
results indicate that the enzyme-induced gelation of alginate may provide a simple means to test for sweeteners using

components that are safe for use on-site or in the home.
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B INTRODUCTION

Economic, political, and climatic instabilities affect the global
sugar market, and historically the U.S. price for table sugar
(sucrose) has been substantially higher than world prices." The
abundance of starch and thus glucose syrup was an attractive
alternative, but glucose is less sweet than sucrose. The discovery
that the enzyme xylose isomerase could catalyze the conversion
of glucose to the sweeter monosaccharide fructose® coupled
with advances in enzyme immobilization enabled the creation
of large-volume processes to generate high-fructose corn syrup
(HECS).> HFCS emerged as a less expensive sweetener
(compared to sucrose) and was broadly accepted into the
marketplace (e.g, soft drinks) beginning in the early 1970s.*~
At the same time that HFCS emerged as a major sweetener,
there was an increase in the incidences of obesity and diabetes
in affluent countries (e.g, the United States) leading to
hypotheses and controversies over whether the timing of these
observations reflects a coincidental correlation or a causal
relationship.®™”

Whereas the relative merits of sugar, glucose, and HFCS may
be unresolved scientifically,'® many consumers have formed
preferences and purchase products on the basis of the labeled
ingredient statements."! Unfortunately, ingredient statements
may not be entirely trustworthy when a product is
manufactured from many ingredients, each of which may
have a supply chain that spans continents, cultures, and
languages. Furthermore, strong cost incentives may encourage
adulteration by substituting lower cost sweeteners (e.g., HFCS)
for more expensive sugar. The existence of glucose in HFCS
and other artificial sweeteners makes it a potential marker for
the detection of non-sucrose sweeteners. Thus, a simple
method to detect glucose on-site or in the home may allow
buyers or consumers to make more informed decisions.

Analysis of glucose in foods and beverages is challenging
because of the complexity of the matrix and the structural
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similarities of various components (e.g., other sugars). A similar
challenge was faced in the development of in-home tests for
blood glucose, which became integral to the individualized
management of diabetes.">™"* In this case, enzymes such as
glucose oxidase (GOx) were enlisted to “recognize” glucose
and generate an electrochemically active species (e.g, H,0,)
that allows transduction into an electrical output.'®™"® Here, we
also enlist glucose oxidase to recognize glucose, but we
transduce this recognition into a visually observable mechanical
output.

Figure 1 schematically illustrates the recognition—trans-
duction approach used to detect glucose by inducing gelation
of the polysaccharide alginate. First, GOx catalyzes the
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Figure 1. Schematic illustration of glucose oxidase (GOx)-mediated
gelation of alginate. GOx-catalyzed oxidation of glucose generates
protons, which solubilize the Ca* ions that trigger alginate’s hydrogel
formation.
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Figure 2. Demonstration that the GOx-catalyzed oxidation of glucose (Glc) triggers alginate gelation. (A) Time sweeps of rheological measurements
show that both GOx (10 U/mL) and Glc (40 mM) are required to induce gelation of a mixture of alginate (1%) and CaCO; (20 mM). (B) Vial
inversion tests provide visual evidence that both GOx and Glc are required to form a self-supporting gel in 1 h. (C) Vial inversion tests show that gels

are formed within 1 h for solutions containing >20 mM glucose.

oxidation of glucose in the presence of oxygen to generate
gluconic acid and hydrogen peroxide.'”~*' The in situ-
generated gluconic acid dissociates, and the protons react to
solubilize CaCO, and release Ca>* ions.”* The released Ca®*
interacts with alginate to form the “egg-box” network junctions
that serve as the physical cross-links responsible for the gelation
of calcium alginate hydrogels.”*~>’

Here, we demonstrate that the GOx-mediated oxidation of
glucose can trigger gelation of the common food biopolymer
alginate. GOx confers sugar selectivity to this process, whereas
gel formation is a readily observable measure that requires no
specialized instrumentation and is insensitive to color in the
sample (compared to color-based tests).

B MATERIALS AND METHODS

Materials. The following materials were purchased from Sigma-
Aldrich: alginic acid sodium salt from brown algae (medium viscosity,
molecular weight 80—120 kDa), b-(+)-glucose (>99.5%), b-
(=)-fructose (=99%), sucrose (>99.5%), and GOx from Aspergillus
niger (138800 U/g). Precipitated calcium carbonate (CaCO;) particles
(70 + 21 nm as reported by the manufacturer) were obtained from
Specialty Minerals, Birmingham, UK. Syrup, table sugars, and
beverages were purchased from local grocery stores.

Sample Preparation. Alginate solutions (1—1.5%) were prepared
by dissolving sodium alginate powder in distilled water, followed by
stirring overnight; then CaCO; (20—30 mM) particles was dispersed
into sodium alginate solution, followed by ultrasonication for 30 min.
These alginate and CaCOj levels are in excess of those required to
form strong self-supporting gels. The alginate/CaCOj; thus prepared
(pH ~8.0) was stirred before use to ensure the particles remained
homogeneously dispersed in the alginate solution. No aggregation or
settling of the particles was observed over a period of several hours,
during which time the gel-forming experiments were conducted. GOx
solution was prepared by dissolving GOx (1000 U/mL) in phosphate-
buffered saline (20 mM, pH 7.4). Purified sugars (glucose, fructose, or
sucrose) were dissolved in water to a concentration of 0.5 M before
use. Food products (e.g., beverages) containing different sugar-based
sweeteners were diluted in water to levels of 30 mg sugars/mL on the
basis of information provided on the ingredient statement.

Gel Formation. Typically, we prepared a stock suspension
containing GOx (10 U/mL)/alginate (1.5%)/CaCO; (30 mM) and
then mixed this stock suspension with a diluted solution containing the
sugar-based product (30 mg sugars/mL). The mixed suspension (pH
~7.5) was briefly vortexed and exposed to air for 1—3 h. Photographs
were typically taken 1 h after the mixing.

Rheology. Rheological measurements were performed on a
Rheometrics AR2000 stress-controlled rheometer (TA Instruments).
A cone-and-plate geometry of 40 mm diameter with a 2° cone angle
was used with a solvent trap to prevent drying. Time sweeps were
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typically performed at 10 rad/s with strains of 25—30% for liquid-like
samples and 1% for gel-like samples. Dynamic stress sweep
experiments were first performed on a sample to identify its linear
viscoelastic (LVE) region, and dynamic frequency sweeps were then
performed within the LVE region. All rheological experiments were
conducted at 25 °C.

Bl RESULTS AND DISCUSSION

In our initial study, we used rheology to demonstrate GOx-
mediated gelation of an alginate/CaCOj suspension. In the first
experiment, a mixture of alginate (1%), CaCO; (20 mM), and
glucose (40 mM) was prepared, and GOx (10 U/mL) was
added to initiate the reaction. This sample was loaded onto the
rheometer stage that had been set to 25 °C, and data were
recorded 4 min after initiation of the reaction. Figure 2A shows
that when GOx was added to the glucose/alginate/CaCO;
suspension, the elastic modulus (G’) and viscous modulus (G”)
increased during the 180 min experiment. The increase in G’
was faster than that in G”, and after 14 min G’ exceeded G”,
indicating that the solution was transitioning into a gel.*® Figure
2A also shows results for two controls lacking either glucose or
GOx. For both controls, the moduli remained small and nearly
constant over the course of the experiment, and G” exceeded
G'. These observations indicate that the controls remained
solutions throughout the 180 min experiment. Thus, the results
in Figure 2 provide a rheological demonstration that the GOx-
mediated oxidation of glucose can trigger the gelation of
alginate as proposed in Figure 1.

Gel formation is a simple end-point measurement as it can be
detected visually without the need for instrumentation.”® For
instance, the results in Figure 2A can be reproduced
qualitatively using a vial inversion test. For this test, we
mixed alginate (1%), CaCO; (20 mM), GOx (10 U/mL), and
glucose (40 mM) in a 4 mL vial and exposed this mixture to air.
Figure 2B shows that after 1 h of incubation, the vial could be
inverted and the hydrogel that had formed could support its
own weight. Controls lacking either Glc or GOx did not form
gels as evidenced by the fact that they remained liquids as
shown in Figure 2B.

The limit for detecting glucose by a vial inversion method
was estimated by observing gel formation at various glucose
concentrations. In this experiment, we mixed alginate (1%),
CaCO; (20 mM), and GOx (10 U/mL) with various amounts
of glucose and periodically observed whether the vial’s contents
had undergone gel formation. Figure 2C shows that the gel
time (the time required to form a self-supporting gel)
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decreased with increasing glucose concentration. Solutions
prepared with >20 mM glucose formed gels within 1 h, whereas
solutions prepared with 10 mM glucose formed weak gels only
after 2 h of incubation. Solutions prepared with S mM glucose
did not form gels even after overnight incubation. The
photographs inserted in Figure 2C show the vials for 10 and
50 mM samples after being incubated for 1 h. If we use 1 h as a
reasonable incubation period, Figure 2C indicates that 20 mM
is the limit for glucose detection by this vial inversion method.
This detection limit is an order-of-magnitude lower than
glucose levels typically present in beverages sweetened with
HFCS.*

Next we examined the sugar specificity of the GOx-mediated
gel formation. In this study, 40 mM glucose, fructose, or
sucrose was added into a suspension of alginate (1%), CaCO;
(20 mM), and GOx (10 U/mL), and these mixtures were
exposed to air for 3 h. After incubation, the samples were
loaded onto the rheometer stage and dynamic frequency
sweeps were performed. Figure 3A shows that when glucose

The sugar selectivity for GOx-mediated alginate gelation is
also apparent using a vial inversion approach. Using the same
experimental conditions as for the above rheology experiment,
Figure 3B shows that glucose (but not fructose or sucrose)
triggers gel formation for the GOx/alginate/CaCOj; mixture.
Thus, Figure 3 demonstrates that GOx confers sugar selectivity
to gel formation, and this gel formation can be observed
without the need for complex instrumentation.

In subsequent studies, we examined the ability of this GOx-
mediated gelation method to detect glucose in food products.
For this, we prepared a stock suspension containing GOx (10
U/mL)/alginate (1.5%)/CaCO; (30 mM). Two parts of this
stock suspension were mixed with 1 part of a sugar-containing
product that had been appropriately diluted (30 mg sugars/
mL) to obtain a reaction suspension containing 10 mg/mL
sugar.

Our first sample was store-bought syrup containing HFCS.
After mixing the diluted syrup with the stock suspension, the
vial was left in air over 1 h. As shown in Figure 4A, a self-
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Figure 3. GOx confers sugar selectivity to alginate gelation. (A)
Dynamic frequency sweeps demonstrate that a suspension of GOx (10
U/mL)/alginate (1%)/CaCO; (20 mM) forms a hydrogel in the
presence of 40 mM glucose (Glc) but not fructose (Fru) or sucrose
(Suc) (samples incubated in air for 3 h; G’ values for controls were too
low to measure accurately). (B) Vial inversion tests demonstrate sugar
selectivity of GOx-mediated gel formation.

was present, the sample behaved as a soft solid with G’
exceeding G” and both moduli being nearly independent of
frequency. This behavior is consistent with the formation of a
gel from the glucose-containing solution. Figure 3A also shows
that the sucrose and fructose controls behave as viscous liquids
with the viscous modulus (G”) varying strongly with frequency
(note: the elastic modulus G’ is not shown for these controls
because it was too low to be measured accurately). The
rheological behavior for these controls confirms that neither
fructose nor sucrose can induce a gel formation in the presence
of glucose.
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Figure 4. GOx-mediated gel formation for samples containing high-
fructose corn syrup (HFCS) but not table sugar (sucrose). (A) Vial
inversion tests show that HFCS induces gelation, whereas results from
the control lacking GOx indicate that other ingredients in the syrup do
not induce gelation. (B) Vial inversion tests show that table sugar does
not induce gel formation. Samples were prepared by mixing 1 part of a
solution containing sugar product (30 mg sugars/mL) with 2 parts of a
stock suspension containing GOx (10 U/mL)/alginate (1.5%)/
CaCO; (30 mM).

supporting gel was formed, indicating the presence of glucose
(from HFCS). Concurrently, a control mixture lacking GOx
was prepared, and Figure 4A shows that no gel formation was
observed. Results from this control indicate that other
ingredients in the syrup do not induce gel formation.

Next we tested table sugar (pure cane sugar) by mixing a
solution of this sugar with the stock suspension and exposing
the sample to air for 1 h. As expected, Figure 4B shows gels
were not formed for samples containing table sugar either with
or without GOx. Thus, Figure 4 shows that GOx-mediated
alginate gelation can detect glucose in the syrup and distinguish
it from table sugar.
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As a proof-of-concept we examined the capability of GOx-
mediated gelation to detect glucose in beverage products. Our
first example was a comparison of two brands of ice tea: the
label for ice tea I reports “HFCS”, whereas the label for ice tea
II reports “real sugar”. First, the ice tea was diluted in water to a
sugars concentration of 30 mg/mL, and then 1 part of this
diluted ice tea was mixed with 2 parts of the stock suspension.
After mixing, the vial was left in air for 1 h. As shown in Figure
SA, ice tea I induced gel formation consistent with the presence
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Figure 5. GOx-mediated gel formation to “detect” non-table sugar
sweeteners in selected beverages. (A) Vial inversion tests show
gelation with an ice tea containing HFCS (ice tea I), but not with an
ice tea containing “sugar” (ice tea II). (B) Vial inversion tests show
gelation with a coffee drink containing glucose (coffee drink I) but not
with a coffee drink containing “sugar” (coffee drink II). Samples were
prepared by mixing 1 part of diluted beverage (30 mg sugars/mL) with
2 parts of a stock suspension containing GOx (10 U/mL)/ alginate
(1.5%)/CaCO; (30 mM).

of glucose in the HFCS. Ice tea II was unable to induce gel
formation, as expected for this sucrose-containing beverage.
The controls (without GOx) did not gel, indicating no
contribution of other ingredients in the ice teas to the gel
formation.

As a second proof-of-concept, we examined two coffee
drinks: the label for coffee drink I reports “glucose”, whereas
the label for coffee drink II reports “sugar”. The gel-forming
experiments were performed as described above. Figure SB
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shows that glucose-containing coffee drink I induced gel
formation, whereas sugar-containing coffee drink II did not
induce gel formation. In sum, the test results in Figure 5
demonstrate that GOx-mediated alginate gel formation allows a
simple and rapid detection of glucose, which may serve as a
marker for the presence of a non-sucrose sweetener.

In conclusion, we demonstrate a simple and rapid test for
glucose-containing sweeteners. This method offers sugar
selectivity due to the molecular recognition of the GOx
enzyme and transduces recognition into a readily observable
mechanical response (i.e., gel formation) that is independent of
color in the sample. Furthermore, this method employs
common components (GOx and alginate) that should be safe
in the kitchen. Thus, we envision this test could be used on-site
by ingredient buyers or in homes, stores, or restaurants. More
broadly, this work suggests that emerging research on enzyme-
induced gel formation for biomedicine® ** may find broader
applications in the food industry.
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