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hanoparticles for sensitive detection of glucose in
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Sensitive and selective colorimetric sensors have come into a high demand due to their simplicity, rapidity,
precision and use of common laboratory instruments. In this study, as a new colorimetric nanoprobe,
enzyme-catalysis-induced production of Prussian blue nanoparticles (PBNPs) was employed to develop
a colorimetric biosensor which was simple and inexpensive for the rapid detection of glucose in wine.
Briefly, glucose as the detection target was added into a solution of glucose oxidase (GOx), FeCls and
KsFe(CN)e, which turned the solution color from light-yellow to blue within 10 min. Thus, it could be
probed by UV-vis spectroscopy. Unlike common colorimetric methods based on a sole color change
mechanism, this method has two paths to generate PBNPs. Because both KzFe(CN)g and O, are involved
in the turnover of GOx catalysis, they generate K4Fe(CN)g and H,O, that reduces Fe**, respectively, and
both paths finally produce PBNPs. This dual-path method enhances the yield of PBNPs and the
detection performance. Under optimized conditions, the method presented a linear detection range of 4
pM to 0.5 mM (¥? = 0.998) and a limit of detection of 3.29 uM, which is comparable to or better than
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Accepted 25th Septernber 2018 analogues, as well as excellent selectivity. This method also worked well in white grape wine samples
with detection results varying within 1% to those obtained by the standard HPLC method. The proposed

DOI: 10.1035/c8ra06347h biosensing method is rapid, simple, low-cost, sensitive and selective, therefore, it is a promising method
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Introduction

Sugar-sweetened beverages, such as wine, fruit drinks sports
drinks, sweetened tea and coffee with added sugar, are popular
daily drinks.* The total sugar content is one of the important
indexes that affect food quality. Sugar is easy to be absorbed by
human body in the form of glucose and fructose, which not only
provides materials for the body's metabolism and storage capa-
bility, but also helps digestion and mediation of lipid and protein
metabolism. Moreover, sugar is a key factor related to the taste.
Glucose, as a major kind of reducing sugar existing in most
beverages, has a direct relationship with the total sugar content.
Therefore, it is significant to detect glucose content in the food
industry for ensuring good food quality.> Commonly, glucose is
detected by conventional methods, such as titration and chroma-
tography. However, the end-point of the titration method is
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for daily detection of glucose in food in households and markets.

difficult to judge, especially for beginners.** Standard methods
based on chromatography for the detection of glucose in foods,
such as liquid chromatography (LC)/high-performance liquid
chromatography (HPLC), have high sensitivity, specificity, and
repeatability, but they are time-consuming. However, due to the
requirement of expensive instruments and skilled personnel,>” the
chromatography method obviously cannot satisfy the need for
a simple, rapid and cost-effective detection. With development of
nanomaterials and technology, numerous glucose biosensors have
been fabricated.®>** However, these glucose biosensors more or less
suffer from complicated principles, difficult design, and relatively
expensive." Thus, it is necessary to develop an innovative in-field
or on-site test method to detect glucose in wine in a processing
plant, food market, restaurant or household.

Colorimetric methods have shown great potential for inexpen-
sive daily-life applications for their obvious advantages of
simplicity, low cost, and no requirement of any expensive instru-
ments. Besides, the color change of substrates can be observed
easily by naked eyes.'>*™* For example, gold nanoparticle-based
colorimetric biosensing assays have attracted considerable atten-
tions in many commercial applications due to their simplicity and
versatility.”'® Prussian blue (PB) has been extensively used as
a pigment in the formulation of paints, lacquers, and printing inks

This journal is © The Royal Society of Chemistry 2018
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throughout several hundred years history, due to its highly
distinguishable blue color.””*®* PB is a kind of mixed-valence
compounds which can be readily obtained by simply mixing Fe**
and Fe(CN),"~ or mixing Fe** and Fe(CN),*~.***® Therefore, PB has
been developed as a kind of colorimetric probes to design colori-
metric detection methods for a variety of targets such as
phenolic,** ascorbate,> morphine* and hydralazine,* which were
mainly based on the reaction of these targets with one of precur-
sors of PB. However, for, it is a challenge to develop PB-based
colorimetric method for detection of those targets that are not
reactive to precursors of PB, such as glucose.

In this research, a new colorimetric biosensor was developed
by bridging the production of PB nanoparticles (PBNPs) as
colorimetric probe with the existence of glucose by enzyme-
catalysis for simple, inexpensive and rapid detection of
glucose in white grape wine. The PBNPs generated through two
paths related to the enzyme catalysis in this system doubled the
efficiency of the yield of PBNPs and in turn amplified the
detection signal. Accordingly, the proposed colorimetric
biosensor presented satisfactory performance for the detection
of glucose in white grape wines.

Experimental section
Materials and apparatus

Potassium ferricyanide (K3Fe(CN)g), potassium chloride (KCl),
ferric chloride (FeCls;-6H,0), 30% H,O, aqueous solution,
potassium hydroxide (KOH) and hydrochloric acid (HCl, 12 M),
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). GOx (EC 1.1.3.4; type II from Aspergillus
niger, 150 kU g~ ') was purchased from Sigma. Potassium
ferrocyanide (K,Fe(CN)s-3H,0), 2-morpholinoethanesulfonic
acid (MES, CgH;30,NS-H,0), maltose, lactose, galactose,
mannose and fructose were purchased from Sangon Biotech
(Shanghai, China). MES solution of 50 mM was used. HPLC
grade glucose standard sample and acetonitrile were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals
were of analytical-reagent-purity grade and were used as
received without further purification. Milli-pore ultrapure water
(18.2 MQ cm, Millipore, Billerica, MA, USA) was used
throughout. The solution pH was adjusted with HCI (12 M) and
KOH (12 M). Unless especially noted, all experiments were
performed at room temperature.

Transmission electron microscopy (TEM) images were
collected on JEOL JEM-1200EX transmission electron micro-
scope (Tokyo, Japan). UV-vis spectrophotometry was conducted
on Synergy H1 Hybrid Multi-Mode Microplate reader (BioTek,
Winooski, VT, USA). HPLC was performed using a Shimadzu
LC-20A HPLC system with refractive index detector (RIA-10A),
NH, column (250 mm x 4.6 mm, 3.5 pm), SIL-20A Promi-
nence autosampler and Prominence CTO-20AC column oven
(Shimadzu Corporation, Japan).

Samples and pretreatment

Two types of white grape wine (half sweet and sweet), J.J.Muller
wine (Jerry Moselle, Germany) and J.W.Morris wine (California,
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USA), were bought from a local supermarket (Hangzhou,
China). The white grape wine samples were filtered by 0.22 pm-
pore size filtration membrane (Millipore, Billerica, MA, USA)
three times, and stored at 4 °C.

HPLC analysis of glucose

Standard HPLC method was used for the determination of glucose
in different samples.” HPLC parameters included using the auto-
sampler at a flow rate of 0.5 mL min~"', mobile phase of 75%
acetonitrile and 25% sterile ultrapure water, with 20 uL injection of
each sample through a guard column followed by a NH, column at
35 °C, and refractive index detector (RIA-10A) with the evaporator
temperature of 60 °C, and the nebuliser temperature of 40 °C. The
concentrations of glucose were calculated based on the signal of
a sample at corresponding retention times.*

Procedures for detection of glucose using the colorimetric
biosensor

For glucose assay, the mixture of 5 uL of 2.2 to 44 mM glucose,
50 pL of 1.5 mM K3Fe(CN)g and 50 pL of 1.5 mM FeCl; solution
in 50 mM MES (pH 3.0) were prepared in a well of a 96-well
plate, followed by the adding of 5 pL of 1.1 mg mL™" GOx in
50 mM MES (pH 3.0). Then, the absorbance of the solution was
measured at a wavelength of 706 nm against a blank prepared
with the same reagent concentrations after 10 min.

For testing the selectivity of the glucose assay, procedures
were the same as that for the detection of glucose, except the
replacement of glucose solution with other sugar solutions of
110 mM (maltose, lactose, galactose, mannose or fructose).

Enzymatic Kkinetic analysis

Enzymatic kinetic measurements were carried out by moni-
toring the absorbance change at 706 nm. First, the mixture of 5
pL of 2.2 to 176 mM glucose, 50 uL of 0.5 mM K;Fe(CN)g and 50
pL of 0.5 mM FeCl; solution in 50 mM MES (pH 3.0) were
prepared in a well of 96-well plate, followed by the addition of 5
uL of 0.4 mg mL ™" GOx in 50 mM MES (pH 3.0). Then, the
absorbance of solution was monitored at 706 nm against
a blank prepared with the same reagent concentrations. The
catalytic efficiency of GOx was evaluated by absorbance versus
time. The Michaelis-Menten constant was calculated from
Lineweaver-Burk plots of the double-reciprocal form of the
Michaelis-Menten equation (eqn (1)).

v = (Km/ Vmax)(l/[s]) + 1/Vmax (1)

where V is the initial velocity, [S] is the concentration of the
substrate, K,,, is the Michaelis—-Menten constant and V,,, is the
maximal reaction velocity.

Results and discussion

The mechanism of the proposed enzyme-catalysis-induced
production of PBNPs

As the key part of the proposed colorimetric method, the
mechanism of the enzyme-catalysis-induced production of
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PBNPs was investigated. First, FeCl; and K;Fe(CN)g solutions
were mixed with glucose or/and GOx, and the UV-vis spectra and
digital pictures of each sample were collected. As shown in
Fig. 1, the mixture of FeCl; solution and K;Fe(CN)g (sample 1)
was clear and presented light-yellow in color, which had minor
change after mixing with glucose (sample 2) or GOx (sample 3).
The UV-vis spectra showed peaks at 429 nm, which was ascribed
to the presence of K3Fe(CN)s. No peak appeared at a wavelength
range from 500 to 1000 nm. However, after the mixing with
glucose and GOx with the mixture of FeCl; and K;Fe(CN)g
solutions (sample 4), the solution gradually turned to blue after
2 min. The UV-vis spectra clearly showed a new peak at 706 nm,
which was the classic peak for PB formation.”® The results
demonstrated the production of PB through the GOx catalysis.

Furthermore, we used TEM to investigate the formation of
PBNPs. Sample 4 was centrifuged (10 000 rpm) for 10 min and
the supernatant was removed. The precipitates were washed
with diluted hydrochloric acid (0.2 M) three times. The size and
morphology of the precipitates were imaged by TEM, as shown
in Fig. 2. The samples of PBNPs prepared by conventional
method, namely, mixing FeCl, and K;Fe(CN)s, were character-
ized by TEM. Both samples present nanoparticles. The diame-
ters are 21.9 + 4.5 nm and 8.1 + 2.6 nm for conventionally
prepared and the GOx-catalysis-based PBNPs, respectively.
Therefore, the TEM also proves the production of PBNPs based
on GOx-catalysis. The averaged diameter of the PBNPs from
conventional method was much bigger than the ones from GOx-
catalysis. The reason may be that amide moieties (GOx here) can
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Fig. 1 UV-vis spectra and digital image (inset) of several reaction
systems: FeCls/KsFe(CN)g (1), FeCls/KsFe(CN)g/glucose (2), FeCls/
K3Fe(CN)s/GOx (3), and FeCls/KsFe(CN)e/GOx/glucose (4). Reaction
conditions: 0.25 mM FeCls, 0.25 mM KzFe(CN)g, 0.05 mg mL™! GOx,
and 1 mM glucose in 50 mM MES (pH 3.0) at 25 °C, reaction for 10 min.

Fig. 2 TEM images of PBNPs prepared from FeCl, and KzFe(CN)g (a),
FeCls, KsFe(CN)e, glucose, and GOx (b), FeCls, KsFe(CN)g and H,O, (c).
Reaction conditions: 0.25 mM FeClz, 0.25 mM KsFe(CN)g, 0.05 mg
mL~* GOx, 1 mM glucose and 1 mM H,0O, in 50 mM MES (pH 3.0) at
25 °C. Scale bar: 20 nm.
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weakly bind to iron ions through a coordinating interaction. So,
GOx stabilized the PB nanoparticles and prevented the further
aggregation of the particles.””

Although we have validated the production of PBNPs, the
specific mechanism was still not clear. It's well known that the
H,0, is generated from GOx-catalyzed glucose oxidation with
the presence of O,. Therefore, we investigated the possibility
that H,O, led to the formation of PBNPs. To verify this reaction,
H,0, was added to the mixtures of FeCl; and K;Fe(CN)g in MES
solution (pH 3.0). The mixture of FeCl; and K;Fe(CN)g, and the
one of FeCl, and K;Fe(CN)g, were used as the controls. UV-vis
absorption spectra and the photographs of sample were
collected. As shown in Fig. 3, the mixture of FeCl; and
K;Fe(CN)e kept clear and light-yellow (sample 1), and the
mixture of FeCl, and K;Fe(CN)g rapidly turned to blue (sample
2). The UV-vis spectra also showed no peaks and an obvious
peak at 706 nm for those two control samples, respectively.
Obviously, the addition of H,0, (sample 3) immediately turned
into blue too, and UV-vis spectrum shows a peak at 706 nm,
clearly indicating the production of PB. TEM image of the
sample 3 (Fig. 2¢) also displayed nanoparticles of 11.3 & 3.5 nm.
Based on above results and previous reports,'®?® the mechanism
of the formation of the PBNPs based on GOx-catalysis was
proposed as bellow. First, H,O, is generated through the
glucose oxidation catalyzed by GOx in the presence of O, (eqn
(2)).** Secondly, H,0, reduces Fe** to be Fe*", which reacts with
the co-existing K;Fe(CN)q to form PB.2*3°

glucose + O, G gluconic acid + H,O, (2)

2Fe*" + 2Fe(CN)¢>~ + H,0, + 2K* — 2KFe[Fe(CN)g]
+0,+2H" (3)

After verifying the first path for the formation of PBNPs, we
also explored other possibility. Here, we tried the way by mixing
GOx, glucose, FeCl; and K;Fe(CN)g similarly, but all of solutions
were free of O, by pumping N, for 30 min. Interestingly, we still
observed the formation of PB, and UV-vis spectrum also dis-
played a peak of PB at 706 nm, as shown in Fig. 4. Because the
path that relied on the enzyme-catalysis-generated H,0, was
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Fig. 3 UV-vis spectra and digital image (inset) of several reaction
systems: FeCls/KsFe(CN)g (1), FeCly/KsFe(CN)e (2), and FeCls/
KsFe(CN)g/H,0, (3). Reaction conditions: 0.25 mM FeCl,, 0.25 mM
FeCls, 0.25 mM KsFe(CN)g and 1 mM H,O, in 50 mM MES (pH 3.0) at
25 °C, reaction for 10 min.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 UV-vis spectra of FeCls/KsFe(CN)s/GOx/glucose under air and
nitrogen. Reaction conditions: 0.25 mM FeCls, 0.25 mM KzFe(CN)g,
0.05 mg mL™* GOx, and 1 mM glucose in 50 mM MES (pH 3.0) at 25 °C,
reaction for 10 min.

excluded, the path turns to the reaction of GOx and Fe(CN)*~.
As well known, Fe(CN),>~ has well adopted as electron donor to
mediate the turn-over of the reduction state to oxidation state of
GOx, which is the basic fact of the second-generation glucose
electrochemical biosensor.’>** According to this fact, we
propose the second path of PBNPs formation based on GOx-
catalysis as below. After the oxidation of glucose by GOx, the
GOx turns to reduction state (eqn (4))'**** and the latter is
reduced to Fe(CN),*~ (eqn (5)). Finally, Fe(CN)s"~ reacts with
Fe*" and forms PB. For the catalysis of glucose by GOx, the first
step is always the oxidation of glucose by GOx, and during this
process the original oxidative GOx is turned to reductive GOx.
Then, if it is the oxygen that oxidizes the reductive GOx and
generates H,0,, it is the first path; if it is the K3Fe(CN), that
oxidizes the reductive GO, it is the second path. Both paths
regenerate the reductive GOx to be the oxidative GOx and to
initiate another catalysis cycle. Because there are both oxygen
and K;Fe(CN)e existing in the reaction solution, two paths
occurred simultaneously.

GOxx + Glucose —» GOX,.q + Gluconic acid (4)

GOXyeq + Fe(CN)g>~ — GOxox + Fe(CN)e*™ (5)

It's interesting that the UV-vis spectra recorded in the N,
atmosphere has a higher absorbance than in presence of oxygen
in Fig. 4, which is incompatible with common sense. There is the
difference between UV-vis spectra in the presence and in absence
of O,. In order to discriminate the path that generates the larger
amount of PBNPs, the effect of oxygen on the catalysis reaction
was studied. From the UV-vis spectra recorded by mixing GOx,
glucose, FeCl; and K;Fe(CN)y similarly in presence of different
concentrations of O, in Fig. S1, the absorbance was lower with
higher O, concentration. It meant that PBNPs was produced
under oxygen catalyst and inhibited in higher O, concentration
during GOXx catalysis. In order to explore the role of H,O, during
PBNPs generation, we tried to mixing FeCl, and K;Fe(CN)s in
presence of H,0, (Fig. S21). It was found that the absorbance of
PBNPs was lower with higher H,0, concentration. Moreover, the
lowest absorbance existed in 0.8 mM H,0, which was 87.86% of
the absorbance without H,0,, when the concentration of H,O,

This journal is © The Royal Society of Chemistry 2018
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was lower than 2 mM. The yield of PBNPs was inhibited in higher
H,0, concentration during FeCl,/K;Fe(CN)g reaction. So, there
was a balance in FeCl;/K;Fe(CN)s/H,0, reaction. A reasonable
explanation was that the production of PBNPs are coupled with
the Fenton reaction, in which hydroxyl radicals (HO") are gener-
ated through the catalytic reaction of Fe>*/Fe*"in the presence of
hydrogen peroxide.**** After verifying two paths for the formation
of PBNPs, the path without O, that generated the larger amount
of PBNPs was the major path.

Therefore, we have confirmed that there were two paths
simultaneously existing in this system to produce PBNPs, as
illustrated in Scheme 1. In detail, GOx oxidizes glucose and
turned itself to reduction state, followed by recovering to
oxidation state, which was realized by the reaction with co-
exiting O, (path 1) and K3;Fe(CN)s (path 2). Between the two
ways, the signal was mainly generated by path 2. As well known,
GOx catalysis suffered from O, deficiency when the glucose
concentration was high, because the concentration of O, in
water was ~1.3 mM.** This shortcut often brought inconve-
nience to the detection of glucose at higher concentrations.
Therefore, this dual-path method should effectively overcome
the deficiency of O, and increase the efficiency of the formation
of PB, in turn amplify the detection signal.

Optimization of reaction parameters

The enzyme activity and PBNPs stability are both affected by pH.
Because GOx generally exhibits the largest activity in neutral
solution, while PB is stable in acidic solution. Therefore,
a balance of pH for both paths is a key point. The effect of the
acidity of the solution on the absorbance of the reaction system
was investigated in 50 mM MES solution. The experiment was
carried out by changing the pH of 50 mM MES solutions from 1.0
to 7.0. First, the absorbance of PBNPs by mixing FeCl, and
K3Fe(CN)g in different pH MES solutions were studied. It can be
seen that the absorbance of PBNPs through FeCl,/K;Fe(CN)g
reaction in pH 6.0-7.0 were low (Fig. S31), in which it was not
suitable for PBNPs formation. Then the absorbance of PBNPs by
GOx-catalysis in different pH MES solutions were studied. The
results showed that the absorbance of the PBNPs in pH 3.0 MES
solution was the highest and the typical blue color was clearly
observed by naked eyes in the corresponding digital image
(Fig. S41). The optimum pH 3.0 for the GOx-catalysis was very
closed to pH 2.8 which was suitable for the homogeneous Fenton
process.®® This GOx-catalytic reaction was propagated by the
reduction of Fe** to Fe*" in Fenton reaction, which was the key

Fe®*

Fe? _Fe(CN)

H0,
.

Gluconic acid

0,
Glucose
= N

\
Fe(CN)¢  Fes*
"~

¥

=

Scheme 1 |Illustration for the proposed colorimetric biosensor
method for detection of glucose.

Fe(CN)s*
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reaction step in path 1. In Fig. S4, the absorbance has higher
value at pH 7. The reason may be that GOx enzyme had high
activity in neutral pH. However, Fe** was stable at acidic solution
rather than at neutral pH. Considering the generation of PB was
determined both by the GOx catalysis and the supply of Fe*" ions,
there should be a point to balance the conflicted reaction
parameters. The role of MES solution was not a buffer but
a solution to provide enough ion strength for the dissolution of
the enzyme. The buffer role of the solution was from the acid
itself. In the proposed method, 0.5 mM glucose could theoreti-
cally generate 0.5 mM gluconic acid through the GOx catalysis.
The pK, of gluconic acid is 3.86,*° therefore, 0.5 mM gluconic acid
could generate 6.9 x 10~® M H", which should be negligible to
the pH change of the reaction system. To verify this, we moni-
tored the pH of the reaction solution during the experiments in
Fig. S5.7 It clearly showed that there was minor pH change during
the reaction. In Fig. S6,f there was 3.1 &+ 1.3% of absorbance
change at 706 nm in MES compared with that in hydrochloric
acid, demonstrating that the presence (reducing ability) of MES
had negligible influence on the detection system. MES solution
was just used to keep suitable ionic strength for enzyme reaction.
Therefore, we carefully optimized the influence of pH and found
that pH 3.0 was the best to the production of PB for detection.

To obtain the high sensitivity, GOx should be enough for
catalytic reaction, the effect of GOx concentration was evaluated
from 0 to 0.8 mg mL™". The dissolved O, acts as a natural
mediator for GOx turnover, but it is of only ~1.3 mM saturated
concentration in water.** Although K;Fe(CN), could also supply
the catalysis, in order to ensure catalysis efficiency, glucose
concentration was selected to be 1 mM. As shown in Fig. S7,f
when the GOx concentration was in the range of 0.05-0.1 mg
mL " with the presence of 1 mM glucose, the absorption at
706 nm increases rapidly, because, obviously, more GOx should
catalyze to produce more PBNPs. When the GOx concentration
was in the range of 0.1-0.8 mg mL ™", the absorbance reached
a platform, which meant GOx in these concentrations were
sufficient for the catalysis. Therefore, the GOx concentration of
0.05 mg mL~" was used in the further study.

To ensure the highest yield of PBNPs, the molar ratio of
precursors of PBNPs at 706 nm was examined. The total volume
of 0.5 mM FeCl; and 0.5 mM K;Fe(CN)g were 200 pL while the
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volume ratio of two solutions varied from 0 to 19. As shown in
Fig. S8,T increasing the amount of FeCl; gradually deep the blue
color of the solutions. When the molar ratio was from 1 to 1.5, the
absorbance of PBNPs at 706 nm became the highest. Therefore,
the molar ratio of Fe*" to Fe(CN)s*>~ of 1 was used further.

Furthermore, the effect of FeCl; concentrations on the
absorption of the reaction was investigated, and the results were
shown in Fig. S9.1 When the FeCl; concentration was 0.75 mM
with the presence of 1 mM glucose, the absorption of the system
reached the maximum. When the Fe** concentration was higher
than 2 mM, the absorption decreased rapidly due to the
precipitation of large-size PBNPs. Therefore, the FeCl; concen-
tration of 0.75 mM was used in the further study.

The reaction time was optimized by monitoring absorbance
change for 24 min at 706 nm. As shown in Fig. S10,f after the
initiation of the catalysis, the color of the solution rapidly
turned to blue and the absorbance increased significantly.
When reaction time increased to 10 min, the absorbance
reached the plateau, which meant the saturation of catalysis.
Therefore, 10 min was selected for further detection. This short
reaction time should highlight the advantage in time of the
proposed method favored for rapid detection.

Enzymatic kinetic analysis

To investigate the catalytic activity of GOx in this system and to
evaluate the performance of the proposed method, we exam-
ined enzymatic kinetic parameters using PBNPs as chromo-
genic probe and glucose/O,/K;Fe(CN)s as substrates. The
catalytic activity of GOx was evaluated by means of steady-state
kinetics by changing the concentrations of glucose (Fig. S11aft).
Typical Michaelis-Menten curve was obtained by monitoring
the absorbance change at 706 nm for 10 min. Michaelis-
Menten constant K,;, and maximum initial rate V,,,x were ob-
tained from a Lineweaver-Burk plot (Fig. S11bt). K;,, value and
Vimax for GOX to glucose were 5.40 mM and 1.46 x 10 > mM s *,
respectively. The K, value obtained was lower than that of the
enzyme in other studies (25-27 mM).*”*® This reflected the
higher affinity of GOx for glucose in the reaction with the high
activity, which should facilitate the production of PBNPs and
the final performance of detection.
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Fig.5 UV-vis spectra (a) of different concentrations of glucose in the presence of 0.05 mg mL™* GOx, 0.75 mM FeCls and 0.75 mM KzFe(CN)g in
50 mM MES (pH 3.0) reaction for 10 min. Glucose concentrations (all in mM) from top to bottom (1to 12): 2,1, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, 0.008,
0.004, 0.001, and 0. The inset represented the corresponding samples. The linear relationship between the absorbance and concentrations of

glucose (b) was also given.
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Evaluation of the colorimetric biosensor for glucose detection

Using the optimal parameters, quantitative detection of glucose
was performed on the basis of the absorbance change at
706 nm. As shown in Fig. 5a, the typical blue color reaction was
clearly observed by naked eyes and the variation of color depth
with the glucose concentration was visual. This method showed
good linearity over the range of 0.004-0.5 mM (Fig. 5b), and the
linear regression equation was y = 0.87x + 0.01 with a correla-
tion coefficient (+*) of 0.998. The limit of detection (LOD) was
calculated to be 3.29 pM (S/N = 3). This indicated good
performance of this reaction system for glucose determination.
We also compared the sensing performances of this method
with those of analogues, as summarized in Table 1. Obviously,
although this method has not used any signal-amplification
materials (such as nanomaterials), the performance was
comparable to or better than other analogues. Besides the good
performance, the low-cost, rapidity and the simplicity should
add more to the whole value of this method.

The selectivity of biosensor was extremely important for
detecting the target accurately. To verify the sensing selectivity
of GOx-catalysis-induced PBNPs system toward glucose, several
glucose analogues, such as lactose, maltose, galactose,
mannose and fructose, were tested. As shown in Fig. 6, even the

Table 1 Comparison of the performances of glucose colorimetric
sensors

Linear range LOD

Colorimetric sensor” (nM) (nM) Reference
Fe;0,@C/TMB 6-100 2 39
Graphene oxide/GOx/TMB 1-20 1 40
CuZnFeS/GOx/TMB 16-60 4.1 41
MnSe-g-C;N,/GOx/TMB 160-1600 8 42
CTDI/GOx/TMB 1-40 1 43
H,TCPP-NiO NPs/GOx/ 50-500 20 44

TMB

Au@TiO,/GOX/TMB 0-10 3.5 45
PBNPs/GOx/ABTS 0.1-50 0.03 46
PBNPs/GOx 4-500 3.29 This work

4 TMB: 3,3',5,5"-tetramethylbenzidine; CTDI: coronene bisimide derivative;
ABTS: 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt; H,TCPP: 5,10,15,20-tetrakis(4-carboxyl pheyl)-porphyrin.

0.6
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05 b ' | |w\
04 : S-S

03

0.2

Absorbance / a.u.
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maltose lactose galactose mannose fructose glucose

Fig. 6 UV-vis absorbance responses of the proposed biosensor to
5 mM maltose, 5 mM lactose, 5 mM galactose, 5 MM mannose, 5 mM
fructose and 1 mM glucose (1 to 6). Inset: sample images of above
reactions. Conditions: 0.75 mM FeClz, 0.75 mM KzFe(CN)g and
0.05 mg mL™* GOx in 50 mM MES (pH 3.0) at 25 °C.
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concentration of these analogues were 5 times higher than that
of glucose, their presence did not result in a significant varia-
tion of the absorbance, indicating that these analogues had
almost no interferences with the detection of glucose. This
proved that the proposed method had a high selectivity toward
glucose sensing, which should be ascribed to the specificity of
GOx to glucose in the catalytic reaction.

Determination of glucose concentration in white grape wine
samples

In order to evaluate the feasibility for food sample, the proposed
method was applied to the determination of glucose concen-
tration in white grape wine samples. Two kinds of white grape
wine (half sweet type and sweet type) purchased from a local
supermarket were selected. Wine liquids were filtered by 0.22
um-pore size water filtration membrane three times to remove
solid contents. Then, the wine samples were diluted 5 times
with deionized water and analyzed by the proposed method.
The two types of white grape wine treated with the proposed
method had strong absorbance at 706 nm, as shown in Fig. 7.
Simultaneously, the typical blue color reaction was clearly
observed by naked eyes in the experimental samples, while the
control samples without GOx were light yellow. It's known that
there was a variety of reducing species, such as phenolic,
ascorbate, and more existing in white grape wine. Here we
tested the effect of co-existing species, for example, sulfite,

0.35
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0.20
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Absorbance / a.u.

0.05

0.00

500 600 700 800 900

Wavelength / nm

Fig. 7 UV-vis spectra and digital image (inset) of two kinds of white
grape wine: sweet wine (1), half sweet wine (2), sweet wine control (3),
half sweet wine control (4). Reaction conditions: 0.75 mM FeCls,
0.75 mM KsFe(CN)g and 0.05 mg mL~! GOx in 50 mM MES (pH 3.0) at
25 °C, reaction for 10 min. No GOx for control sample.
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Fig. 8 Calibration curve of glucose measurement using a HPLC
method.
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Table 2 Comparison of the glucose contents in white grape wine by HPLC method and the colorimetric method developed in this study (n = 3)

HPLC method

Colorimetric method (this study)

White grape wine Mean + SD“ (mM) RSD (%) Mean + SD (mM) RSD (%)
Half sweet 28.58 £ 0.07 0.25 29.51 £ 0.13 0.44
Sweet 31.28 £+ 0.07 0.21 32.11 £+ 0.38 1.18

% SD: standard deviation.

polyphenolic, ascorbate acid in white grape wine. According to
the previous reports,"”** the sodium sulfite, gallic acid and
ascorbate acid were added into two types of white grape wine, in
which the added concentration of the sodium sulfite, gallic acid
and ascorbate acid were equal to their original concentrations,
followed by collecting absorbance at 706 nm with UV-vis spec-
troscopy using the proposed method. For comparison, the
original wine samples were adopted as the controls and detec-
ted by the proposed method too. As shown in Fig. S12,1 the
additions of sodium sulfite, gallic acid and ascorbic acid caused
1.3 + 1.0%, 3.2 £ 0.1% and 1.3 £+ 0.6% changes in the sweet
wine (Fig. S12at), respectively, as well as 2.9 & 2.2%, 1.3 £ 0.5%
and 0.6 £ 0.9% in the half-sweet wine (Fig. S12b¥), respectively.
These changes were all less than 4% of that for the original
sample, demonstrating that the natively-existing reductants in
the examined wines had minor influence on the detection of
glucose. We also tested higher concentrations of gallic acid (2
times), sodium sulfite (10 times), and ascorbic acid (10 times)
and obtained the great change (16.7 & 3.8%) for gallic acid but
minor changes (2.0 £ 0.9% and 2.7 + 1.3%) for sodium sulfite
and ascorbic acid in sweet wine, respectively, as well as the
changes of 17.6 £ 3.8%, 3.8 £ 1.6% and 0.8 £ 0.7% in the half-
sweet wine, respectively. Therefore, the proposed method
should be reliable in the detection of glucose in white grape
wine.

In order to validate the method developed in this study, the
white grape wine samples were also analyzed by HPLC method,
which was a national standard method of China (please see the
Experimental part for details). As shown in Fig. 8, the calibra-
tion curve of glucose based on the HPLC method was first made
showing regression coefficient of 0.9997. The comparative
results were shown in Table 2. The relative standard deviations
(RSD) of samples were less than 2%, illustrating that the
proposed method could be applied to the detection of glucose
in food samples. These results confirmed the accuracy of the
sensor for measuring glucose in the food samples.

Conclusions

A simple, rapid and sensitive colorimetric biosensing method
has been developed for the detection of glucose based on the
use of GOx-catalysis-induced PBNPs as nano-reporter. Two
paths for the PBNPs formation upon GOx catalysis were iden-
tified and evaluated, which enhanced PBNPs yield and the
detection performance. Between the two paths, the PBNPs was
mainly produced in absence of O,. After the optimization, this
reaction system responded linearly to glucose in a wide analyte

33966 | RSC Adv., 2018, 8, 33960-33967

concentration range within 10 min. The limit of detection was
down to 3.29 uM, which was comparable to or better than
analogues. Furthermore, glucose could be quasi-quantified by
naked eyes based on the color change. This method also
provided good sensitivity for detecting glucose without resort to
advanced or complex readout instruments. The method was
successfully applied to monitoring glucose in the white grape
wine. The proposed biosensing method showed significant
advantages of rapidity, simplicity, low-cost and high sensitivity
and selectivity, therefore, it is promising for use in daily
detection of glucose in food processing plants and markets,
restaurants and households.
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