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We have developed hydrogel nanoparticles made of poly-y-glutamic acid (PGA) and chitosan,
which entraps both glucose oxidase (GOx) and magnetic nanoparticles (MNPs) within the hydro-
gel matrix. The preparation of poly-y-glutamic acid/chitosan hydrogel nanoparticles (PGA/CS NPs)
entrapping GOx and MNPs begins with the mixing of GOx and MNPs with PGA solution followed
by their dropwise addition into chitosan solution to induce rapid ionic gelation. The glucose sens-
ing relies on the generation of H,O, through the entrapped GOx-mediated catalysis in the pres-
ence of glucose, which consequently activates the peroxidase-like activity of MNPs to convert an
employed chromogenic substrate, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) diammo-
nium salt (ABTS), into a green colored product. Using this strategy, the target glucose was suc-
cessfully detected over a wide linear range, from 5 to 100 uM with a lower detection limit of 3 uM,
which is sufficient to diagnose high level of glucose (hyperglycemia) in human blood. The hydrogel
nanoparticle-based glucose biosensor also showed high stability with magnetic reusability. Since
any oxidative enzymes could be incorporated within the PGA/CS NPs, we expect that the hydrogel-
based biosensor would be highly beneficial for the detection of various other clinically important

target molecules.
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1. INTRODUCTION

Since diabetes mellitus has become a worldwide pub-
lic health concern, glucose detection technology provid-
ing high sensitivity, selectivity, and reliability has been
intensively studied and attracted a lot of attention in
biomedical science and food industry [1]. Among diverse
glucose detection strategies, glucose biosensors employ-
ing glucose oxidase (GOx), which catalyzes the oxidation
of glucose to produce gluconic acid and hydrogen per-
oxide (H,0,), play a leading role due to their high
selectivity, sensitivity, and convenience to use [2]. Since
horseradish peroxidase (HRP) could utilize H,0, to pro-
duce diverse kinds of optical or electrochemical responses,
HRP is generally coupled with GOx to develop glu-
cose biosensors [3]. However, the intrinsic limitations
of natural enzymes, such as low stability in harsh con-
ditions, limited operating conditions, and high produc-
tion/purification cost, have still hindered their widespread
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use in biosensing [4, 5]. Therefore, the development of
highly efficient glucose biosensors to produce stable sig-
nals in diverse environments is critically needed.

In recent days, nanomaterials with enzyme-like char-
acteristics, so called nanozymes, have been reported as
potent alternatives to natural enzymes, due to their dis-
tinct superiorities such as high stability and robustness
even in harsh conditions, low-cost production by facile
scale-up, and possibility to further improve the cat-
alytic features to exceed those of corresponding natural
enzymes [4]. Until now, diverse kinds of nanostructures,
such as iron oxide magnetic nanoparticles (MNPs), cerium
oxide nanoparticles, platinum nanoparticles, gold nanopar-
ticles, graphene oxide, and carbon nanotubes, have been
reported as nanozymes having the ability to mimic nat-
ural enzymes including HRP [6—12]. MNPs are recog-
nized as the most widely studied peroxidase-mimicking
nanozymes that catalyzes the oxidation of peroxidase
substrates such as 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) diammonium salt (ABTS) in the presence
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of H,0, [13-16]. Until now, the peroxidase activity
of MNPs have been widely utilized to detect vari-
ous biomolecules, such as cells, proteins, and carbohy-
drates [17-19]. Cascade reaction composed of GOx and
MNPs, which act as peroxidase, was also reported to
construct glucose biosensors [17]. Although these exam-
ples demonstrate the potential of MNPs to replace natural
HRP in biosensing applications, further investigations are
still required to make them more compatible with other
enzymatic systems and facilitate their easy separation and
reuse.

To address this need, we have developed hydrogel
nanoparticles made of poly-y-glutamic acid (PGA) and
chitosan (PGA/CS NPs), which consist of GOx as well
as MNPs simultaneously entrapped within the hydrogel
matrix. Through the dropwise addition of PGA solu-
tion containing GOx and MNPs into chitosan solution,
hydrogel particles having sizes about several hundreds
of nanometers were produced, with GOx and MNPs
entrapped within the hydrogel matrix. Various character-
istics of PGA/CS NPs entrapping both GOx and MNPs,
such as specificity, sensitivity, operational stability, and
magnetic reusability were investigated.

2. EXPERIMENTAL DETAILS

2.1. Materials

Glucose oxidase from Aspergillus niger (GOXx), acetic
acid, sodium acetate, phosphate buffered saline (PBS),
iron(Ill) chloride hexahydrate, iron(IIl) chloride tetrahy-
drate, ABTS, glucose, fructose, lactose, urea, ascorbic acid
were all purchased from Sigma-Aldrich (Milwaukee, WI)
and used as received. PGA and chitosan (MW = 50 kDa)
were purchased from Vedan (Taichung, Taiwan) and Axoin
(China), respectively. All other reagents were of analytical
grade.

2.2. Preparation of PGA/CS NPs Entrapping
Both GOx and MNPs

MNPs were first synthesized via co-precipitation of Fe**
and Fe*™ aqueous salt solutions (2:1 molar ratio) through
the addition of a base [20]. 1 M sodium hydroxide solu-
tion was added to a mixture of 0.25 M of FeCl, and
FeCl, (Fe**/Fe** =2) in water until the pH changed to
10, then the mixture was heated at 80 °C for 40 min while
stirring. The obtained MNPs were washed with DI water
three times and ethanol three times, and dried at 70 °C
under vacuum.

To encapsulate GOx and MNPs within PGA/CS NPs,
PGA was first dissolved in DI water at a concentration
of 1 mg/mL. Chitosan was also dissolved in 1% acetic
acid solution. GOx (1 mL, 10 mg/mL) and MNPs (1 mL,
2 mg/mL) were thoroughly mixed with 2 mL of PGA solu-
tion at RT. Then, the mixtures were dropwisely added into
the chitosan solution (1 mg/mL) with stirring to induce
ionic gelation, and further reacted for 30 min at RT.
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The prepared hydrogel nanoparticles were analyzed by
transmission electron microscopy (TEM) on a Jeol EM-
2010 microscope (Jeol Co.) and energy dispersive X-ray
spectrometer (EDS).

2.3. Colorimetric Detection of Glucose Using PGA/CS
NPs Entrapping GOx and MNPs

To investigate the cascade reaction activity for the syn-
thesized PGA/CS NPs entrapping GOx and MNPs for the
detection of glucose, colorimetric assay was performed
using ABTS substrate in the presence of glucose. Typ-
ically, synthesized NPs (50 wL, 2 mg/mL), glucose at
diverse concentrations (50 uL), and colorimetric substrate
(ABTS, 50 upL, 60 mM) were added in sodium acetate
buffer (350 L, 100 mM, pH 4.0), and incubated at RT for
30 min. After reaction, the NPs were separated by enforc-
ing external magnet for 2 min, and the supernatant was
transferred to the designated well of a transparent 96-well
plate. The well-plate was used to capture color images rep-
resenting the progress of the reaction, and the absorption
intensity was also measured using a microplate reader in
either scanning mode or at 417 nm (Synergy H1, Biotek,
VT). To detect glucose using free GOx and MNPs, free
GOx (50 uL, 5 mg/mL) and free MNPs (50 uL, 1 mg/mL)
were used rather than PGA/CS NPs and the other proce-
dures were the same as described above.

2.4. Stability and Magnetic Reusability

The stability of PGA/CS NPs entrapping GOx and MNPs
was evaluated by measuring the glucose-detecting activ-
ity when incubating with 1 mM glucose in sodium acetate
buffer (100 mM, pH 4.0) at RT with shaking (200 rpm).
As a control, PGA/CS NPs entrapping only MNPs were
incubated with free GOx (1 mg/mL), and the residual
glucose-detecting activity was assessed as described above,
at each time point. Reusability of PGA/CS NPs entrapping
GOx and MNPs was also assessed after cycles involving
the typical reaction with glucose (1 mM), simple separa-
tion with external magnet, and three washing steps with
aqueous buffer. In both experiments, the relative activ-
ity (%) was calculated according to the ratio between ini-
tial and residual activity, in which the initial activity was
set up as 100%.

3. RESULTS AND DISCUSSION

The construction of PGA/CS NPs entrapping both GOx
and MNPs begins with the mixing of GOx and MNPs in
PGA solution, followed by their dropwise addition into
chitosan solution. This process results in PGA/CS hydro-
gel NPs entrapping both GOx and MNPs through the rapid
ionic gelation (Fig. 1). We envisioned that the compos-
ite obtained by entrapping GOx and MNPs within hydro-
gel matrix would serve as an efficient biosensor capable
of being used for colorimetric glucose detection. Specif-
ically, in the presence of glucose, the catalytic action of
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Figure 1. Schematic illustration of the PGA/CS NPs entrapping GOx
and MNPs.

(a) (c) STEM image
500 nm

Figure 2. TEM images of (a) PGA/CS NPs entrapping GOx and MNPs,
(b) entrapped MNPs, (c) STEM images of the cross-section of (a), and
the corresponding EDS maps of (d) Fe, (e) N, and (f) O elements.

GOx is expected to generate H,O,, which should activate
peroxidase-mimicking MNPs to convert the employed sub-
strate, ABTS, into green colored product. To first obtain
structural insights for the synthesized PGA/CS NPs entrap-
ping GOx and MNPs, TEM analyses coupled with EDS
elemental mapping were performed (Fig. 2). The TEM
images revealed that MNPs with an average diameter
of ~15 nm were incorporated within the hydrogel NPs.
Elemental mapping images of Fe, N, and O elements,
which are the main components of MNPs, GOx, PGA,
and chitosan, show their concentrated distribution region,
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demonstrating that MNPs and GOx are homogeneously
positioned throughout the hydrogel matrix.

Glucose sensing capability of the hydrogel NPs was
investigated. With free GOx and MNPs, target glucose
was specifically detected through the generation of green
color by the respective ABTS oxidation, whereas negligi-
ble signal was observed in a glucose-free control sample,
indicating that glucose could be detected via GOx-MNPs
cascade reaction (Fig. 3(a)). PGA/CS NPs entrapping GOx
and MNPs were then employed for the glucose detection,
yielding a green color corresponding to the oxidized ABTS
(Fig. 3(b)). This result reveals that a specific colorimet-
ric reaction of only the target glucose is promoted by our
hydrogel NPs. Under the typical experimental conditions,
glucose could be spectrometrically determined at concen-
trations as low as 3 uM with a linear range from 5 to
100 uM (Fig. 4). The limit of detection values are among
the best results of those recently reported describing col-
orimetric measurement of glucose [7, 13].

Selectivity of PGA/CS NPs entrapping GOx and MNPs
was explored by monitoring the interfering effects of four
common substances (urea, ascorbic acid, fructose, and lac-
tose), present in human blood, on the colorimetric detec-
tion of glucose (Fig. 5(a)). As a result, negligible signal
is observed in the control solutions containing interfering
species, proving the excellent selectivity of our hydrogel
NPs for glucose biosensing applications.

In addition, we assessed stability and reusability of our
system, both of which are important for practical appli-
cations. PGA/CS NPs entrapping both GOx and MNPs
retained almost all of their original activity during 1 day
operation with shaking, whereas the control sample con-
sisting of PGA/CS NPs entrapping only MNPs with free
GOx showed continuous decrease in their catalytic activ-
ity (Fig. 5(b)). After 1 day operation, the control sample
lost ~40% of its original activity for glucose detection.
This result clearly demonstrates that the entrapment of
GOx within the hydrogel matrix is essential to preserve
original activity. The reusability was also assessed by
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Figure 3. Absorption spectra of the reaction solution obtained via cascade reaction of (a) free GOx with MNPs, and (b) PGA/CS NPs entrapping
GOx and MNPs, in the presence of glucose. A picture of the reaction solutions is shown in the inset. For the control, DI water was used instead of

glucose.
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Figure 4. Absorption spectra of the reaction solution obtained via cascade reaction of (a) free GOx with MNPs, and (b) PGA/CS NPs entrapping
GOx and MNPs, in the presence of glucose. A picture of the reaction solutions is shown in the inset. For the control, DI water was used instead of

glucose.
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Figure 5. (a) Selectivity evaluation of PGA/CS NPs entrapping GOx and MNPs for the determination of target glucose by measuring the interfer-

ing effects of molecules commonly found in human blood. Considering their general levels in human blood, 1 mM glucose was tested with urea
(0.67 mM), ascorbic acid (0.08 mM), fructose (0.02 mM), and lactose (0.67 mM). (b) Operational stability for the determination of glucose at RT
with shaking condition (200 rpm). (c) Magnetic reusability after iterative cycles of glucose sensing involving facile magnetic separation and washing

steps.

repeating cycles involving the typical glucose sensing,
simple separation by external magnet, and three washing
steps. As shown in Figure 5(c), over 80% of the initial
catalytic activity was maintained after 5 cycles, indicating
that our PGA/CS NPs entrapping GOx and MNPs could be
used repeatedly. The marginal loss of the catalytic activity
could be caused by the possible leaching of GOx or MNPs
during the washing procedures.
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4. CONCLUSIONS

We have developed a colorimetric biosensor based
on nanocomposites entrapping GOx and peroxidase-like
MNPs within PGA/CS hydrogel matrix. The hydrogel
composites were simply prepared but yielded excel-
lent sensitivity and selectivity for target glucose detec-
tion, along with high stability and magnetic reusability.
Based on these results, we expect that the hydrogel-based
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multi-catalytic nanostructures would be useful for conve-
nient and highly efficient detection of biologically impor-
tant target molecules, particularly for point-of-care testing
within facility-limited environments, through the use of
nanozymes rather than unstable natural enzymes.
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