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Various enzymatic reactions or enzymatic cascade reactions occur efficiently in biological microsystems
due to space constraints or orderly transfer of intermediate products. Inspired by this, the horseradish
peroxidase (HRP)-like nanozyme (Fe-aminoclay) was in situ synthesized on the surface of alkali-activated
halloysite nanotubes and the natural enzyme (glucose oxidase, GOX) was immobilized on it to construct
a high-efficiency GOx-FeAC@AHNTs cascade nanoreactor. In which, FEAC@AHNTs can not only be used as
a carrier for immobilized enzymes, but also help its catalytic activity to cooperate with glucose oxidase
in a cascade reaction. The microcompartments and substrate channel effect of this enzyme-nanozyme
microsystem exhibit a superior catalytic performance than that of natural enzyme system, and exhibits
excellent long-term stability and recyclability. Subsequently, the GOx-FeAC@AHNTSs cascade nanoreactor
was employed as a glucose colorimetric platform, which displayed a low detection limit (0.47 pmol/L)
in glucose detection. This enzyme-nanoenzyme nanoreactor provides a simple and effective example for
constructing a multi-enzyme system with limited space, and lays the foundation for subsequent research
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The various delicate biochemical processes performed in or-
ganisms require joint participation and coordination between
multiple-enzymes, including during protein synthesis, signal trans-
duction and metabolism [1]. These enzymes perform multi-step
or cascade reactions under space constraints (microcompartments)
and in substrate-channeling environments, which can greatly in-
crease overall activity and help maintain the efficiency and order
of metabolic processes [2,3]. Inspired by biological microsystems,
many scientists have tried to construct efficient cascade enzymatic
microsystems similar to those in vivo [4,5]. However, in vitro multi-
enzyme cascade reaction systems in free solution states are lim-
ited by difficult product recovery and poor stability. As a result,
current research focuses on constructing multi-enzyme microsys-
tems in vitro via co-localizing enzymes on suitable supports, carri-
ers or assembly enzymes [6]. Multi-enzyme immobilization is re-
garded as a promising route to substrate channelization with the
advantages of less operation in the reaction process, small reac-
tor volume and easy storage [6]. This co-immobilization strategy
places the active sites of the enzymes close to each other, reduces
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the mass transfer distance between the enzymes, enhances the lo-
cal interoperability and efficiency of the catalytic reaction, and im-
proves the stability and reusability [5,7].

To date, there have been many strategies for the immobilization
of multiple-enzymes, including microencapsulation [8], layer-by-
layer self-assembly [7,9] and covalent bonding [10,11]. Due to the
advantages of nanozymes, such as their high specific surface area,
high stability, strong operability and low cost compared with nat-
ural enzymes, many scientists are focusing on the construction of
enzyme-nanozyme microsystem inside nanostructures to integrate
the advantages of both nanozymes and immobilization [3,12]. CeO,
with peroxidase-like activity and glucose oxidase (GOx) have been
sealed together by self-assembly to form a hybrid nanozyme com-
plex (Ce0,/GOx) [13]. Porphyrin iron with horseradish peroxidase
(HRP)-like catalytic properties has been co-embedded with GOx
in a hydrogel network to construct a GOx-porphyrin iron enzyme-
nanozyme cascade system [14].

Synthetic aminopropyl-functionalized iron phyllosilicate clay
(Fe-aminoclay, FeAC) exhibits HRP-like activity [15,16]. It has ex-
hibit a 1:1 dioctahedral phyllosilicate structure, which can be ex-
foliated into monoliths via the protonation of its amino groups
in water and restored to a stacked state in a less polar solvent
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such as ethanol [17]. Additionally, the exfoliated FeAC monoliths
can strongly interact with biomolecules (i.e., DNA, lipids and pro-
teins) and can be used to prepare highly stable functionalized
nano-bio hybrid materials [18]. Furthermore, halloysite is a nat-
ural clay mineral composed of alternating layers of silica and alu-
mina geologically rolled into mesoporous tubular particles, which
exhibit positive and negative charges on inner and outer surface in
a wide pH range (pH 2-8), respectively [19]. It has been consid-
ered halloysite nanotubes (HNTs) as a promising complementary
platform for integrating enzyme-nanozyme microsystems. It allows
FeAC with high water dispersibility and high density of positive
charge-NH3* groups to grow accurately in situ to its outer surface,
due to their unique charge characteristics, large specific surface
area and the permanent negative charges on their outer surfaces
[19,20].

Therefore, in the present work, HNTs were selected as an ex-
cellent platform to provide a substrate-channeling environments
for the chemical cascade reaction. Based on previous studies, GOx
directly catalyzes glucose into gluconic acid and H,0,, and then
the generated H,0, is activated by peroxidase (such as HRP) or
nanozyme with peroxidase-like activity to produce "OH [21]. There-
fore, the in situ synthesis of FeAC and the immobilization of GOx
on HNTs are achieved through electrostatic attraction and cova-
lent bonding, which shortens the distance between the active
sites of the reaction, protects unstable intermediate products, and
improve the overall activity and stability of an integrated GOx-
FeAC@AHNTs microsystem. Firstly, FeAC was synthesized in-situ on
the surface of the alkali-activated halloysite nanotubes (AHNTS) to
obtain FeAC@AHNTs. GOx was then covalently attached to obtain
a GOx-FeAC@AHNTs microsystem (Scheme 1). Finally, the system
was employed to visually detect glucose with an extremly low de-
tection limit. This method will pave the way for multi-enzyme im-
mobilization and biological colorimetric sensing, among other ap-
plications.

The HNTs were previously activated with alkali to obtain AH-
NTs to increase their specific surface area and the amount of
surface hydroxyl groups. In the ethanol/water system, hydrol-
ysed (3-aminopropyl)triethoxysilane (APTES) was directly con-
densed with the hydroxyl groups on the AHNTSs, thus, the
amino group on APTES was modified to the surface of the AH-
NTs [22]. Subsequently, FeCl3-6H,0 was added, and the Si-O
bond on APTES coordinated with iron to form FeAC, thereby
forming FeAC in situ on the AHNTs. Then, GOXx was immobi-
lized on the FeAC@AHNTs by the crosslinking agent 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) to obtain
the GOx-FeAC@AHNTSs microsystem (Scheme 1).

Scanning and transmission electron microscopy (SEM and TEM)
observations showed that the tubular structures of the HNTs were
maintained, but their smooth outer surface were made rough by
the alkali treatment (Figs. 1a and b). Obvious adhesion aggrega-

808

Chinese Chemical Letters 33 (2022) 807-811

Fe-aminoclay

Glucose

H:0:+Gluconic acid

1n

:‘ == S
i '+_-+t+ = \-o-rnm
buffer solution \"@ oxTMB

Glucose + TMB & Glucose oxidase(GOx) ] Fe-aminoclay

200nm

[P |

Fig. 1. SEM images of (a) natural HNTs, (b) FeAC@AHNTs and (c) GOx-FeAC@AHNTSs;
(d) TEM and elemental mapping images of GOx-FeAC@AHNTSs; (e) EDX spectrum of
GOx-FeAC@AHNTS.

tion was also visible on their surfaces after in-situ FeAC formation,
and surface roughness further increased after the fixing of GOx
(Fig. 1c, and Figs. S1f and h in Supporting information). Energy
spectrum (EDX) and element mapping analysis also showed that
the AHNTSs contained essential the elements of FeAC (Figs. 1d and
e). The N, adsorption-desorption isotherms of the AHNTs and GOx-
FeAC@AHNTs exhibited the characteristics of type IV isotherms, in-
dicating that the mesoporous nanostructures of the HNTs were ac-
tivated, and the hysteresis loops of it are of type H3 as shown in
Fig. S1c (Supporting information). This result corresponds to the
cylindrical pores, which further shows that the HNTs retain their
tubular structures after alkali activation and the subsequent load
of FeAC and GOx. Brunauer-Emmett-Teller (BET) analysis showed
that the specific surface areas of the HNTs and AHNTs were 39.014
and 43.491 m3/g, respectively, indicating that the surface areas of
the HNTs increased slightly after alkali activation. The average par-
ticle sizes of HNTs, AHNTs, FeAC@AHNTs and GOx-FeAC@AHNTSs
were 6.9, 4.8, 20 and 25 nm (Fig. S1d in Supporting information),
respectively, indicating that particle size gradually increased with
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Fig. 2. (a) UV-visible spectra of the cascade reaction of free enzyme (FeAC@AHNTs + GOx) and immobilized enzyme (GOx-FeAC@AHNTs) in 0.1 mol/L NaAC-AC buffer, and
cascade reaction enzyme activity of FeAC@AHNTs + GOx and GOx-FeAC@AHNTs; (b) Time absorption curve of FeAC@AHNTs + GOx and GOx-FeAC@AHNTs in 10 mmol/L

glucose.

the in-situ immobilization of FeAC and GOx. Zeta potential anal-
ysis showed that due to the high density of positively charged -
NH3* groups on the FeAC surface, when FeAC was synthesized in
situ on the AHNTSs, the initial negative charge of —38.5 mV (AHNTSs)
changed to 32.3 mV (FeAC@HNTSs) (Fig. S1d). Since the isoelectric
point of GOx is 4.2, indicating a negative charge in aqueous me-
dia, the measured zeta potential of GOx-FeAC@HNTs is 28.8 mV,
which is lower than that of FeAC@HNTs (Fig. S1d). In addition,
Fourier-transform infrared spectroscopy (FT-IR) confirmed the suc-
cessful grafting of APTES to the surfaces of the ANHTs, showing
new characteristic vibration peaks, namely, N-H stretching and
bending peaks at 3434 and 1516 cm~!, and a C-H stretching peak
at 1404 cm~!, the stretching vibration peak at 1542 cm~! of the
amide II bond (C=0) is observed in GOx@FeAC@AHNTSs, but ab-
sent in FeAC@AHNTs, which indicates the existence of GOx in the
composite (Fig. S1b in Supporting information). X-ray diffraction
(XRD) analysis showed that the typical diffraction peak of FeAC
layered organoclay appeared at 26 = 4.71° after FeAC was formed
in situ and the fixation of GOx did not change the structure of
FeAC@AHNTs (Fig. S1a in Supporting information). Based on the
above results, it can be inferred that the GOx-FeAC@AHNTs mi-
crosystem has been successfully constructed.

We first investigated the effects of different molar ratios of
APTES and FeCl;3-6H,0 on the subsequent glucose oxidase loading
and catalytic performance of the cascade reaction, and chose a mo-
lar ratio of 1:1 for subsequent experiments (Fig. S2 in Supporting
information). The peroxidase activity of FeAC@AHNTs was inves-
tigated in a reaction system containing FeAC@AHNTs, H,0, and
3,3/,5,5'-tetramethylbenzidine (TMB). TMB was oxidized to blue-
colored oxTMB in the presence of 'OH. Controversially, the sys-
tem showed a negligible color change in the absence of H,0, or
FeAC@AHNTs (Fig. S3a in Supporting information). A reasonable
explanation may be that Fe(Ill) is abundant in the FeAC@AHNTS,
and H,0,, which was activated by the FeAC, produced "OH, which
converted TMB into blue-colored oxTMB. To verify the existence
of "OH in this process, isopropanol was employed as a probe to
capture it. Isopropanol was added to the above-mentioned color-
developing system, and its absorption intensity was observed at
655 nm. The addition of isopropanol decreased the absorbance of
the system and the reduced the intensity of the blue color (Fig. S3b
in Supporting information), indicating that the FeAC@AHNTSs oxi-
dize TMB by oxidizing H,0, to produce ‘OH with peroxidase-like
activity.

In order to evaluate the cascade performance of GOx-
FeAC@AHNTs, a physical mixture of FeAC@AHNTs and GOx was
used for comparison. The color intensity produced by GOx-
FeAC@AHNTs was obviously deeper than that produced by phys-
ically mixed FeAC@AHNTs + GOx, the absorbance was 3.5
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times greater, the relative activity of enzyme catalysis was 2.33
times greater (Fig. 2a), and the reaction velocity of the GOx-
FeAC@AHNTs microsystem was significantly faster than that of
the FeAC@AHNTs + GOx system within 30 min (Fig. 2b), indi-
cating that GOx chemically bonds with FeAC@AHNTs in the GOx-
FeAC@AHNTs microsystem and improves the performance of the
enzyme cascade.

Subsequently, the catalytic stability of GOx-FeAC@AHNTs was
investigated under different environmental conditions (pH and
temperature) and compared with that of the natural enzyme
system (GOx + HRP). GOx-FeAC@AHNTs and GOx + HRP were
incubated at various pH and temperature conditions for 6 h
and 30 min, respectively. The results showed that the GOx-
FeAC@AHNTs system has a higher acid-base tolerance, while
GOx + HRP showed significantly less catalytic stability. At tem-
peratures of 30-90 °C, GOx-FeAC@AHNTs were more stable, while
the activity of GOx + HRP was sharply reduced at temperature
above 50 °C (Figs. 3a and b). In addition, GOx-FeAC@AHNTs had
better storage stability and reusability. After 7 repeated uses of the
GOx-FeAC@AHNTSs system, enzyme activity was still approximately
60%, and the relative activity of GOx-FeAC@AHNTs was approxi-
mately 65% after 20 days of storage at 4 °C (Figs. 3c and d). Sub-
sequently, the sample was recovered 7 times, its micromorphology
wasn’t distinctive changed based on the SEM and TEM observa-
tions (Figs. S1g-j in Supporting information). Furthermore, there
are also no significant changes based on the XRD patterns and FT-
IR spectra (Figs. S1a and b in Supporting information). It seems
that the inevitably loss of samples led to a decrease in catalytic
activity during the recovery processes such as centrifugation and
washing. The kinetic parameters also show that the Ky (51.78 and
53.62) of GOx-FeAC@AHNTs for different substrates (glucose and
TMB, respectively) were larger than those of GOx + HRP (2.13 and
0.59 for glucose and TMB, respectively) (Table S1 in Supporting in-
formation). Due to the presence of the HNTs sterically hindering
GOx, the affinity of the GOx-FeAC@AHNTs system for its substrate
is poorer than that of the natural enzyme system, but its maximum
reaction velocity Vmax (5.84 and 11.6 for glucose and TMB, respec-
tively) is greater than that of the natural enzyme system (0.17 and
0.18 for glucose and TMB, respectively) (Table S1). The velocity of a
cascade reaction depends on the consumption of the substrate and
accumulation of the product in the pores of the carrier and is im-
proved by eliminating lag time [5]. Therefore, the fixation succes-
sively of FeAC and GOx in the mesoporous HNTs has greatly short-
ened the distance between the substrates. The H,0, formed in situ
will immediately react with the adjacent FeAC@AHNTSs to minimize
the diffusion and self-decomposition of H,0,, eliminate accumu-
lation of intermediate products, thereby obtaining higher catalytic
performance.
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Fig. 4. (a) UV-vis spectra and digital photo (inset) of cascade reaction with the glucose concentration from 1 pmol/L to 100 pmol/L and (b) linear calibration curve for

glucose detection at 655 nm.

Table 1

The comparison of different types of nanozymes for Colorimetric assay of glucose.
Colorimetric system Liner range (pmol/L)  LOD (umol/L)  Reference
GOx/BSA-PtNP@MnCo0,04 10-120 8.1 [23]
Au-50@Ti0, 5-100 4 [24]
2.6Pt/EMT 2.9-29.4 1.1 [25]
GOD@Cu-hemin MOF 10-1000 2.8 [26]
GOx-FeAC@AHNTSs 1-100 0.47 This work

Finally, the enzymatic cascade performance of GOx-

FeAC@AHNTs was further investigated via the detection of glucose
using TMB as a chromogenic substrate. Various concentrations of
glucose were added into the color-developing GOx-FeAC@AHNTSs
microsystem. As the amount of glucose increased, the color of the
solution darkened, with a linear relationship from 1 pmol/L to
100 pmol/L glucose (R? = 0.9912) (Figs. 4a and b). The limit of
detection (LOD) for detecting glucose was 0.47 pmol/L. Compared
with other systems, this method has an extremely high sensitivity
in detecting glucose (Table 1).

In conclusion, a promising cascade microsystem was con-
structed with a natural enzyme (GOx) and nanozyme (FeAC) co-

immobilized on AHNTSs, in which GOx oxidizes glucose to produce
H,0,, then H,0, is quickly catalyzed by the adjacent FeAC to pro-
duce ‘OH, which can oxidize TMB into blue-colored oxTMB. Due
to the microcompartment restriction and substrate-channeling ef-
fects, the diffusion of enzyme intermediates is minimized, thereby
improving the overall efficiency of the cascade reaction. The GOx-
FeAC@AHNTs microsystem offers excellent catalytic efficiency and
recyclability as well as strong resistance to high temperatures and
harsh pH conditions compared to the free enzyme and nanozyme
system. The established strategy provides a promising cascade
platform for constructing enzyme-nanozyme microsystems.
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