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Nanozymes, nanomaterials with enzyme-like characteristics which exhibit lower cost, easier synthesis
and functionalization, and better stability compared with natural enzymes, have been widely developed
for biosensing, disease therapy and environmental governance. However, the lack of catalytic efficiency
of nanozymes compared to natural enzymes makes it difficult for them to completely replace natural
enzymes to achieve higher sensitivity and lower detection limits in biosensing. Herein, magnetism-
controlled technology was used to form a nanozyme array consisting of stacked FezO4/Au NPs at the
bottom of the microchannel as a spatially confined microreactor for the catalytic reaction. By enhancing
the mass transfer process of the substrate towards nanozymes mediated by the corresponding V-
structure, a higher local concentration of the substrate and more efficient utilization of active sites of
nanozymes were achieved to increase the catalytic efficiency (kcat/Km) of the nanozyme array consisting
of FesO4/Au NPs by 95.2%, which was two orders of magnitude higher than that of the open reactor.
Based on this, a colorimetric method on an integrated microfluidic platform was proposed for sensitive
biosensing of Salmonella typhimurium. The entire detection could be completed within 30 minutes,
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1. Introduction

Nanozymes, nanomaterials with enzyme-like characteristics
which exhibit lower cost, easier synthesis and modification,
better stability, and comparable catalytic activity toward speci-
fic substrates in comparison with natural enzymes, have been
considered as the next generation of artificial enzymes." More-
over, the unique physicochemical properties of nanozymes
including magnetic, acoustic and optical properties further
broaden their application in biosensing, disease therapy, anti-
bacterial application and environmental governance.’” Bene-
fiting from the capacity of signal amplification and signal
conversion into measurable signals such as colorimetric,*®
electrochemical,” thermal® and fluorescence® signals, nano-
zymes have been widely applied for the bioanalysis of small
molecules, proteins, nucleic acids, cells, bacteria, viruses, and
so on.'® However, the catalytic efficiency of most nanozymes is
still lower than that of natural enzymes due to structural
differences, which restrict them from obtaining higher sensi-
tivity and lower detection limits in biosensing.""">
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yielding a linear range from 102 to 107 CFU mL™! and a detection limit as low as 5.6 CFU mL™%.

To address this issue, many efforts have been made for
modulating the composition and structure of nanozymes to obtain
higher catalytic activity including size and morphology control,"*"*
heteroatom doping,"® surface modification'®"® and mimicking
the active sites of natural enzymes.'®?® In addition, controlling
the catalytic environment of the solution such as the pH value,*
ions,”” and external energy fields®>** can also enhance the catalytic
activity of nanozymes. Through the above methods, the substrate
adsorption or electron transfer process during the catalysis of
specific substrates by nanozymes can be significantly improved,
thus achieving higher catalytic efficiency. However, the mass
transfer process of substrates to nanozymes, as the most funda-
mental step, should also be taken into consideration. For instance,
the mass transfer resistance in the solution can be reduced by
incorporating suitable surfactants into the catalytic system.>

Over decades, flow catalysis including continuous flow cata-
lysis, circulating flow catalysis, and swirl flow catalysis have been
proven to improve the catalytic performance of catalysts by
reducing the diffusion limitation and concentration non-
uniformity of reactants transferring to the surface of the catalysts,
thus exhibiting faster reaction kinetics.>® Microreactors with
extremely small dimensions and a large specific surface area®
which can provide more accurate reaction conditions, higher
mass transfer efficiency and heat transfer efficiency have been
widely used to achieve rapid and efficient continuous flow
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catalysis in the chemical-pharmaceutical industry,?*?>°
synthesis,*® electrocatalysis,**”" and pollutant treatment.

Recently, the microfluidic chip has been applied to provide
confined space in nanozyme reactions for signal amplification. By
maintaining the increased local concentration gradient and efficient
mass transfer of the intermediate, the catalytic reaction efficiency of
the cascade nanozyme system of the spatially confined continuous-
flow microreactor can be improved by orders of magnitude com-
pared with that of the open reactor, obtaining a significantly lower
detection limit.>*** In our previous work, a corresponding V-target
lattice structure was constructed to enhance the binding process
between oligonucleotide libraries and the target-coated arrays
through fluid recycling in microfluidic-SELEX.*® It is noteworthy
that the remarkable enhancement of mass transfer by the
corresponding V-structure can also be applied to improve the
reaction efficiency between the substrates and nanozymes to
achieve sensitive biosensing.

In this work, Fe;O,/Au nanoparticles (Fe;O,/Au NPs) with
peroxidase-like activity were synthesized via an in situ reduction
method. A nanozyme array consisting of stacked Fe;0,/Au NPs
was formed at the bottom of the channel right below the
corresponding V-shaped structure under the attraction of the
gradient magnetic field between the nickel lattices, which was
induced by a pair of permanent magnets. The simulation
results obtained using COMSOL Multiphysics software showed
that the V-structure could form a higher local concentration of
substrate inside the array, where restricted diffusion distance
between the substrates and nanozymes could improve the
catalytic reaction rate. In addition, the uniform distribution
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of the substrate solution around the array enabled the active
sites on the surface of the nanozymes to be more fully utilized.
Thus, the catalytic efficiency (k.../Ky) of the Fe;0,/Au NPs in the
microfluidic chip increased by 95.2% in the presence of the
optimized V-structure, which was two orders of magnitude higher
than that of the open reactor according to the Michaelis-Menten
equation. Furthermore, this strategy was applied for signal
amplification in a Fe;O,/Au nanozyme-assisted colorimetric
method for foodborne pathogen biosensing on an integrated
microfluidic platform. In addition, the microfluidic chip was
magnetism-controlled, enabling rapid separation of the products
and nanozymes, further simplifying the detection process.

As can be seen in Scheme 1, the microfluidic chip integrated
the entire detection process including incubation, enrichment
and catalyzing, and signal readout. The aptamer coated Fe;0,/
Au nanoparticles (Fe;O,/Au-aptamer NPs) and Salmonella typhi-
murium (S. typhimurium) were firstly injected into the micro-
fluidic chip simultaneously to form the Fe;O,/Au-aptamer@
S. typhimurium complexes, mixed by the serpentine microchannel.
The peroxidase-like activity of the Fe;O,/Au-aptamer NPs can be
inhibited with the addition of the target bacteria,®” which
formed a blocking layer on the surface and caused the increas-
ing inaccessibility between the substrates and catalytic active
sites. After the mixing zone, the magnetic Fe;O,/Au-aptamer@s.
typhimurium complexes array was formed below the V-shaped
structure correspondingly. Finally, the chromogenic solution
(pH = 4 HAc-NaAc buffer containing TMB and H,0,) was
forcibly transferred to the surface and interior of the corres-
ponding V-nanozyme array to initiate efficient catalytic reaction

o Fe;0,/Au-aptamer@S. typhimurium
S. typhimurium Inhibition of
. Peroxidase-like

activity

Scheme 1 Schematic of this microfluidic platform for S. typhimurium biosensing.
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with the reciprocation of the precise syringe pump. The ampli-
fied blue color signal from oxTMB gathered in the detection
chamber which indicated the concentration of S. typhimurium
was read by the smartphone and further analyzed by Image]
software. Under optimal experimental conditions, the proposed
Fe;0,/Au nanozyme-assisted integrated microfluidic system can
detect S. typhimurium from 10 to 10’ CFU mL™ " in 30 min with
a detection limit of 5.6 CFU mL "

2. Materials and methods

2.1. Materials

3,3',5,5"-Tetramethylbenzidine (TMB) and iron(m) chloride hexa-
hydrate (FeCl;-6H,0, 98%) was purchased from Shanghai
Aladdin Reagents Co., Ltd (Shanghai, China). Iron(u) chloride
tetrahydrate (FeCl,-4H,0, 99%), ammonium hydroxide (NH;-
H,0), chloroauric acid tetrahydrate (HAuCl,-4H,0), hexadecyl-
trimethylammonium bromide (CTAB), ethylenediaminetetraa-
cetic acid disodium salt dihydrate (Na,EDTA-2H,0), hydrogen
peroxide (H,0,, 30%), sodium hydroxide (NaOH), sodium acet-
ate (NaAc), acetic acid (HAc), sulfuric acid (H,SO,) and dimethyl
sulfoxide (DMSO) used to pre-dissolve TMB were all obtained
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Hydroxylammonium chloride (NH,OH-HCIl) was purchased
from Chengdu Kelong Chemical Co., Ltd (Chengdu, China).
Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) was pur-
chased from Shanghai Macklin Biochemical Co., Ltd (Shanghai,
China). The water used in all experiments was 18.2 MQ cm
ultrapure water. The DNA aptamer of S. typhimurium used in a
previously reported work®® (5'-SH-ATAGGAGTCACGACGACCA
GAAAGTAATGCCCGGTAGTTATTCAAAGATGAGTAGGAAAAGATA
TGTGCGTCTACCTCTTGACTAAT-3’) was synthesized and puri-
fied by Sangon Biotechnology Co., Ltd (Shanghai, China).

2.2. Apparatus

Transmission electron microscopy (TEM) characterization and
energy dispersive spectrum (EDS) mapping were performed on
a JEM-2100F transmission electron microscope (JEOL, Japan).
X-ray diffraction (XRD) was conducted on a SmartLab 9kW
X-ray diffractometer (Rigaku, Japan). The UV-vis absorbance
and spectra were recorded by a UV-2550 spectrophotometer
(Shimadzu, Japan). The steady-state kinetics were studied on a
microplate reader (Synergy H1, BioTek, America). Zeta potential
and hydrated particle size were tested on a dynamic light
scatting (DLS) system (Zetasizer Nano-ZS, Malvern, England).
Fourier transform infrared (FTIR) analysis was carried out on a
Nicolet-6700 FTIR spectrometer (Thermo Fisher Scientific,
America). The images of the detection chamber in the micro-
fluidic chip were taken with an iPhone12 (Apple, America).

2.3. Bacterial culture

The bacterial strains used in this work were S. typhimurium
(ATCC 14028), P. aeruginosa (ATCC 9027), L. monocytogenes
(ATCC 19111), E. coli O157:H7 (CCTCC AB 91112), and S. aureus
(CCTCC AB 91093). The colonies were resuscitated on Luria-Bertani
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(LB) agar plates to obtain respective single colonies which were
further inoculated and cultured in LB medium for 16-24 h at 37 °C
with shaking at 180 rpm. The concentration of each kind of bacteria
was measured using the standard colony counting method. After
that, the bacteria were inactivated in 1% (v/v) formaldehyde solution
overnight at 4 °C for further use. The inactivated bacteria were
washed three times (5000 rpm, 5 min) and diluted 10-fold serially
with sterile phosphate-buffered saline (PBS, 0.01 M, pH 7.4) to
obtain the bacteria suspensions at the desired concentration.

2.4. Synthesis of Fe;04/Au NPs

The Fe;O, NPs were prepared by a co-precipitating method.
FeCl;-6H,0 and FeCl,-4H,0 (1:2) were pre-dissolved in 0.01 M
HCI under vigorous agitation at 40 °C for 10 min until the solids
were fully dissolved. Then, the solution was gradually heated to
70 °C, while approximately 12 mL of NH;-H,O was added dropwise
until pH = 10. Later, the mixture was stirred at 500 rpm for 30 min
under nitrogen protection. After placed for another 30 min, the
products were collected magnetically. Finally, the products were
washed three times with first ultrapure water and then anhydrous
ethanol respectively. After dried overnight in a vacuum oven at
50 °C, the Fe;O, NPs were ground with an agate mortar and stored
at 4 °C.

The prepared Fe;O, NPs were further decorated with gold
nanoparticles (Au NPs) according to previously reported
work®”?° with minor modification. Briefly, 0.02 g of Fe;0, NPs
were uniformly dispersed in 5 mL of ultrapure water ultrasoni-
cally. Then, 0.5 g of Na,EDTA-2H,0 dissolved in 5 mL of 1 M
NaOH solution was added and stirred at 400 rpm for 5 min. The
supernatant was separated from the solution by a permanent
magnet. Then, 7 mL of 0.1 M CTAB, 3 mL of 1% HAuCl, and
600 pL of 1 M NaOH were added in turn. The solution was heated
to 60 °C and stirred at 400 rpm for 5 min. Finally, 150 mg of
NH,OH-HCI was added as a reducing agent and the mixture was
stirred for another 5 min. The dark purple products were
collected by magnetic separation after the products were left
to stand for 24 h at room temperature. The products were
washed three times with first ultrapure water and then anhy-
drous ethanol respectively. The Fe;0,/Au NPs were dried over-
night in a vacuum oven at 50 °C and stored at 4 °C. Glass flasks
used in the synthesis process above were immersed in aqua
regia solution overnight before use.

2.5. The design and fabrication of the microfluidic chip

The serpentine incubation channel (22 mm X 24 mm) has two
sets of inlets and an outlet connected to an enrichment and
catalyzing zone. The height of the channel was about 165 pm.
The enrichment and catalyzing zone (15 mm X 0.8 mm) were
designed along with a detection chamber (¢ = 5 mm). The
magnetic field was induced by two opposite permanent magnets
(15 x 5 x 3 mm). The integrated microfluidic chip was fabricated
by standard photolithography. The microchannel with the corres-
ponding V-shaped superstructure and the indium tin oxide (ITO)
substrate with the staggered nickel pattern structure were fabri-
cated according to our previous work.*>® For further use, the
serpentine microchannel and the V-shaped superstructure
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microchannel were bonded with glass and encapsulated ITO
substrate, respectively, after plasma cleaning for 2 min.

To optimize the detailed parameters of the V-shaped super-
structure, the pressure on the upper surface of the array exerted
by fluid cycling was simulated by COMSOL Multiphysics. The
inlet velocity was set to 0.00167 m s~ ' and the outlet static
pressure was set to 0 Pa. The boundary condition of the wall
was set as the no-slip condition. By solving the steady-state
Navier-Stokes equations, the average upper surface pressure of
the array corresponding to the V-structure with alternative rate
and different angles was simulated, respectively. Improvement
rate was obtained according to (P — P,)/P,, where P and P,
represent the average upper surface pressure in the presence
and absence of V-structure. For further determining the arm
width and the height of the V-structure as well as the overall
height of the microchannel, since these parameters would
affect the volume of the channel model and lead to a lack of
regularity in the pressure simulation results, a single lattice
unit model consisting of stacked microspheres was adopted in
place of the solid array model. The volume of fluid entering the
interior of the lattice unit through the front and upper surface
is considered as the reaction volume Vigq:

Vtolal = (‘JJ deS' + ‘JJ VzdS’) x At
M S

where S; and S, refer to the front and top surface of the lattice
unit, while v, and v, are the velocity components in the x-
direction and z-direction. The dS represents an infinitesimal
area element. The time A¢ for the fluid to flow from the inlet to
the outlet can be expressed as follows:

Af — Vehip

0
where Ve, is the internal volume of the chip model and Q is
the volumetric flow rate of the fluid. And the improvement rate
of mass transfer was obtained by comparing with the simulated
reaction volume in the absence of the V-structure under the
same conditions.

2.6. Study of steady-state kinetics in the microfluidic chip

To investigate the feasibility of the V-shaped structure in enhan-
cing the catalytic efficiency of nanozymes, the chromogenic
reaction catalyzed by the Fe;O,/Au nanozyme was built in the
chip with or without the optimized corresponding V-structure to
obtain the steady-state kinetics parameters. Under the attraction
of the gradient magnetic field between the nickel lattices which
was induced by a pair of permanent magnets, a magnetic
nanozyme array consisting of Fe;O,/Au NPs (about 30 pg) was
formed at the bottom of the microchannel to react with 120 pL of
chromogenic substrates which flowed at 18 uL min ™" (0.2 M pH =
4 HAc-NaAc buffer containing 4.2 mM TMB and different con-
centrations of H,0,). Then, 30 pL of the chromogenic products
flowing out of the channel was collected and the remaining
solution was used for the next injection for the catalytic reaction.
The process was repeated for 4 cycles to collect chromogenic
products which were catalyzed for different times. With an equal
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volume of stop solution (2 M H,SO,) added, the chromogenic
products turned yellow and were tested on a UV-vis spectro-
photometer to determine the absorbance at 450 nm. The initial
reaction rate (UM s ') of the catalytic reaction at different
concentrations of H,0, inside the chip was obtained by fitting
the Ass0 and the time for the substrate to flow through the chip
and converted by Lambert Beer’s law: A = ¢bc, where ¢ = 59 000
(L mol™" em ™) for yellow oxTMB (two electron oxidation).*® The
kinetic parameters of Fe;O,/Au NPs in the microfluidic chip with
or without the optimized corresponding V-structure were calcu-
lated according to the Michaelis-Menten equation:

V= Vmax[S]/(KM + [S:D

where v is the initial reaction rate, V., is the maximum
reaction rate, [S] is the substrate concentration, and Ky is the
Michaelis constant. For comparison, the kinetic experiments
were conducted under the same conditions using the micro-
plate reader, with the only difference being that the concen-
tration of H,O, was changed to 150-800 mM.

2.7. Computational simulations of the V-corresponding array

A surface binding reaction model was built to illustrate the
impact of the V-structure on the binding process between the
substrates and the active sites on the surface of the nanozymes
inside the corresponding array. The substrate solution set at 100
M flowed into the microchannel at 2 pL min . The diffusion
coefficient was set to 10~ '® m? s~ *. The concentration of binding
sites on the surface of the stacked microsphere models was set to
10" mol m . The k,qs Was set to 4.0 x 10* m* (mol s)~* and the
kqes was set to 3.0 x 10~* s~'. By solving the Navier-Stokes
equations, the diffusion-convection equations and the general-
form boundary partial differential equations, the substrate
concentration distribution, the reaction rate and the concen-
tration of the binding products on the surface of the stacked
microspheres inside the array at different time points as well as
when the reaction reached a steady state were obtained,
respectively.

2.8. Synthesis of the Fe;0,/Au-aptamer probe

In order to introduce a molecular recognition element for biosen-
sing, the thiol-functionalized specific aptamer of S. typhimurium
was covalently conjugated onto the Fe;O,/Au NPs by Au-S bond.
To reduce the modified thiol group on the aptamer, 1 pL of 0.5 M
freshly prepared TCEP solution was added into 20 pL of 10 uM
aptamer and left at room temperature for 30 min. The aptamer
solution was further heated at 95 °C, cooled to 0 °C for 5 min and
incubated at room temperature for another 5 min to fold into a
specific spatial structure for later use. 2 mg of Fe;O,/Au NPs was
mixed with 20 pL of 10 uM 5'-thiol-modified aptamer at 250 rpm
overnight. The obtained Fe;O,/Au-aptamer probe was dispersed in
sterile ultrapure water at 4 °C.

2.9. Steady-state kinetic study of Fe;O,/Au-aptamer NPs and
Fe;0,4/Au-aptamer@s. typhimurium complexes

To verify the inhibition of the peroxidase-like activity of the
Fe;04/Au-aptamer NPs with the addition of the target bacteria,

This journal is © The Royal Society of Chemistry 2025
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the 0.2 mg mL~" Fe;0,/Au-aptamer NPs were incubated with S.
typhimurium (10° CFU mL™") for 10 min at room temperature.
The obtained Fe;O,/Au-aptamer@sS. typhimurium complexes
were magnetically washed three times with ultrapure water and
resuspended to 0.5 mg mL ™. Subsequently, the steady-state kinetics
of the Fe;O,/Au-aptamer NPs and the Fe;O,/Au-aptamer@S. typhi-
murium complexes were measured with 50 jig mL " of nanoparticles
in 0.2 M HAc-NaAc buffer (pH = 4). The concentration of H,O, was
fixed at 200 mM when the TMB concentration was varied and the
TMB concentration was fixed at 525 pM when the H,0, concen-
tration was varied, conversely. The absorbance of oxTMB at 652 nm
was recorded every 30 s for 3 min at 37 °C using a microplate reader
to obtain the initial reaction rate (nM s~ ), which was converted by
Lambert Beer’s law: A = ghc, where ¢ =39 000 (L mol " cm ™) for blue
oXTMB (one electron oxidation). The kinetic parameters of the
Fe;0,/Au-aptamer NPs and the Fe;O,/Au-aptamer@S. typhimurium
complexes were calculated according to the Michaelis-Menten
equation.

2.10. Analytical performance of the microfluidic biosensor

The microfluidic chip and the Fe;O,/Au-aptamer probe were
blocked with 1% BSA for 30 min to minimize nonspecific
adsorption before use. The 0.2 mg mL ' Fe;O,/Au-aptamer
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NPs and S. typhimurium with different concentrations from
10*> to 10 CFU mL ' were simultaneously injected into the
serpentine mixing channel at a flow rate of 5 uL min ' by a
precise syringe pump. After they were fully incubated in the mixing
zone, the formed Fe;O,/Au-aptamer@S. typhimurium complexes
were captured by the gradient magnetic field between the nickel
lattices for 10 min. After washing with PBST solution (containing
0.05% Tween-20) at 2 L min~ " for 5 min, 35 pL of chromogenic
substrates (0.2 M pH = 4 HAc-NaAc buffer containing 3.5 mM TMB
and 817 mM H,0,) was loaded into the detection chamber for later
use. After 2 cycles for back-and-forth movement controlled by the
precise syringe pump, the chip was inserted into a dark box contain-
ing batteries (1.5 V x 2) and a white-light LED (1 W) to eliminate
imaging interference. The color change of the chromogenic sub-
strates was recorded by a smartphone and the gray value in the R
channel of the images was further analyzed by Image]J software.

3. Results and discussion

3.1. Characterization of the synthesized nanomaterials

As shown in the TEM image of the synthesized Fe;O,/Au NPs,
Au NPs were successfully coated on the surface of Fe;O,
clusters by an in situ reduction method (Fig. 1A). The average
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FesO4 NPs and FesO4/Au NPs. Insert: the photos of water dispersion of FesO4 NPs and FezO4/Au NPs.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. B, 2025,13, 4471-4483 | 4475


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00172b

Open Access Article. Published on 11 March 2025. Downloaded on 12/20/2025 8:18:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

hydrated particle size of the synthesized nanomaterials
increased from 152.8 nm (Fe;0, NPs) to 190.0 nm (Fe;0,/Au
NPs) (Fig. S1, ESIt). In addition, the high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) and the corresponding EDS mapping showed that the
Fe, O, and Au elements uniformly distributed on the surface of
Fe;0,/Au NPs, with a weight fraction determined to be 53.47%,
28.46%, and 18.07% respectively (Fig. 1B and C). As shown in
Fig. 1D, typical XRD diffraction peaks of Fe;O, NPs and Fe;0,/
Au NPs at 30.1°, 35.4°, 43.1°, 57.0° and 62.6° can be indexed to
the (220), (311), (400), (511) and (440) crystal planes of Fe;0,
(PDF#88-0866). The successful immobilization of Au on the
Fe;0, NPs was further confirmed by the additional diffraction
peaks at 38.2°,44.4°, 64.7° and 77.6°, which were indexed to the
(111), (200), (220), and (311) crystal planes of Au (PDF#65-8601).
According to the FT-IR spectra of Fe;O, NPs and Fe;O4/Au NPs
(Fig. 1E), they both showed a significant absorption peak at
586 cm™ ' which was ascribed to the Fe-O stretching vibrations.
As shown in Fig. 1F, the Fe;0,4/Au NPs exhibited an UV-visible
absorption peak at 550 nm after the in situ growth of Au NPs on
the surface of Fe;0, NPs, presenting a deep red color.

3.2. POD-like catalytic activity of Fe;0,/Au NPs

The peroxidase-like activity of the Fe;O,/Au NPs was tested by
measuring the UV-vis absorption spectra in the different reaction
systems. As shown in Fig. S2 (ESIt), when the Fe;O,/Au NPs,
H,0,, and TMB were present in the reaction system simulta-
neously, an obvious absorption peak of oXTMB appeared at
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652 nm. The prepared Fe;O,/Au NPs can catalytically oxidize
TMB in the presence of H,0,, suggesting their peroxidase-like
activity. The catalytic activity of the Fe;O,/Au NPs was signifi-
cantly influenced by the pH in the catalytic system. As shown in
Fig. S3 (ESIf), when the pH value was 4, the absorbance of
oXTMB at 652 nm reached the maximum. Thus, the HAc-NaAc
buffer (pH = 4) was used in all experiments. In addition, the
storage stability of the Fe;O,/Au NPs at room temperature and
4 °C was investigated. After 5 weeks of storage, the relative
activity of the Fe;0,/Au NPs remained 96% at 4 °C and 94% at
room temperature, respectively, which indicated the good sto-
rage stability of the synthesized Fe;O,/Au NPs (Fig. S4, ESIT).

3.3. Optimization of the V-shaped superstructure

The staggered array structure at the bottom could realize lateral
mass transfer, while the additional existence of the V-superstructure
played a role of transferring the solution from the top of the channel
to the corresponding array in the vertical direction. The influence of
the detailed parameters of the V-structure including the arrange-
ment pattern, the angle, the arm width, and the height as well as the
total height of the channel on the mass transfer efficiency were
optimized by simulating the upper surface pressure of the array and
the volume of fluid entering a lattice unit. As shown in Fig. 2A, when
the upper structures were arranged in a completely staggered
pattern, with no adjacent structures being parallel, the fluid could
generate the maximum average pressure on the array surface,
increasing by 109% compared to the chip without the V-structure.
As shown in Fig. 2B, the simulation results of average pressure on
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the upper surface of the array increased consecutively when the
angle of the upper V-shaped structure increased from 50 to 110°.
When the angle increased further beyond 110°, the average upper
surface pressure began to decrease. Thus, the optimal angle of the
V-structure was 110°, generating upper surface pressure almost 2.5
times higher than that without the corresponding V-structure. Based
on the above conditions, the arm width and height of the V-
structure, as well as the total height of the channel were optimized
based on the volume of fluid entering a single lattice unit consisting
of stacking microspheres during the time from the inlet to the
outlet. Fig. 2C shows that when the width was 20 pm, the volume of
fluid entering the lattice unit to react with microspheres (Vi)
reached its maximum. Thus, 20 pm was selected as the optimal arm
width of the V-structure. Finally, the total height of the channel and
the proportion of the V-structure to it (d h™") were optimized in the
same way. As shown in Fig. 2D, when the channel height is 60 pum
and the proportion of the V-structure is 0.5, the reaction volume of
fluid entering the lattice unit (V;y;) was highest, demonstrating a
214.5% improvement rate to the 60-pum-high chip without the V-
structure. The optimized parameters and microscopic image of the
V-structure are shown in Fig. S5 (ESIt).

3.4. Catalytic efficiency enhancement of nanozymes mediated
by the V-structured chip

The chromogenic reaction catalyzed by Fe;O,/Au NPs in the
presence of TMB and different concentrations of H,O, was carried
out in the microfluidic chips with different structures and open
reactor to compare the peroxidase-like kinetic performance. The
magnetic nanozyme array consisting of Fe;O4/Au NPs formed
under the attraction of the gradient magnetic field between the
nickel lattices is shown in Fig. S6 (ESIt). As shown in Fig. 3A,
whether the microfluidic chip was structured or unstructured, the
absorbance increased continuously with the increasing H,O,
concentration from 2 mM to 20 mM in the same reaction cycle.
Likewise, at the same concentration of H,0,, the absorbance
increased with the increase of the number of reaction cycles. As
expected, the absorbance values of the V-structured group were
obviously higher than those of the unstructured group under the
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same H,0, concentration and reaction cycle due to the greatly
improved mass transfer of the substrate solution which was
mediated by the corresponding V-structure. The steady-state
kinetic parameters were studied in chips and open reactor with
H,0, as the substrate by fitting the Michaelis-Menten curve. As
shown in Fig. 3B, the apparent Michaelis constant (Kyapp) of the
Fe;04/Au nanozyme with H,0, as the substrate decreased from
284.89 mM in the open system to 3.44 mM and 3.47 mM in the
microfluidic chips. In addition, the microfluidic chip with or
without the V-structure exhibited an apparent maximum reaction
rate (Vimax, app) Of the Fe;O,/Au nanozyme which was more than 4
times or 2 times higher than that of 0.53 pM s~ ' in the open
reactor. Thus, according to ke, = Vinax/[E], where [E] is the same
concentration of nanozyme, an improvement in catalytic efficiency
(kea/Kpy) Of two orders of magnitude was obtained in the micro-
fluidic chip compared with that of the open reactor. This can be
explained as that every single lattice consisting of Fe;O,/Au
nanozyme could act as a spatially confined microreactor. The
limited diffusion distance made it easier for the substrate to
diffuse and adsorb to the surface of the active sites of the
nanozyme, enhancing the apparent affinity between them. Further-
more, the continuous flowing of the substrate not only maintained a
high concentration gradient but also ensured the timely release of
the products, thus exhibiting a faster reaction rate and a significant
increase in catalytic efficiency. Moreover, the Michaelis-Menten
steady-state kinetics results demonstrated that the Fe;O,/Au NPs
arrayed under the corresponding V-structure exhibited a superior
catalytic performance to that without the V-structure, as evidenced
by the increase in the apparent maximum reaction rate (Viax, app)
from 1.23 uM s~ to 2.38 uM s '. Thus, a 1.95 times higher
catalytic efficiency (kea/Kyr) of Fe30,4/Au nanozyme was obtained in
the presence of the optimal V-structure, which was mainly attrib-
uted to the acceleration of the catalytic reaction.

The simulation of the binding process between the substrate
and the active sites on the surface of the stacking nanozyme
particles provided a more intuitive confirmation of the
enhancement of reaction efficiency inside the array due to the
existence of the corresponding upper V-structure. As can be
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(A) Absorbance of chromogenic products at 450 nm in the chip with or without the V-structure at different H,O, concentrations and reaction

cycles. (B) Steady-state kinetic assay in chips and open reactor with H,O, as the substrate.
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seen from Fig. S7A (ESIt), there was a higher substrate concen-
tration evidently inside the lattice unit consisting of microsphere
models corresponding to the V-shaped structure under the same
reaction condition settings. In the initial stage of the reaction, the
lattice unit corresponding to the V-shaped structure generated a
relatively higher binding rate on the external surfaces. As the
binding sites on the external surface gradually became saturated,
the maximum reaction rate surfaces moved from the outside to
the inside. However, the lattice unit without the corresponding V-
shaped structure maintained a relatively lower reaction rate
throughout the reaction process (Fig. S7B, ESIT).

The concentration distribution of the reaction products on
the surface of the stacked microsphere models could indicate
the utilization rate of the active sites on the surface of nano-
zyme particles. As shown in Fig. 4A and B, the concentration of
the products on the external surfaces of the lattice unit corres-
ponding to the V-structure was significantly higher at any time
points as the reaction progressed, which was ascribed to the
increased local concentration of substrate inside the array.
Moreover, the reaction proceeded more evenly on the surface
of each microsphere model due to the uniform distribution of
the fluid on each direction promoted by the V-structure. When
the two reaction models reached a steady state respectively, the
lattice unit corresponding to the V-structure demonstrated a
higher reaction efficiency (Fig. 4C and D).

On the one hand, the efficient mass transfer of the substrate
under the corresponding V-structure in the microchannel could
increase the local substrate concentration among the stacked

View Article Online

Journal of Materials Chemistry B

Fe;0,4/Au nanozyme particles, thereby accelerating the catalytic
reaction. On the other hand, the more uniform distribution of
the substrate molecules at each direction of the array allowed
for more efficient utilization of the active sites of the nanozyme
in the catalysis of substrates.

Therefore, the efficient catalytic model of the V-nanozyme
array consisting of the Fe;O,/Au NPs was used as a signal
amplification strategy for sensitive biosensing.

3.5. Characterization of Fe;0,/Au-aptamer probes

For the specific identification and capture of S. ¢yphimurium, the
thiol-functionalized specific aptamer of S. ¢phimurium was
covalently conjugated to the Fe;04/Au NPs via Au-S bonds. The
hydrated particle size and the zeta potential were measured by DLS
to verify conjugation of the aptamer. As shown in Fig. S8 (ESIt), the
zeta potential of the Fe;0,/Au NPs was 16.9 mV while the Fe;0,/
Au-aptamer NPs were negatively charged with a zeta potential of
—32.5 mV due to negative charges carried by DNA oligonucleo-
tides. The average particle size of Fe;O4/Au NPs increased from
190.0 nm to 420.0 nm after conjugation of the aptamer. The results
above evidenced the successful conjugation of the aptamer and the
amount of DNA oligonucleotides per milligram Fe;O,/Au NPs were
further estimated as (5.32 + 0.36) x 10" (N = 3) using a UV-visible
spectrophotometer (Fig. S9, ESIT).

3.6. Feasibility study of this colorimetric method

To demonstrate that the peroxidase-like activity of the Fe;0,/
Au-aptamer NPs was able to be inhibited via the formation of
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aptamer-S. typhimurium complexes on the surface, S. typhimur-
ium was incubated with the Fe;0,/Au NPs and the Fe;O,/Au-
aptamer NPs respectively under the same conditions. As shown
in Fig. 5A, the absorption peak of oxXTMB at 652 nm decreased
obviously with the addition of S. typhimurium for Fe;O,/Au-
aptamer NPs, which only decreased slightly as for the Fe;0,/Au
NPs due to the nonspecific adsorption.

Different concentrations of S. fyphimurium (50 pL, ranging from
10® to 10’ CFU mL™") were mixed with 100 pL of 0.5 mg mL ™"
Fe;0,/Au-aptamer NPs respectively on a vortex mixer for 10 min.
The Fe;O,/Au-aptamer@s. typhimurium complexes were collected
magnetically, followed by the addition of 210 pL of chromogenic
solution (HAc-NaAc buffer containing 1 mM TMB and 233 mM
H,0,). After reaction at room temperature for 2 min, the UV-vis
spectra in the range of 550-750 nm were measured individually. As
shown in Fig. 5B, the absorption peak at 652 nm declined
gradually with the increase of S. fyphimurium concentration. These
results verified the feasibility of the proposed method.

Furthermore, the typical Michaelis-Menten curves and Line-
weaver-Burk plots of the Fe;0,/Au-aptamer NPs in the presence
and absence of S. typhimurium were drawn to obtain the Ky, and
Vmax- As shown in Fig. S10 (ESIt), the Ky with TMB as the
substrate was 0.776 mM for the Fe;O,/Au-aptamer NPs and
0.918 mM for the Fe;O,/Au-aptamer@sS. typhimurium com-
plexes. When the substrate was H,0,, the Ky was 479.8 mM
for the Fe;O4/Au-aptamer NPs and 509.2 mM for the Fe;0,/Au-
aptamer@sS. typhimurium complexes.

The increased Ky, value indicated the decrease of affinity,
which could be attributed to the inaccessibility of substrates to
catalytic active sites under the formation of an aptamer-S.
typhimurium blocking layer on the surface.

3.7. Condition screening for the microfluidic biosensing

The Fe;O4/Au-aptamer NPs and S. typhimurium were firstly
injected into the serpentine mixing zone simultaneously to
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form the Fe;0,/Au-aptamer@sS. typhimurium complexes. After
the mixing zone, the magnetic complexes were staggered in the
enrichment and catalyzing zone, followed by the catalytic
reaction with the flowing chromogenic substrate. A photo of the
integrated microfluidic chip is shown in Fig. S11 (ESIt). In order to
obtain the maximum change in colorimetric signal after the
addition of S. typhimurium, the concentration of Fe;O,/Au-
aptamer NPs was optimized. 100 pL of Fe;O,/Au-aptamer NPs at
different concentrations were mixed with 100 pL of S. &yphimurium
(10° CFU mL ") using a vortex mixer for 10 minutes. After the
complexes were collected magnetically, 210 pL of HAc-NaAc buffer
containing 1 mM TMB and 233 mM H,0, was added for chromo-
genic reaction for 2 min. As shown in Fig. 6A, the normalized AAbs
intensity (AAbs = A, — A, where A, and A represent the absorbance
at 652 nm in the absence and presence of S. typhimurium,
respectively) first increased and then decreased within the range
of 0.05-0.4 mg mL ™" for the Fe;0,/Au-aptamer NP concentration.
As a result, 0.2 mg mL ™" of Fe;0,/Au-aptamer NPs was adopted as
the optimal concentration.

In addition, the enrichment efficiency of the magnetic com-
plexes in the staggered nickel patterns was evaluated. The charac-
teristic absorption of Fe;O,/Au NPs at 550 nm was positively
correlated with the concentration (Fig. S12, ESIT). 0.1 mg mL ™" of
Fe;0,/Au NPs was injected into the enrichment zone under different
flow rates, and the enrichment efficiency was calculated by (Aipjer —
Aoutiet)Ainter X 100%, where A is the absorbance measured at
550 nm. A lower flow rate made it easier to be captured in the
magnetic field. As shown in Fig. 6B, with the increasing flow rate
from 6-20 pL min ', the enrichment efficiency decreased gradually,
remaining in the range of 86-96%.

Furthermore, the flow rate for the injection of each single
inlet in the mixing zone was investigated. On the basis of the
optimization mentioned above, 0.2 mg mL™~"' Fe;O,/Au-aptamer
NPs and S. typhimurium (10° CFU mL™") were injected into the
serpentine chip simultaneously at different flow rates. The magnetic
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(A) UV-vis absorption spectra of the reaction solutions with different materials (50 pg FesO4/Au NPs or FesO4/Au-aptamer NPs, 50 pL of

10® CFU mL™ S. typhimurium) added in 210 pL HAc—NaAc buffer (pH = 4, containing 1 mM TMB and 233 mM H.,O5). (B) UV-vis absorption spectra of the
reaction solutions with 50 pg FezO./Au-aptamer NPs and 50 plL of different concentrations of S. typhimurium added in 210 pL HAc—NaAc buffer (pH = 4,

containing 1 mM TMB and 233 mM H,0,).
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complexes were collected at the outlet and further washed with
ultrapure water magnetically. The AAbs intensity at 652 nm was
measured by an UV-vis spectrophotometer. As shown in Fig. 6C, the
normalized AAbs intensity increased gradually and tended to be
stable with the decrease of the flow rate. Considering the detection
time, 5 UL min "' was selected as the flow rate for the injection of
each single inlet in the mixing zone. To produce sensitive color
signals, the reciprocating (back-and-forth movement) times of
chromogenic substrates in the detection chamber were optimized
according to AR value (AR = R — R,), where R and R, are obtained in
the presence and absence of S. typhimurium (10° CFU mL™").
After 3 cycles of reciprocation of the chromogenic substrates
(HAc-NaAc buffer containing 3.5 mM TMB and 817 mM H,0,,
35 uL) at 15 pL min~ " with the assistance of a precise syringe
pump, the color change at the end of each cycle of reciprocation
was recorded by a smartphone and quantified by Image] soft-
ware. As shown in Fig. 6D, the AR value reached the highest
through 2 cycles of reciprocation for the certain concentration of
chromogenic substrates. Therefore, 2 cycles of reciprocation were
chosen in this work to ensure appropriate chromogenic time.

3.8. Analytical performance of this colorimetric method on
the microfluidic platform

Under optimal conditions, 10-fold serial dilutions of S. typhimur-
ium ranging from 10> to 10’ CFU mL " were tested to establish
the calibration curve between the AR value and the concentration of
S. typhimurium. As can be seen in Fig. 7A, the AR value increased
linearly with the logarithmic concentration of S. typhimurium (Log C,
CFU mL™") in the range of 10>-10’ CFU mL ', which could be

4480 | J Mater. Chem. B, 2025,13, 4471-4483

described as the following regression equation: AR = 17.16 Log C —
21.17 (R*> = 0.982). Based on 3 times the signal-to-noise ratio, the
limit of detection (LOD) was calculated to be 5.6 CFU mL ™. To
evaluate the specificity of this proposed method, the target bacteria
(S. typhimurium) at 10° CFU mL ™", non-target bacteria (P. aeruginosa,
L. monocytogenes, E. coli 0157:H7 and S. aureus) at a concentration
of 10° CFU mL ™" and their mixture at 10° CFU mL ™" were detected
using this proposed method on the microfluidic platform. As shown
in Fig. 7B, only the target bacteria and the mixture showed obvious
decrease in the R value, indicating the desirable specificity of this
method. Compared with other reported methods, this proposed
colorimetric method for S. typhimurium detection on the integrated
microfluidic platform showed a comparable detection limit and
shorter detection time (Table S1, ESIt).

The practical applicability of the integrated microfluidic
platform was evaluated by detecting the target bacteria spiked
in water, milk, and chicken meat samples. Table 1 showed that
the recoveries for the spiked samples were in the range of 95.5-
114.7% and the relative standard deviations (RSDs) were less
than 12.5%, indicating good applicability of this proposed
colorimetric method on the microfluidic platform for S. typhi-
murium detection in real samples.

On this integrated microfluidic platform for biosensing of
S. typhimurium, the magnetism-controlled V-structured chip with
enhanced mass transfer characteristics was introduced for signal
amplification which also eliminated the need for additional
separation steps, achieving sensitive detection of S. typhimurium
within 30 minutes. Moreover, smartphone-based signal readout
further enhanced the portability of this microfluidic platform,

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Analytical performance of the microfluidic platform. (A) Calibration curve of this colorimetric method. (B) Specificity of this colorimetric method.

Table 1 Detection of S. typhimurium in spiked samples on the micro-
fluidic platform (N = 3)

Added Recovered Recovery RSD

(CFU mL ™) (CFUmL™) (%) (%)
Waterl 1.80 x 10° 1.72 x 10° 95.5 5.5
Water2 1.80 x 10* 1.85 x 10* 103.0 12.5
Milk1 1.80 x 10° 2.07 x 10° 114.7 7.0
Milk2 1.80 x 10* 1.97 x 10* 109.5 9.1
Chicken1 1.80 x 10° 1.75 x 10° 97.5 11.2
Chicken2 1.80 x 10* 1.72 x 10* 95.6 7.2

demonstrating practical applicability and promising potential for
rapid foodborne pathogen detection.

4. Conclusions

In this work, a kind of V-shaped structure was constructed to
enhance the mass transfer of substrate solution towards the
corresponding nanozyme array which was consisted of stacked
Fe;O4/Au NPs inside the magnetism-controlled microfluidic
chip. A higher local concentration of substrate among the
stacked Fe;O4/Au nanozyme particles in the array accelerated
the catalytic reaction. Moreover, the uniform distribution of the
substrate molecules at each direction of the V-corresponding
array allowed for more efficient utilization of the active sites of
the nanozyme in the catalysis of substrates. Subsequently, the
catalytic efficiency (kca/Km) Of the Fe;0,4/Au nanozyme arrayed
in the microfluidic chip increased by 95.2% in the presence
of the optimal V-structure, which was two orders of magnitude
higher than that of the open reactor. Furthermore, this strategy
was applied as signal amplification for the biosensing of
S. typhimurium on an integrated microfluidic platform. The
entire detection process including incubation, enrichment,
catalyzing and signal readout by the smartphone was integrated
onto the microfluidic chip, which could be completed in
30 minutes, yielding a detection limit as low as 5.6 CFU mL .
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