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HIGHLIGHTS GRAPHICAL ABSTRACT

e SVs-rich Fe3S; nanosheets are syn-
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o Sulfur vacancies promote the adsorp- N (S35
tion and decomposition of H,O, on :\l : s el

Fe3S,4 surface.

e A colorimetric assay is constructed
using SVs-rich Fe3S4 nanosheets, TMB
and glucose.

e SVs-rich Fe;S4 nanosheets show higher
peroxidase-like activity than SVs-poor
FesS,4.

o A smartphone APP is self-designed for
the colorimetric detection of serum
glucose.

ARTICLE INFO ABSTRACT

Herein, sulfur vacancies in magnetic greigite (SVs-Fe3S4) nanosheets were synthesized by a one-step
solvothermal method by adjusting the ethylene glycol: water ratio. Electron paramagnetic resonance
spectroscopy (EPR) and X-ray photoelectron spectroscopy (XPS) revealed that SV-rich Fe3S4 and SV-poor
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Diabetes
Smartphone app

care diagnosis.

integrated analytical system based on the SV-rich Fe3S4. These new findings highlight the important role
of surface defects in nanozymes on generating peroxidase-like activity for glucose detection in point-of-

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

As one of the most common diseases, diabetes is a chronic
metabolic disease characterized by hyperglycemia and accompa-
nied by a variety of complications associated with the heart, blood
vessels, eyes, kidneys and nervous system [1,2]. The World Health
Organization (WHO) reported that the global number of diabetes
mellitus patients has risen to 422 million by 2015, and may increase
to 693 million by 2045 [3]. Serum glucose, a major indicator of
insulin-glucose dynamics in humans, plays a critical role in the
evaluation of diabetes mellitus. Thus, early detection of elevated
serum glucose concentrations has a profound impact on field
analysis and point-of-care diagnosis applications.

To efficiently detect serum glucose in the laboratory, different
methods including colorimetry [4], fluorometry [5], chem-
iluminescence [6], and electrochemistry [7] have been reported.
Among these methods, colorimetric assays based on glucose
oxidase-peroxidase (GOD-POD) are a widely used enzymatic method
for serum glucose detection, owing to their rapid processing time,
low detection limit, and high sensitivity. Briefly, glucose is first
oxidized by oxygen in the presence of glucose oxidase to generate
gluconic acid and hydrogen peroxide (H,0,). The H,0, is then
decomposed by catalase to form hydroxyl radicals (¢OH), which
oxidize 3,3',5,5'-tetramethyl-benzidine (TMB) to 3,3',5,5-tetra-
methyl-benzidin (TMB,y). The glucose concentration is a function of
H,0, and TMBx concentrations and can be calculated by measuring
the colorimetric intensity of TMBox [8]. A disadvantage of this
methodology is the use of natural catalase that is composed of
proteins and RNA molecules rendering the assay relatively expensive
with logistical issues related to difficult separation, environmental
sensitivity, and specific storage requirements [9,10].

Nanomaterials, including metal oxide-based mimics [11,12],
monometals/bimetallics [13,14], carbon-based nanostructures
[15,16] and transition metal chalcogenides [17], are used as
peroxidase-like nanozymes and employed to detect glucose based
on colorimetric assays. For example, Hui and coworkers (2008) first
developed an efficient H,0,-glucose analytical platform based on
Fe;04 nanoparticles, and found that the peroxidase-like activity of
synthesized nano-Fes04 was higher than that of horseradish
peroxidase (HRP) [10]. ESR spin-trapping techniques confirmed
that the high peroxidase-like activities of CoFe;04 resulted from the
efficient decomposition of H,O; into ¢OH via a Fenton-like reaction
catalyzed by Fe(IlI) (Shi et al., 2011) [18]. Compared to natural en-
zymes, nanomaterial-based enzymes have attracted considerable
attention for glucose detection owing to their low cost and ease of
preparation, as well as their environmental stability and friendli-
ness. The peroxidase-like activities of nanomaterial-based enzymes
mainly depend on Fenton/Fenton-like reaction activity on the
surface of nanomaterials [19,20]. Thus, increasing the Fenton/
Fenton-like reactivity of nanomaterials plays a critical role in the
accuracy and reliability of peroxidase-like nanozymes for practical
applications.

Several surface structure constructions are employed to pro-
mote Fenton-like activity of nanomaterial surfaces for ¢OH gener-
ation. For example, Qu and co-workers (2019) successfully
synthesized oxygen vacancies (OVs) in TiO, using a cyanide-

assisted heat-treatment procedure, and demonstrated that the
OVs promoted photocatalytic Fenton-like activity of Fe-based pol-
yoxometalates/TiO,. Electron spin resonance (ESR) confirmed that
OVs on the TiO, favored electron transfer from TiO, to Fe-POM,
resulting in enhanced production of ¢0?~ and eOH [21]. Li et al.
(2017) developed a low-temperature, vacuum activated method to
tune OVs concentrations on BiOCl, and demonstrated that the
surface OVs acted as an electron-donor for H,O, adsorption and
dissociation to generate eOH via Fenton-like processes [22]. Liao
and coworkers (2018) reported that the number of OVs in BiOBr
could be regulated by changing the water/ethylene glycol ratio
during the solvothermal process. The introduction of OVs provides
abundant active sites and electrons for O, molecular adsorption
and activation, which dramatically promotes the production of
reactive oxygen species (ROS) for the photocatalytic removal of NO
[23]. In sum, these studies conclude that the abundance of OVs on
the catalyst surface was an important factor regulating H,O, (O3)
adsorption and ROS generation via a heterogeneous Fenton-like
reaction.

Owing to their specific effects on electron transfer processes,
sulfur vacancies (SVs) on metal sulfides have gained attention for
chemical and environmental applications. For example, Sun et al.
(2019) found that SV-rich InyS3 nanosheets displayed excellent
activity for selective photooxidation of alcohols to aldehydes
compared to SV-poor In,Ss3 nanosheets, which resulted from
enhanced electron transfer and O, activation with the introduction
of surface SVs [24]. Moreover, as an electron-donating defect, sulfur
vacancy in MoS; increased physical/chemical adsorption of O, and
H,0 [25,26]. Recently, Xing et al. (2019) showed that unsaturated S
atoms on the surface of metal sulfides capture protons from solu-
tion to form H,S, and subsequently expose reductive metallic active
sites to accelerate the rate-limiting Fe(IIl)/Fe(II) cycling in Fenton-
like reactions for organic pollutant oxidation [27]. However, there
is a paucity of information regarding the role of SVs in peroxidase-
like activities of nanomaterial-based enzyme mimics in Fenton-like
reactions.

Greigite (Fe3S4), an abundant iron sulfide mineral in sediments,
is widely used for environmental applications. For example, Ding
and co-workers (2016) investigated the peroxidase-like activity of
Fe3S4 magnetic nanoparticles for glucose detection. They found that
the pseudo-enzymatic activity of FesS4 was much higher than that
of other magnetic nanomaterial-based enzymes [28]. Further, our
previous study demonstrated that the structural S(—II) and Fe(II) of
Fe3S, are efficient reactive sites for Cr(VI), Fe(IlI), and organoarsenic
redox transformations, and the reactivity of magnetic Fe3Sy4
depended on surface structural properties [29—32]. However, no
data are currently available regarding the effects of FesS,4 surface
defects on peroxidase-like activity for colorimetric detection of
glucose.

To address the research gaps identified above, this study con-
structed SV-rich and SV-poor Fe3S4 nanosheets, analyzed their dif-
ferential peroxidase-like catalytic activities and utilized the SV-rich
Fe3S4-based enzyme mimic for detection of glucose in serum sam-
ples. SV-rich and SV-poor FesS4 nanosheets were synthesized by
modulating the solvent (EG/H,0) mixing ratio. A series of conven-
tional characterization techniques were used to identify surface
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properties of the synthesized materials. Density functional theory
(DFT) calculations were conducted to study H,O, adsorption and
decomposition on SVs of FesS4. The synthesized SV-rich Fe3S4 was
used as a peroxidase-like nanozyme for serum glucose detection.
The effects of SV concentration, incubation temperature, solution pH,
and Fe3S4 dosage on the peroxidase-like activity of Fe3S4 were sys-
tematically investigated to optimize operational parameters. Finally,
a smartphone application was designed and employed for fast
detection of serum glucose in point-of-care diagnosis (Scheme 1).

2. Experimental
2.1. Materials and reagents

Acetic acid (CH3COOH), sodium acetate (CH3COONa), hydrogen
peroxide (H,0;, 30%), ethanol, ethylene glycol (EG), r-cysteine,
dimethyl sulfoxide (DMSO), ferrous sulfate (FeSO4e7H0), glucose,
maltose, lactose, and fructose were purchased from Sinopharm
Chemical Reagent (Shanghai, China). Terephthalic acid (TA), 3,3,
5,5'-tetramethyl benzidine (TMB), and glucose oxidase (GOD) were
obtained from Aladdin Reagent (Shanghai, China). All chemicals
were analytical grade and used as received without further purifi-
cation. Deionized water was prepared by a Millipore Milli-Q system
(Bedford, MA, USA) and used for all experiments. Serum samples
were collected at the first affiliated hospital of Wenzhou Medical
University (Wenzhou, China) following procedures approved by the
Wenzhou Medical University Ethics Committee.

2.2. Synthesis of SV-based Fe3S4 nanosheets

The Fe3S4 nanosheets with varying degrees of SVs were syn-
thesized using a one-step solvothermal method [33]. Briefly, ho-
mogenous solution A and B were prepared by dissolving 0.834 g
FeSO4e7H,0 and 0.363 g -cysteine in 30 mL of EG, respectively.
Solution A was added dropwise to solution B within 2 min and
magnetically stirred at ambient conditions for 20 min to form a
colorless mixture. The mixture was subsequently transferred into a
100 mL Teflon-lined autoclave and heated at 180 °C for 12 h. After
cooling to room temperature, the resulting solid product was
separated using a magnet and sequentially washed three times
with deionized water and ethanol before drying in a vacuum oven
at 60 °C for 6 h. The final product was designated as FS-100 (i.e.,
100% EG). To prepare Fe3S4 with varying degrees of SVs, the EG: H,0
ratio of the mixed solvent (60 mL total volume containing 30, 15
and 0 mL EG) was altered to acquire products referred to as FS-50,
FS-25 and FS-0, respectively.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns of the Fe3S4 nanosheets
were obtained using a Bruker D8 Advance X-ray diffractometer
(Bruker, Billerica, MA, USA) with Cu Ka radiation (A = 0.15418 nm).
Fe3S4 morphology and structure were characterized by scanning
electron microscopy (SEM, Zeiss Sigma 300, Oberkochen, Germany)
and high-angle annular dark field-scanning TEM (JEOL-JEM2010,
Tokyo, Japan). Brunauer-Emmett-Teller (BET) surface area was
computed using nitrogen adsorption/desorption isotherms with a
nitrogen-adsorption system (Micromeritics Instruments Corp,
Norcross, GA, USA). Electron paramagnetic resonance (EPR) spec-
troscopy was carried out on a Bruker EMX X-band spectrometer.
Fe;S4 (20 mg) was put into a sealed quartz tube, which was then
inserted into the EPR cavity, and the spectra were recorded at
selected intervals. The microwave power, modulation frequency,
and amplitude of EPR spectrometer were Ca 10.8 mW, 9.853 GHz,
and up to 5 G, respectively. X-ray photoelectron spectroscopy (XPS)
was measured on a Thermo ESCALAB 250Xi (Thermo Fisher Sci-
entific, Waltham, MA, USA) with a monochromatic Al Ka source. All
XPS peaks were calibrated using Cl1s (284.8 eV) as the reference.
Zeta potentials for Fe3S4 suspensions at different pH values were
determined by a Malvern ZEN3690 Zetasizer (Malvern, UK). Tafel
curves were determined with a CHI-650C electrochemical work-
station (CH Instruments, Austin, TX, USA).

2.4. DFT theoretical calculations

DFT calculations were performed using the CASTEP software
package. The generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) function was employed for the
exchange-correlation function. During geometry optimization, all
atoms were fully relaxed with an energy convergence of
5.0 x 10~ eV/atom and a force convergence of 0.1 eV/A, and the
cutoff energy was set at 260 eV. The Monkhorst-Pack mesh for the
Fe3S4 (011) surface was 1 x 1 x 1. To evaluate H,0; adsorption and
decomposition on the surface of Fe3S4, a 1 x 1 (011) surface with
five atom layers was constructed. Then, the fate of molecular H,0,
was assessed as it approached the FesS4 surface with end-on or
side-on adsorption. The adsorption energies of adsorbates were
defined as:

Ead(m) = Ems - Es - Em

where m represents adsorbate and s represents the surface of FeszS4
(011).

Serum glucose

Scheme 1. Schematic of colorimetric probe and visual detection principle for glucose.

Scheme 1. Schematic of colorimetric probe and visual detection principle for glucose.
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2.5. Peroxidase-like activity of SV-based Fe3Sy

Peroxidase-like activities of Fe3S4 with varying degrees of SVs
were evaluated by catalyzing the oxidation of TMB in the presence
of H0,. Steady-state kinetic experiments were carried out by
adding various concentrations of H,O, (0.01—0.80 mM) or TMB
(0.1-1.6 mM) under optimized experimental conditions. Briefly,
60 pL of 1 mg/mL FesS,4 suspension was added into 1700 pL NaAc-
HAc buffer solution (20 mM, pH = 4.0) to form a mixture. Then,
200 pL of 6 mM TMB and 40 pL of 50 mM H,0, were sequentially
added to the above mixture. The suspension was incubated at 40 °C
for 20 min forming a blue colored solution. The supernatant was
decanted following sedimentation of the magnetic FesS4 with a
magnet placed externally at the bottom of the reaction tube, and
the supernatant was utilized for spectral measurement with a
Shimadzu UV-2600 spectrophotometer (Kyoto, Japan) at a wave-
length of 652 nm. Finally, the enzymatic parameters, Vmax
(maximal reaction rate) and Ky, (Michaelis-Menten constant) were
determined from Lineweaver-Burk plots.

2.6. Detection of eOH and ferrous iron concentrations

Terephthalic acid was used as a probe for detection of «OH [12]. A
2.0 mL aliquot of NaAc-HAc buffer solution (pH = 4.0) containing
50 mM H,0; and 6 mM TA was incubated with 60 pL of 1 mg/mL
FesS4 for 5, 10, 15 or 20 min. The reacted solution was separated
using a magnet to remove the remaining magnetic FesS4. Fluores-
cence intensity of the generated 2-OH-terephthalic acid was recor-
ded at 426 nm after excitation at 315 nm with a FS5 fluorescence
spectrometer (Edinburgh Instrument, Livingston, UK). Dissolved
Fe(II) concentration was quantified using 1,10-phenanthroline with
detection by UV—Vis spectrometry at 510 nm [34].

2.7. Colorimetric detection of glucose

To acquire the glucose calibration curve, 100 pL glucose
(0.5—150 pM) and 50 pL GOD (2 mg/mL) were mixed in 100 pL
NaAc-HAc buffer solution (20 mM, pH = 7) before incubation at
37 °C for 30 min. The reacted solution was added to a mixture
containing 200 uL TMB (6 mM), 60 uL Fe3S4 (1 mg/mL) and 1490 pL
NaAc-HAc buffer solution (20 mM, pH = 4). After incubation at
40 °C for 20 min, the supernatant was decanted for spectral analysis
after magnetic separation of the FesS4 solids.

Blood serum samples for glucose quantification were stored
at —80 °C prior to pretreatment. Before analysis, the frozen samples
were thawed at 4 °C and then centrifuged at 10,000 rpm for 20 min
to remove any large aggregates. The supernatant was diluted 150
times with NaAc-HAc buffer (20 mM, pH = 7.0) to obtain the final
serum samples. A 100 pL aliquot of serum and 50 uL GOD (2 mg/mL)
were mixed in 100 pL NaAc-HAc buffer solution (20 mM, pH = 7)
before incubation at 40 °C for 30 min. The reacted serum solution
was added to a mixture containing 200 uL TMB (6 mM), 60 puL Fe3S4
(1 mg/mL) and 1490 pL NaAc-HAc buffer solution (20 mM, pH = 4).
After incubation at 40 °C for 20 min, the supernatant was decanted
for spectral analysis after magnetic separation of the Fe3S, solids.
Final serum glucose concentrations were calculated from the
glucose calibration curve.

2.8. Smartphone application for glucose detection

The detection of glucose was conducted using an automated
smartphone application (App). The smartphone colorimetry plat-
form and the schematic illustration of the App procedures are
shown in Schemes S1 and S2 and described in detail in Supporting
Information.

3. Results and discussion
3.1. Fes3S4 nanosheet characterization

The crystalline phase and purity of as-synthesized Fe3S4 nano-
sheets were examined by XRD. Five specific diffraction peaks at
25.4°, 30.0°, 36.3°, 47.8° and 52.4° (Fig. 1A) were identified as the
(220), (311), (400), (511) and (440) crystal planes of cubic Fes3Sy
(JCPDS Powder Diffraction File No. 16—713). No impurities were
detected in the XRD patterns, indicating high purity of the as-
synthesized Fe3S4 nanosheets. Moreover, there was no difference
between the four samples obtained using variable EG: H,O ratios in
the solvent, suggesting a limited effect of solvent on the crystalline
phase.

SEM was employed to investigate the effects of EG: H,O ratios
on the size and shape of Fe3S,; products. All samples exhibited
flower-like structure consisting of multiple nanosheets (Fig. S1).
However, the “flower” size decreased from ~10 to ~4 pum with
increasing EG concentrations from 0 to 100%, which may be
ascribed to differences in the dielectric constant, interionic attrac-
tion and solute-solvent interactions on crystal growth formation
[33]. TEM images revealed that high ratios of EG in the solvent
resulted in the bending of nanosheets, consistent with SEM images.
HR-TEM images of FS-0 (Fig. 1B) indicated a lattice spacing of
0.28 nm that was assigned to the (220) facet, which is perpendic-
ular to the (011) facet. In contrast, the distinct lattice spacing for FS-
100 was 0.58 nm, corresponding to the (440) facet that was
perpendicular to the (011) facet (Fig. 1B). Thus, it can be concluded
that both FS-0 and FS-100 exhibited (011) exposed facets (Fig. S2).

Presence of ethylene glycol in the reaction solvent is purported
to induce formation of defects in the crystalline products [35].
Herein, the as-prepared Fe3S4 was examined by room-temperature
EPR to detect SVs in the Fe3S4 nanosheets (Fig. 1C). A prominent
signal with a spectroscopic splitting factor of 2.005 was observed
for the as-prepared Fes3Sy4, confirming differences in SVs of Fe3S4 as a
function of the EG: H,O ratio of the solvent [24]. In particular, the
EPR signal intensity of FS-100 (40010 a.u.) was much higher than
FS-0(7773.9 a.u.), suggesting that SVs in the Fe3S4 nanosheets were
highly dependent on the EG: H,O ratio. As a result, the SV-rich Fe3S,4
(FS-100) and SV-poor Fe3S4 (FS-0) were obtained using 100% EG
and 100% H;0 as solvents, respectively.

As SVs strongly influence the surface reactivity and elemental/
structural composition of materials, XPS was utilized to verify the
existence of SVs. High resolution XPS spectra of S 2p displayed
three peaks at 161.3,162.6 and 163.8 eV for FS-0 that were assigned
to S(—IDsurfaces S(—IDpuik and Sp(—II), respectively (Fig. 1D) [36].
However, the specific peak location gradually shifted to lower
binding energy for FS-25 (161.2 eV), FS-50 (161.1 eV) and FS-100
(160.9 eV), confirming the breakage Fe—S linkages resulting from
an increasing abundance of SVs. Correspondingly, the high reso-
lution spectra of Fe 2p exhibited four peaks at 707.1, 708.4, 710.5
and 711.5 eV for FS-0, which were attributed to Fe(Il)jattice, Fe(II)surf
and Fe(Ill)syrf, respectively (Fig. S3B) [34]. Similar to the S 2p
spectra, the specific peak locations for iron species gradually shifted
to lower binding energy for FS-25, FS-50 and FS-100. Furthermore,
the relative fraction of Fe(Il)sy s increased from 13.9% (FS-0) to 22.2%
(FS-100) with a corresponding decrease in Fe(Il)jattice from 16.6%
(FS-0) to 7.2% (FS-100) (Table S1). Taken in total, these results
confirm that SV concentrations on Fe3S4 can be easily tuned by
adjusting the EG: H;O ratio of the solvent used in the synthesis
process; SV-rich Fe3S4 (FS-100) was successfully prepared using
pure EG as the solvent.

Given that defect features in crystalline structures may strongly
affect electron transfer properties, Tafel polarization diagrams were
determined in NaAc-HAc buffer to assess electron diffusion rates in
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Fig. 1. (A) XRD patterns of as-prepared FesS4. (B) HRTEM images of FS-0 (a, ¢) and FS-100 (b, d). (C) Room-temperature EPR spectra and (D) S 2p XPS spectra of Fe3S4 nanosheets.

SV-based Fe3S4. Free corrosion potentials for SV-based Fe3S4 ranged
from —0.05 to —0.11 V, and their negative potentials followed: FS-
100 > FS-50 > FS-25 > FS-0 (Fig. S4). The negative free corrosion
potentials were ascribed to higher electron transfer rates and
suggest that higher SV concentrations on Fe3S4 promote electronic
transfer processes.

To further study the effects of solvent ratios during the sol-
vothermal synthesis process on the surface properties of FesS4
nanosheets, BET surface area and the surface potential were char-
acterized. BET surface areas for Fe3S,4 synthesized with 100% EG (FS-
100, 20.0 m?/g) and 100% H,0 (FS-0, 17.7 m?/g) were higher than
those with mixed solvents (FS-25 and FS-50; Table S2). Rownaghi
et al. (2009) observed that the surface area of catalyst prepared by
ethylene glycol was prominently larger than for catalyst prepared
using water.[37] Zeta potential analysis showed that all SV-based
Fe3S4 nanosheets had isoelectric points near pH 4.0, and the sur-
face charge of FS-100 was more positive than FS-0 in neutral so-
lutions (Fig. S5).

3.2. DFT theoretical calculations

To understand the role of SVs in Fe3S4 nanosheets for generating
peroxidase-like activity leading to H,O, decomposition, theoretical
DFT calculations were investigated. Molecular H,O, was first set to
approach SVs on the Fe3S,4 (011) surface for geometry optimization,
and then the activation of H,0, by SVs was quantitatively analyzed
via stable adsorption configuration and adsorption energy. Since Fe
atoms located in octahedral sites of the (011) surface, two types of

surface exposed S atoms existed, namely top and middle sites on
the (011) facet of the Fe3S4. This results in two possible SV positions
(SViop and SVpig) as depicted in Fig. 2A. Both SViop and SViiq
models were constructed and tested for molecular H,0; adsorption
via two widely accepted adsorption configurations: end-on versus
side-on (Fig. 2A). It was found that H,0, adsorption was thermo-
dynamically favorable on Fe3S4 (011) surfaces, even in the absence
of SVs, with a large exothermal behavior and adsorption energies as
high as —5.77 eV (0—0 bond length: 1.525 A) and —7.15 eV (0—0
bond length: 1.526 A) for end-on adsorption and side-on adsorp-
tion, respectively. The presence of SVs on Fe3S4 (011) surfaces
appreciably increased the adsorption energies to —9.8 eV (SViop)
and —10.42 eV (SVpiq) via end-on adsorption. Importantly, the
molecular H,0;, spontaneously dissociated to two eOH at SVp,iq
sites (0—0 bond length: 2.501 A) and was effectively activated at
SViop sites for dissociation (O—O bond length: 1.541 A). This pro-
vides theoretical evidence for SV-dependent H,0, activation
because the SV-free surface only slightly activated the O—O bond
length of adsorbed H,0, from 1.515 A (free H,0,) to 1.525 A (end-
on adsorption) or 1.526 A (side-on adsorption; Fig. 2B—C). SV-
promoted H,0, dissociation was also observed for side-on H,0,
adsorption on the Fe3S4 (011) surface, with adsorbed ¢OH sponta-
neously generated after HO, approached SV, (O—0 bond length:
4491 A) or SVmig (0—O bond length: 3.151 A) sites (Fig. 2C).
Notably, the adsorption energy of H,O; on SVpq sites (—6.01 eV)
was reduced compared to its interactions with SV-free Fe3S4 (011)
surfaces (—7.15 eV). Based on these theoretical calculations, we
posit that H,O, preferentially adsorbs at SVs of Fe3S4 (011) where it
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is subsequently decomposed to eOH.

3.3. Peroxidase-like activity of FesS4 with varying SVs

To investigate peroxidase-like activity of SVs in Fe3S4, TMB was
selected as a colorimetric indicator to detect the decomposition of
H,0,. TMB oxidizes to TMByx upon reaction with HyO,/Fe3S4 and
forms a bright blue suspension (Fig. 3A - inset). The UV—vis ab-
sorption spectra displayed a specific absorption peak at 652 nm.
The absorbance intensity of FS-100 (1.64 a.u.) was much higher
than that of FS-0 (0.28 a.u.), confirming the important role of SVs on
peroxidase-like activity of Fe3Sy.

As the peroxidase-like activity of nanozymes is extremely
dependent on experimental conditions, we systematically investi-
gated the effects of solution temperature, pH and FesS4 dosage on
peroxidase-like activity of SV-rich FesS4 (FS-100). With respect to
temperature, absorbance (652 nm) in the FS-100/H,0,/TMB system
gradually increased from 1.32 to 1.64 and subsequently decreased to
141 as the temperature increased from 10 to 40 °C and 60 °C,
respectively (Fig. 3B). Maximum peroxidase-like activity at 40 °C was
consistent with a previous study [38]. Absorbance (652 nm) sharply
increased to ~1.55 with increasing solution pH from 2.0 to 3.0—4.0,
and then abruptly decreased to 0.05 with a further pH increase to 5.0
(Fig. 3C). Consequently, the highest activity was observed at pH 4.0,
possibly ascribing to efficient Fenton-like activity of FS-100 in the pH
range of 3.0—4.0 [39]. Absorbance (652 nm) gradually increased to
1.63 as the dosage of FS-100 increased to 30 ug/mL, and then
remained stable with further dosage increases from 30 to 80 mg/L
(Fig. 3D). These trials provided the following optimized experimental
conditions: solution temperature = 40 °C, initial solution pH = 4.0;
and nanozyme dosage (FesS4) = 30 pg/mL.

To confirm SV-dependent peroxidase-like activities of Fes3Sy,
steady-state kinetics for FS-100, FS-50, FS-25 and FS-0 were inves-
tigated using variable TMB and H,O, concentrations under the
optimized experimental conditions. Michaelis-Menten model curves
are plotted in Fig. S6 for SV-based Fe3S, in TMB and H,0; concen-
tration ranges of 0.1-1.6 mM and 0.01—0.8 mM, respectively. The
Michaelis-Menten constant (Ky,) and maximum reaction velocity

(Vmax) were calculated from Lineweaver-Burk plots (Fig. S6 - inset
and Table 1). The K, values for FS-100, FS-50, FS-25 and FS-0 with
TMB were 0.161, 0.201, 0.670, and 0.175 mM, respectively. As lower
K, values indicate a stronger affinity of enzymes for a substrate, we
conclude that SV-rich Fe3S4 has a relatively stronger affinity for TMB
than SV-poor Fe3S4. The Ky, (TMB) of the FS-100 (0.161 mM) was
much lower than reported values for HRP (0.434 mM), GO-Fe3S,4
(0.19 mM), and ZnFe,04 (0.85 mM) (Table S3), suggesting a relatively
high affinity of FS-100 for TMB. In addition, the calculated Ky,
(0.111 mM) for SV-rich Fe3S4 with H,05 as a substrate was lower than
that of the SV-poor Fe3S4, HRP and other nanozymes, confirming the
stronger affinity of SV-rich Fe3S4 toward H,0, than those of natural
enzymes and other mimics. In sum, these results confirm that the
surface defects of the SV-rich Fe3S4 nanozyme accelerate the diffu-
sion of analytes and enhance enzymatic activity.

3.4. Mechanism for enhanced peroxidase-like activity of SV-rich
Fe3Sy

The theoretical calculations suggested that SV-based Fe3Sy
promotes H,0; dissociation to generate ¢OH. To verify these find-
ings, TA was used as a probe to quantitatively determine ¢OH
generation by Fe3S; with varying SVs. Concentrations of eOH
increased with increasing reaction time indicating a continuous
decomposition of HyO catalyzed by Fe3S4 (Fig. 4A). The maximum
o¢OH concentration with FS-100 was much higher than those of FS-
50, FS-25 and FS-0. The «OH generation process followed a zero-
order kinetic model, and the eOH generation constant for FS-100
(5.38 x 1072 pM/min) was 7 times that of FS-0 (7.7 x 1073 uM/
min). Due to potential surface area effects on catalyst reactivity, the
oOH generation constants for Fe354 were normalized with specific
surface area (Table S2). Notably, the surface area normalized «OH
generation constant for FS-100 was more than 6 times that of FS-0,
ruling out surface area effects as the primary driver of the differ-
ences in ¢OH generation constants. Thus, we conclude that the SVs
on Fe3S4 nanosheets promote ¢OH generation.

Dissolved ferrous ions released from the dissolution of FesS4
may also contribute to the decomposition of HyO, to generated
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Table 1
Kinetic parameters for as-synthesized FS-0, FS-25, FS-50 and FS-100 nanosheets.

Catalyst Substrate Kpn (mM) Vimax (108 M/s)
FS-100 H,0, 0.111 13.12
TMB 0.161 14.71
FS-50 H,0, 0.505 7.89
TMB 0.201 11.33
FS-25 Hy0, 0.814 5.98
TMB 0.670 8.77
FS-0 H>0, 1.006 5.69
TMB 0.175 5.88

¢OH. To examine this mechanism, we measured dissolved Fe(II)
concentrations in the SV-based Fe3S4/NaAc buffer system without
H,0, addition. Dissolved Fe(Il) concentrations were (pug/mL): 0.12
(FS-0), 0.14 (FS-25), 0.18 (FS-50) and 3.21 (FS-100) (Fig. 4B). We
then added equal concentrations of Fe(Il) to NaAc buffers in the
presence of H,0,. Concentrations of eOH generated from Fe(II)
additions were much lower than those corresponding to SV-based
Fe3S4 assays. Addition of 14.0 pg/mL Fe(lI), calculated as the com-
plete dissolution of FesS4, resulted in production of only
0.215 puMeOH, suggesting a limited contribution of Fenton/Fenton-
like reactions mediated by Fe(Il)/Fe(Ill) dynamics from Fes3Sy
(Fig. 4C). Thus, we attribute the higher ¢OH generation constant for
FS-100 to higher SV concentrations on Fe3S4, which is in general
agreement with the theoretical calculations.

3.5. Colorimetric detection of glucose with SV-rich Fe3Sy

Benefiting from H,0,-enhanced dissociation capacity for ¢OH
generation, SV-rich FesS4 (FS-100) was identified as an efficient
nanozyme for selective detection of glucose in GOD-catalyzed
methods. To test the efficacy of SV-rich Fe3S4 nanozyme assays for
glucose quantification, we examined detection of glucose across a
range of concentrations using FS-100, GOD, and TMB in a NaAc buffer
solution (20 mM, pH = 4.0). The 652-nm absorbance increased lin-
early with increasing glucose concentrations in the range of 0.5—150
uM with a limit of detection (LOD) as low as 0.1 uM (Fig. S7). The
analytical performance of the GOD-catalyzed methods based on SV-
rich FesS4 (FS-100) is also compared with other previously reported
nanozymes for detection of glucose. As summarized in Table S4, the
LOD of SV-rich Fe3S4 (FS-100) (0.1 umol/L) is lower than those of
Fe304 (30 uM) [10], CoFe04 (0.15 M) [18], ZnFe;04 (0.30 uM) [38],
Fe304/MoS; (2.40 uM) [40], Fe304/GO (0.74 uM) [41], and PB/MIL-
101(Fe) (0.15 uM) [42], respectively. Moreover, the linear range of
this assay based on SV-rich Fe3S4 (FS-100) (0.50—100 uM) is better
than those of CoFe;04 (2.40—100 puM) [18], ZnFe;04 (1.25—18.75 uM)
[38], and PB/MIL-101(Fe) (2.40—100 uM) [42], but is narrower than
those of Fe304 (50—1000 uM) [10], Fe304/MoS; (5—150 uM) [40] and,
Fe304/GO (2—200 uM) [41].

To test for selectivity and matrix interferences of the
peroxidase-like activity in SV-rich FesS4 for glucose detection,
relatively high concentrations (2.5 mM) of carbohydrates, such as
maltose, lactose, fructose and r-glucose, were selected as potential
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interfering compounds. Background absorbance values were lower
than 0.05 in the presence of maltose, lactose, fructose and t-glucose,
indicating that specificity/interference issues had minimal effects
on the SV-rich Fe3S4 system for glucose detection (Fig. 4D).

Finally, the feasibility of the proposed method for detecting
glucose concentrations in human serum samples was tested on
human blood samples using the optimized method. Table S5
summarizes the detection results by the newly developed colori-
metric method using SV-rich Fe3S4 with peroxidase-like activity.
Detected glucose concentrations ranged from 3.0 to 11.0 mM in the
ten human serum samples. Compared to standard assay kits for
glucose detection, the SV-rich FesS; nanozyme assay produced
relative recoveries of 93.7—101.4% with a relative error <7%. These
results confirm that the newly developed method based on the SV-
rich Fe3S4 nanozyme meets the strict requirements for glucose
detection in human serum.

3.6. Smartphone application for glucose detection

Following optimization and validation of the SV-rich Fes3Ss-
catalyzed assay for glucose detection, we developed a smartphone
application to determine glucose concentration in human serum
samples by quantifying the intensity of the colorimetric reaction.
Data analysis was performed by an automated smartphone App,
and the analytical result displayed on the phone screen. As shown
for a representative image (Scheme 2H), color intensity (~652 nm)
increases with increasing glucose concentrations. Pixel intensities

of the pit regions were plotted versus glucose concentrations to
develop a standard curve. The linear range (LR) between pixel in-
tensities and glucose concentrations was 5—100 uM and yielded a
regression equation of y = 187.362 + 0.024x-0.004x? (R? = 0.994),
where y is pixel intensity and X is the reciprocal of glucose con-
centration. The limit of detection (LOD) for glucose was 1.5 uM at a
S/N = 3. After subjecting a serum sample to enzymatic reaction,
glucose is automatically detected by the smartphone "Thing Iden-
tify" software application. Compared to detection results by stan-
dard assay Kkits, the relative recoveries for glucose in human serum
samples ranged from 94.4 to 107.9% with a relative standard devi-
ation for three replicates in the range of 1.2—5.8% (Table S5). These
excellent metrics indicate that the newly developed method is
convenient, cheap, quick and accurate for point-of-care diagnosis.

4. Conclusions

A series of SV-rich and -poor magnetic Fe3S4 nanosheets was
prepared by changing the EG: H,O ratio in the solvothermal pro-
cess. The resulting FesS4 nanosheets were employed to detect
serum glucose concentrations using a colorimetric assay. SV con-
centrations increased with increasing EG: HpO ratios. The
peroxidase-like activity of SV-rich Fe3S4 (FS-100) was significantly
higher than that of SV-poor Fe3S4 (FS-0), which was ascribed to
greater efficiency of SVs in Fe3S; nanosheets to adsorb and
decompose H,0, to ¢OH. The catalytic kinetics of FS-100 nano-
zymes for electron transfer between TMB and H,05 followed typical



254 W. Liu et al. / Analytica Chimica Acta 1127 (2020) 246—255

Michaelis-Menten dynamics. Using the newly developed FesS,4
nanozyme assay, glucose concentrations in human serum were
detected with a LR of 0.5—150 uM and a LOD of 0.1 uM (S/N = 3). A
smartphone App (Thing Identify) was designed and applied for
efficient and accurate detection of serum glucose in humans. This
study demonstrates the important role of surface defects in nano-
zymes for generating peroxidase-like activity. The newly developed
SV-rich Fe3S4-catalytic colorimetric reaction was combined with a
smartphone App to provide rapid, cheap, convenient and accurate
glucose detection for point-of-care diagnosis.
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