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ABSTRACT: We report a novel synthesis of Fe;O,/MoS,
zero-dimensional (0D)/two-dimensional (2D) nanocompo-
sites. When bulk MoS, is exfoliated in the presence of thiol-
functionalized Fe;O, nanoparticles in water, the latter anchor
on the exfoliated MoS, nanosheets because of thiol affinity
toward MoS,, resulting in the Fe;O,/MoS, nanocomposites.
The one-pot reaction, room temperature processing, and use
of aqueous solvents make the synthesis process facile and
ecofriendly. Because of the unique 0D/2D morphology,
Fe;0,/MoS, nanocomposites show significantly higher
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peroxidase-like catalytic activity compared to Fe;O, nanoparticles or MoS, nanosheets alone. The enhanced catalytic activity
has been used to detect glucose levels down to 2.4 yM in absorbance measurements. Application toward noninvasive point-of-
care glucose diagnostics has been explored by developing paper-based “dip and use” test strips that show colorimetric response in
the presence of glucose. To achieve this, Fe;0,/MoS, nanocomposites along with other active sensing elements are printed onto
paper via a desktop inkjet printer and cut into strips. When dipped into solutions of various glucose concentrations, the test strips
allow colorimetric detection of glucose concentrations in a qualitative and quantitative manner. To demonstrate practical usage,
we have shown that the Fe;O,/MoS, nanocomposite-based glucose test strips are sufficient to distinguish between normal
(healthy) and higher (diabetic) glucose concentrations with the naked eye. Because of the simple and ecofriendly preparation
and sensing efficacy with low limit of detection, Fe;0,/MoS, nanocomposites show promise in noninvasive point-of-care medical

diagnostics.
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B INTRODUCTION

Over the past few years, transition-metal dichalcogenides have
drawn tremendous interest as two-dimensional (2D) nanoma-
terials beyond graphene.'™ In particular, MoS, has found a
special place because of its unique optical and electronic
properties.” It has been shown that, as a host matrix, MoS,
nanosheets can be integrated with a variety of inorganic
nanoparticles to develop zero-dimensional (0D)/2D nano-
composites.7_18 Among various inorganic nanoparticles, Fe;O,
nanoparticles have received a lot of attention because of their
biocompatibility, stability, superparamagnetic nature, and
theranostic properties.19_26 Therefore, the integration of
MoS, and Fe;O, has recently become a topic of interest.
Fe;0,/MoS, nanocomposites have shown novel or enhanced
functionalities over their individual components alone, leading
to their use in environmental, biomedical, energy storage,
catalysis, and spintronic applications.'”~"® However, in all of
the previously reported syntheses of Fe;0,/MoS, nano-
composites, first MoS, nanosheets were synthesized/exfoliated
and then Fe;O, nanoparticles were decorated/grown onto their
surface. These methods involve multiple steps, organic solvents,
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and high processing pressures/temperatures, limiting their use
in industrial-scale applications.

On the basis of this motivation, we report a one-pot facile
and green synthesis of 0D/2D nanocomposites by attaching 0D
nanoparticles during the exfoliation of 2D materials. Fe;0,/
MoS, nanocomposites have been obtained by simply sonicating
bulk MoS, powder and thiol-functionalized Fe;O, nano-
particles in water (Scheme 1). When bulk MoS, exfoliates
during sonication, Fe;O, nanoparticles anchor onto the freshly
exfoliated MoS, nanosheets’ surface because of the terminated
thiol group’s affinity toward surface defects onto MoS,.””*°
Apart from providing unique functional properties, thiol-
functionalized Fe;O, nanoparticles work as stabilizers and
allow the stable dispersion of MoS, nanosheets in water. The
room temperature processing and use of water makes this
method more facile and ecofriendly than previously reported
liquid exfoliation processes that involve organic solvents, ion
intercalation, and/or higher pressures and temperatures.’' =
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Scheme 1. Synthesis of Fe;0,/MoS, Nanocomposites via
Thiol-Functionalized Fe;O, Nanoparticle-Assisted
Stabilization of Exfoliated MoS,
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It is reported that 0D/2D nanocomposites show better
catalytic ability compared to single-phase counterparts because
of the unique 0D/2D morphology.”*>> Hence, we have
explored the peroxidase-like catalytic activity of Fe;O,/MoS,
nanocomposites, which has been demonstrated for a variety of
nanomaterials including Fe;O, nanoparticles as well as MoS,
nanosheets.””**~° We have shown that Fe;0,/Mo$S, nano-
composites demonstrate peroxidase-like catalytic activity that is
significantly higher than either MoS, nanosheets or Fe;O,
nanoparticles alone. The enhanced peroxidase activity has been
utilized to detect glucose via absorbance measurements with a
limit of detection (LOD) equal to 2.4 uM. By inkjet printing
Fe;0,/MoS, nanocomposites and other required sensing
elements on paper, test strips are developed that change
color in the presence of glucose. When dipped into solutions of
various glucose concentrations, the glucose test strips can
colorimetrically detect glucose in a dose-dependent manner.
The concentration of glucose can also be quantified based on
the color of the test strip using a standard calibration curve.
Finally, we have shown that paper-based disposable test strips
made from Fe;O,/MoS, nanocomposites can detect glucose
concentrations that are sufficient to distinguish glucose levels
that are considered normal (health) and higher (diabetic).

B EXPERIMENTAL SECTION

Materials. MoS, powder, sodium dodecyl sulfate (SDS), 11-
mercaptoundecanoic acid (MUA), citric acid, glucose oxidase (GOx),
3,3',5,5 -tetramethylbenzidine (TMB), o-phenylenediamine dihydro-
chloride (OPD), 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), fructose, lactose, and maltose were purchased from Sigma-
Aldrich.

Preparation of MoS, Nanosheets. MoS, nanosheets were
prepared using a previously reported aqueous surfactant-assisted
exfoliation method.>" A total of 50 mg of MoS, powder, 15 mg of
MUA + SDS, and 10 mL of Milli-q water were probe-sonicated for 10
min. MUA and SDS were used to stabilize the MoS, nanosheets in
water. Then the solution was centrifuged at 4500 rpm for 15 min, and
the green supernatant was collected and dialyzed (MWCO = 10000)
for 6 h. Any aggregate particles were removed by centrifugation, and
finally dispersed MoS, nanosheets were stored at room temperature
and used as is for further experiments.

Synthesis of Fe;0, Nanoparticles. The Fe;O, nanoparticles
were synthesized using previously reported a thermal decomposition
method, which resulted in monodispersity and single crystallinity.”**>
In a typical Fe;O, nanoparticle synthesis, Fe(acac); (2 mmol), 1,2-
hexadecanediol (10 mmol), oleic acid (6 mmol), oleylamine (6
mmol), and benzyl ether (20 mL) were charged in a 100 mL three-
neck, round-bottomed flask and magnetically stirred under a flow of
nitrogen. The mixture was first heated to 110 °C for 1 h to remove
moisture. Then the temperature was increased to 210 °C for 1 h, and
finally the mixture was refluxed for 1 h before cooling to room
temperature. The black-brown mixture was precipitated, washed three
times using ethanol, and then dispersed in hexane.

Preparation of Thiol-Functionalized Fe;O, Nanoparticles.
The as-synthesized oleic acid coated hydrophobic Fe;O, nanoparticles
were functionalized with MUA and citric acid via a ligand-exchange
process.”® A chloroform dispersion (2 mL) of Fe;O, nanoparticles
(12.5 mg) and a dimethyl sulfoxide (DMSO) solution of MUA (1 mL,
3125 mg) and CA (1 mL, 31.25 mg) were mixed and sonicated
overnight at room temperature under dinitrogen protection. The
modified Fe;O, nanoparticles were washed with dichloromethane
three times, dried under nitrogen gas, and finally dispersed in water.
The dispersion was dialyzed to remove any residual surfactants using a
dialysis bag (MWCO = 10000) for 2 days in water. A 200 nm syringe
filter was used to remove any precipitation, and the final concentration
of thiol-functionalized Fe;O, nanoparticles dispersed in water was
determined by inductively coupled plasma mass spectrometry (ICP-
MS) analysis. Transmission electron microscopy (TEM) showed that
the particles do not aggregate after ligand exchange and hydrodynamic
sizes were found in the range of 22—47 nm. The presence of thiol was
confirmed by the S peaks in X-ray photoelectron spectroscopy (XPS).

Preparation of Fe;0,/MoS, Nanocomposites. A total of 50 mg
of MoS, powder, 0.2 mL of thiol-functionalized Fe;O, nanoparticles
([Fe] = 1 mg/mL), and 10 mL of Milli-q water were probe-sonicated
for 10 min. Then the solution was centrifuged at 4500 rpm for 15 min,
and the green-brown supernatant was collected and dialyzed using a
dialysis bag (MWCO = 10000) for 6 h in water. Any aggregated
particles were removed by centrifugation and finally aqueous dispersed
Fe;0,/MoS, nanocomposites were stored at room temperature and
used as is for further experiments. The concentration of molybdenum
and iron was calculated via ICP-MS. The Fe;O0,/MoS, nano-
composites demonstrate high colloidal stability across a wide pH
range (pH 6—10) and at a salt (NaCl) concentration of S0 mM.

Characterization of Fe;0, Nanoparticles, MoS, Nanosheets,
and Fe30,/MoS, Nanocomposites. TEM, energy-dispersive X-ray
(EDX), and elemental mapping of the nanostructures were observed
by a Hitachi HD2300 instrument. The hydrodynamic diameters of the
nanostructures were measured by a Malvern Zeta Sizer Nano S-90
dynamic light scattering instrument. Raman spectra were collected on
a Horiba LabRAM HR Evolution Confocal Raman System equipped
with a solid-state laser. The laser power used was 8.8 yW with a
cocondition of 2. XPS (Thermo Scientific ESCALAB 250Xi) was used
for binding energy analysis and elemental confirmation.

Peroxidase Activity of Fe;0,/MoS, Nanocomposites. The
peroxidase-like activity of Fe;O,/MoS, nanocomposites was tested by
mixing 0.2 mL of TMB, 0.2 mL of a Fe;0,/MoS, dispersion, and 0.2
mL of hydrogen peroxide (H,0,) in a 0.1 M citrate phosphate buffer
(pH 5.0). The final concentrations of TMB and H,O, were chosen to
be 1.25 and 2.5 mM, while the concentrations of Fe;0,/MoS, were
[Mo] = 8 ug/mL and [Fe] = 22 pug/mL. The TMB solution was made
in a 0.1 M citrate phosphate buffer (pH 5.0). For ABTS and OPD
reaction, a similar method was used. OPD was dissolved in a 0.1 M
citrate phosphate buffer (pH 5.0), while ABTS was dissolved in a 0.1
M citrate buffer (pH 5.0). To calculate K,, and V,,,, of Fe;0,/MoS,
using the Michaelis—Menten and Lineweaver—Burk models, steady-
state kinetic and double-reciprocal plots were recorded. The velocity
(v) of the reaction was measured in a 0.1 M citrate phosphate buffer
(pH S5.0) at room temperature. The concentrations of Fe;0,/MoS,
were chosen to be [Mo] = 8 ug/mL and [Fe] = 22 ug/mL. For one
set, the concentration of TMB was kept at 1.25 mM and the H,0O,
concentration was varied. For another set, the concentration of H,O,
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Figure 1. (a) TEM bright-field image, (b) elemental map, and (c) EDX pattern of a Fe;0,/MoS, nanocomposite. The apparent aggregation could
happen during the TEM sample preparation because slow solvent (water in this case) evaporation induces aggregation during drying.

was kept at 2.5 mM and the TMB concentration was varied. Double-
reciprocal plots of the catalytic activity of Fe;O,/MoS, had a fixed
concentration of one substrate (H,O, or TMB) while the other was
varied.

Detection of H,0, and Glucose in Solution. For H,0,
detection, first 0.2 mL of TMB in a pH 5.0 citrate phosphate buffer
and 0.2 mL of Fe;0,/MoS, were mixed. The final concentration of
TMB was chosen as 1.25 mM, while the concentrations of Fe;O,/
MoS, were [Mo] = 8 pg/mL and [Fe] = 22 ug/mL. Then, amounts of
0.2 mL of H,0, with different concentrations were added. The
reaction rate at 652 nm was recorded immediately after the addition of
H,0,, while for the absorbance values, the solutions were kept at room
temperature for S min before recording. The absorbance change was
recorded in a BioTek Synergy 4 Multimode plate reader with an
onboard dispenser and a monochromator. For glucose detection, a
mixture of 0.1 mL of GOx and 0.1 mL of a glucose solution of different
concentrations in a 0.1 M Na,HPO, buffer (pH 7.0) was incubated at
37 °C for 30 min. Then, 0.2 mL of TMB in a pH 5.0 citrate phosphate
buffer and 0.2 mL of Fe;O,/MoS, were added. The final
concentrations of GOx and TMB were chosen to be 3.33 mg/mL
and 1.25 mM, respectively, while concentrations of Fe;O,/MoS, were
[Mo] = 8 ug/mL and [Fe] = 22 pug/mL. The solutions were kept at 45
°C for 10 min, and then the absorbance change was recorded in the
plate reader. For fructose, lactose, and maltose, a similar method was
used, except glucose was replaced with one of them.

Preparation of Test Strips via Inkjet Printing. A desktop inkjet
color printer Epson Workforce 30 was used to print glucose test strips.
The standard cyan, magenta, and yellow ink cartridges were replaced
with cartridges filled with GOx, chromogenic substrate (ABTS), and
Fe;0,/MoS, solutions. The main reason for choosing this particular
printer was its piezoelectric print head, which uses pressure rather than
heat because heat can potentially denature GOx. Test strips were
developed by printing layers of each solution in the form of a square
on the paper and drying at room temperature. Finally, the strips were
stored in 4 °C until further use.

Detection of Glucose via Test Strips. Test strips were dipped
into a glucose solution of different concentrations for 1 min. After that,
it was kept in oven set at 45 °C for 10 min, and the color change was
observed with the naked eye.

Calibration of Test Strips. To provide a quantitative assessment,
a digital image of the strips was taken using a smartphone (Apple
iPhone 6) camera under uniformly distributed lighting conditions that
were kept constant throughout all of the experiments. The distance
between the camera and strip was also kept constant to maintain
consistency. A square block of 1.2 X 1.2 cm* was cropped from the
digital image of each strip, and the original color pattern was converted
into gray scale as well as extracted into red, green, and blue color
modes. The absolute intensity values of red, green, blue, and gray were
recorded. The change in the intensity (AI) pattern was calculated after
subtraction of the background (glucose = 0). Calibration plots were
made using AI of gray scale as well as the mean value red, green, and
blue (RGB,,.,,)-

B RESULTS AND DISCUSSION

The synthesis of monolayer/few layer MoS, via liquid
exfoliation,” chemical vapor deposition (CVD),** and physical
vapor deposition”* processes is more suitable for large-scale
production compared to mechanical exfoliation.”> However,
chemically exfoliated/grown MoS, contains abundant intrinsic
and extrinsic structural defects such as sulfur vacancies, point
defects, and grain boundaries that have been confirmed via
scanning tunneling microscopy, ICP-MS, photoluminescence,
and XPS.*>*°7% Recently, our and several other groups have
shown that such surface defects can be passivated by treatment
with thiol- or sulfide-containing ligands/compounds.”’~**%"~¢!
This is due to the reinsertion of missing S atoms at the vacancy
sites from a thiol/sulfide group and the formation of disulfide
bonds on the MoS, surface.””*” The ability to passivate sulfur
vacancies using a thiol group provides an opportunity to
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Figure 2. (a) Raman spectroscopy and (b) XPS full-line scan of Fe;O, nanoparticles, MoS, nanosheets, and Fe;0,/MoS, nanocomposites. XPS
detailed scans of Fe;0,/MoS, nanocomposites with characteristic peaks of (c) Fe, (d) Mo, and (e) S.

modulate the surface functionalization of exfoliated MoS,. In
this paper, we have exploited this opportunity to conjugate
thiol-functionalized Fe;O, nanoparticles onto MoS, nano-
sheets. Monodisperse thiol-functionalized Fe;O, nanoparticles
(size 8 nm) were prepared from oleic acid functionalized Fe;O,
nanoparticles via a ligand-exchange process (Figure S1). When
bulk MoS, was probe-sonicated with the thiol-functionalized
Fe;O, nanoparticles, the latter anchored onto exfoliated MoS,
nanosheets because of thiol affinity toward MoS,, resulting in
Fe;0,/MoS, nanocomposites (Scheme 1). As a control
experiment, when bulk MoS, was exfoliated in the presence
of citrate-functionalized Fe;O, nanoparticles, there was no
integration of Fe;0, nanoparticles on MoS, (Figure S2). This
confirms that the presence to a thiol group is very critical for
the integration of Fe;O, nanoparticles on exfoliated MoS,
nanosheets during sonication. Also, pristine MoS, nanosheets
were prepared by sonicating MoS, powder with MUA as a
stabilizer in water (Figure $3).°" Figure la shows TEM images
of Fe;O,/MoS, nanocomposites, confirming that Fe;O,
nanoparticles are decorated on the surface of most of the
MoS, nanosheets. The apparent aggregation could happen
during the TEM sample preparation because slow solvent
(water in this case) evaporation induces aggregation during
drying. Parts b and ¢ of Figure 1 show the elemental map and
EDX pattern of Fe;0,/MoS,. The Fe, Mo, and S signals from
the same area confirm the presence of Fe;O, nanoparticles on
exfoliated MoS, nanosheets. The integration of MoS, nano-
sheets and Fe;O, nanoparticles is also confirmed by Raman
spectroscopy and XPS.

Raman spectroscopy can assess the crystallinity and layer
thickness of MoS, nanosheets in terms of the position and
frequency difference of two characteristic vibrational modes, E,,
and Alg.63’64 The E,; mode is attributed to the in-plane
vibration of Mo and S atoms, while the A;, mode is related to

the out-of-plane vibration of S atoms.”® Figure 2a shows the
Raman spectra of Fe;0,/MoS, nanocomposites, MoS, nano-
sheets, and Fe;O, nanoparticles dispersed on a Si/SiO,
substrate. The measurements were conducted using a solid-
state laser (532 nm) with a power of 8.8 uW to eliminate the
effect of optical heating. The Figure 2a inset shows the two
vibrational modes centered at 380.7 and 405.6 cm™!, while the
multilayer MoS, sheet exhibits modes at 383.8 and 408.6 cm™".
Both spectra give similar E,,-to-A;; frequency differences of
~25 cm™!. This value is smaller than that of bulk MoS, but
higher than single—layer MoS,, indicating their exfoliated few-
layer structure.”” Raman spectroscopy has also been utilized to
investigate the effect of lattice strain, doping levels, and the van
der Waals interaction at the interface of 2D crystals.”’ The in-
plane Raman mode, E,y is sensitive to the built-in strain of 2D
MoS,, while the out-of-plane mode, A, is a reflection of
interlayer van der Waals interactions. Thus, it is reasonable to
predict from the A;; shift of 3.9 cm™' from MoS, to Fe;0,/
MoS, that the integration of Fe;O, nanoparticles caused in-
plane strain in MoS, nanosheets.

XPS was used to determine the chemical composition and
chemical states of Fe;0,/MoS, nanocomposites. As shown in
the full-line scans in Figure 2b, the XPS spectra of Fe;0,/MoS,
nanocomposites showed characteristic peaks of both MoS,
(100—400 eV) and Fe;O, (700—900 €V) nanoparticles,
confirming the existence of both MoS, and Fe;O, in the
nanocomposite. Parts c—e of Figure 2 show detailed scans of
Fe;0,/MoS, nanocomposites with characteristic peaks of Fe,
Mo, and S. The spectrum in the Fe 2p;/,, region can be
deconvoluted into two main peaks and a satellite peak (Figure
2c). The same pattern is repeated, with almost half-intensity for
the 2p,,, component. Fe;O, comprises two oxidation states,
Fe®* and Fe®*. The lowest binding energy peak at 710.2 eV is
attributed to Fe', with a corresponding satellite at 718.0 eV.
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Figure 3. (a) Demonstration of the peroxidase-like activity of Fe;0,/MoS, ([Mo] = 8 ug/mL; [Fe] = 22 ug/mL) nanocomposites in the presence
of 100 mM H,0, and 1.25 mM TMB. Color change was only observed in a solution of H,0, + TMB + Fe;0,/MoS,, while solutions of H,0, +
TMB and H,0, + Fe;0,/MoS, remained colorless. Similar to TMB, the other chromogenic substrates such as 1 mM ABTS and 1 mM OPD were
also oxidized and resulted in green and orange color, respectively. (b) Picture and (c) absorbance plots of oxidized substrates (ABTS, OPD, and
TMB) in the presence of H,0,. (d) Reaction kinetics of Fe;0,/MoS, in comparison to MoS, and Fe;O, in the presence of 2.5 mM H,0, and 1.25
mM TMB. (e and f) Initial velocity (v) plots via a steady-state kinetic assay of Fe;0,/MoS,. The velocity of the reaction was measured in a 0.1 M
citrate phosphate buffer (pH 5.0) at room temperature. The concentrations of Fe;0,/MoS, were chosen as [Mo] = 8 yg/mL and [Fe] = 22 ug/mL.
The concentration of TMB in part e was kept at 1.25 mM, and the H,0, concentration was varied. (f) The concentration of TMB in part f was kept
at 2.5 mM, and the TMB concentration was varied. (g and h) Double-reciprocal plots of the catalytic activity of Fe;0,/MoS, at three sets of fixed

concentration of one substrate (H,O, or TMB) while the other was varied.

The Fe®" peak is found with a binding energy of 713.3 eV. The
peak positions of Fe 2p;/, and Fe 2p,;, are comparable to the
reported values in the literature.*~° Figure 2d displays Mo 3d
peaks at 233.04 and 229.87 eV, corresponding to the 3d;,, and
3d;/, doublets. The S 2p peak can be deconvoluted into two
peaks at 163.88 and 162.70 eV (Figure 2e), attributed to the
2py/, and 2p;,, orbitals. These binding energy values confirm
the charge states of Mo and S in the MoS, nanosheets to be
Mo* and $*7, which is consistent with previous reports.”*®’
No additional peaks of metallic Mo or MoO,, in the higher- and
lower-binding-energy regions confirm that the exfoliated MoS,
nanosheets are quality similar to CVD-grown MoS,.”’

Fe;O, nanoparticles have been shown as a robust alternative
of horseradish peroxidase (HRP) because of their intrinsic
peroxidase-like properties, lower cost, and higher chemical
stability.*"””"”> We have explored the peroxidase-like catalytic
activity of Fe;O,/MoS, nanocomposites based on the reports
that 0D/2D nanocomposites show better catalytic ability

compared to 0D nanoparticles alone.”*** Fe;0,/MoS, nano-
composites mixed with a solution of chromogenic substrate
TMB and H,O, turn blue within seconds, while control
solutions (H,O, + TMB or H,0, + Fe;0,/MoS,) show a
negligible color change, confirming the peroxidase-like catalytic
activity of Fe;0,/MoS, nanocomposites (Figure 3a). Similar
behavior was observed for other chromogenic substrates such
as ABTS and OPD, resulting in green and orange color,
respectively (Figure 3b). The absorbance plots confirm that
characteristic peaks of oxidized TMB, ABTS, and OPD are
observed (Figure 3c).”” On the basis of kinetic studies of
Fe;0,/MoS, nanocomposites (Figure S4), the peroxidase-like
activity was further investigated. The initial velocities from the
steady-state kinetic plots were obtained at different concen-
trations of H,0, while keeping TMB constant or vice versa
(Figure 3e,f). The oxidation reaction catalyzed by Fe;0,/MoS,
nanocomposites follows the typical Michaelis—Menten pattern
for both substrates, H,0, and TMB.>****7*1* The double-
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reciprocal plots of the initial velocity against one of the
substrate concentrations were also acquired when the other
substrate was fixed at three concentrations (Figure 3gh). The
calculated velocity was applied to the Lineweaver—Burk plot,
which is
1 K,|1 1
==+ —
v v [S] Vv

max max

(1)

where v is the initial velocity, K is the Michaelis—Menten
constant, V,,, is the maximal reaction velocity, and [S] is the
concentration of the substrate.***®*”** The calculated K,
and V. values from eq 1 are shown in Table 1. The slopes of

Table 1. Comparison of the K, and V,, Values of Fe;0,/
MoS, with HRP and Other Peroxidase-Like Catalysts

K, (x107% v, (x1078
catalyst substrate M) M/s) ref
Fe;0,/MoS, H,0, 0.32 5.56 this
nanocomposite work
TMB 0.62 6.25 this
work
HRP H,0, 37 871 41
TMB 0.434 10.0 41
MoS, nanosheets H,0, 0.0116 429 37
TMB 0.52 S.16 37
Fe;O, nanoparticles H,0, 154 9.78 41
TMB 0.098 3.44 41

the lines in the reciprocal plots are parallel at all three
concentrations, indicating a ping-pong mechanism, character-
istic of HRP, and this indicates that Fe;O,/MoS, nano-
composites bind and react with the first substrate, release the
first Eroduct, and then react with the second sub-
strate, S4363741,48

To compare the catalytic activity of Fe;O,/MoS,, the
apparent K, and V,,, values are listed with HRP and other
previously reported MoS, or Fe;O,-based peroxidase-like
catalysts in Table 1. The lower K, value shows the higher
affinity of the peroxidase catalyst toward the substrate, while the
higher V. values show the higher catalytic ability of the
catalyst. The apparent K value of Fe;O0,/MoS, nano-
composites with H,O, as the substrate is significantly lower
than that of HRP and Fe;O,, indicating that Fe;0,/MoS, has a
higher affinity than HRP and Fe;O, nanoparticles toward

H,0,. In other words, a lower H,0, concentration is required
for the Fe;0,/MoS, nanocomposites than for HRP or Fe;O,
nanoparticles for maximum catalytic activity. The lower affinity
(high K,,) of Fe;0,/MoS, for TMB can also guarantee that
more active sites would be available for H,O,. In comparison to
MoS, nanosheets though, Fe;0,/MoS, nanocomposites show
higher K, (low affinity), but a higher V,,, value is observed for
both TMB and H,O,. The higher V_, value can be associated
with increased catalytic sites provided by the integration of
Fe;0, nanoparticles on large-area MoS, nanosheets.”* The
enhanced peroxidase-like catalytic activity is further confirmed
by the faster steady-state reaction kinetics of the Fe;O,/MoS,
nanocomposites in comparison to the similar concentrations of
Fe;0, nanoparticles and MoS, nanosheets (Figure 3d).*" The
increased catalytic activity confirms that integration of Fe;O,
nanoparticles on MoS, nanosheets results in synergistic effects,
which result in a higher catalytic ability of Fe;O,/MoS,
nanocomposites compared to their single-phase counterparts.
This is similar to previous reports in which 0D/2D nano-
composites have demonstrated enhanced thermal, electronic,
and catalytic properties because of the synergistic effects
generated from the outstanding physical properties of the
nanoparticles on the unique 2D morphology.”'® Using the
intrinsic peroxidase-like activity, H,O, was detected in a linear
range from 1.25 to 40 yuM and LOD was found to be 0.8 uM
(Figure SS).24

On the basis of the intrinsic peroxidase-like activity, a
colorimetric method of glucose detection was developed. The
reaction is based on a color change of a substrate (such as
TMB) when it is mixed with glucose and GOx and catalyzed by
a peroxidase-active catalyst (Figure 4a).”””* Here we have used
Fe;0,/MoS, as the peroxidase-active catalyst. When GOx,
TMB, and Fe;O,/MoS, are mixed with glucose solutions, they
turn blue in a dose-dependent manner, validating the glucose
detection ability of Fe;O,/MoS,. The change in color is
quantified by measuring the absorbance at 652 nm. Figure 4b
shows the absorbance recorded at glucose concentrations of 5—
150 uM, which shows a linear response. The LOD was
calculated from the standard deviation of the blank and glucose
linear response curve and was found to be 2.4 yM. The glucose
detection ability of Fe;O,/MoS, nanocomposites was found to
be significantly higher compared to Fe;O, nanoparticles and
MoS, nanosheets with similar Mo and Fe concentrations,
respectively (Figure S6). Table 2 shows a comparison of the
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Figure 4. (a) Schematic of glucose detection via Fe;0,/MoS,. (b) Dose-dependent behavior for glucose detection in the presence of GOx, TMB,
and Fe;0,/MoS,. The absorbance values recorded from S to 150 #M glucose in the presence of GOx (3.33 mg/mL), TMB (1.25 mM), and Fe;0,/
MoS, ([Mo] = 8 pg/mL; [Fe] = 22 pug/mL) show a linear response. (c) Selectivity analysis of our detection method by monitoring the absorbance
of glucose and its analogues—fructose, lactose, and maltose—in the presence of GOx (3.33 mg/mL), TMB (1.25 mM), and Fe;0,/MoS, ([Mo] = 8
ug/mL; [Fe] = 22 pg/mL). The change in the absorbance in only a glucose solution demonstrates the highly selective nature of our method.
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Table 2. Comparison of the Glucose Detection Linear Range
and LOD Values of Fe;0,/MoS, with Other Peroxidase-Like
Catalysts

catalyst range (uM) LOD (uM) ref
Fe;0,/MoS, 5—150 2.4 this work
Fe,0, 50—1000 30 24
MoS, 5-150 12 37
GO 1-20 1.0 36
GO/Fe;0, 2—-200 0.74 34
WS, 5-300 29 48
CeO, 4—40 2.0 40
PVP/MoS, 10°-10* 320 46
Au* 18—1100 4 45
Au@p-SiO, 20-500 20 75
Hemin@MOF 10—300 N/A 76

glucose detection linear range and LOD value of Fe;0,/MoS,
with those of previously reported peroxidase-like catalysts,
which confirms that Fe;O,/MoS, nanocomposites show a
similar or better response than previous glucose-sensing
platforms.**3#3¢374043464875,76 " Afier glucose was replaced
with fructose, lactose, and maltose, the negligible change in the
absorbance at 652 nm demonstrates the highly selective nature
of our glucose detection method (Figure 4c).

For the diagnosis of diseases like diabetes, monitoring of
glucose is the standard method. Most glucose sensing is done
by a conventional glucometer, where a drop of blood is
deposited onto an enzymatic test strip and the glucose

concentration is electrochemically detected.”” For monitoring
of glucose levels throughout a day, users have to prick their
fingers multiple times, which results in discomfort, pain,
possible fainting, and risk of infection. Also, in developing
countries with low-resource settings, it is even more challenging
to have access to conventional glucose diagnoses. Hence, a
simple, noninvasive, and accessible tool/technique for monitor-
ing of glucose levels is necessary. Utilizing the high chemical
stability and superior colorimetric detection ability of Fe;O,/
MoS, nanocomposites, we have developed a noninvasive point-
of-care diagnostic platform for quick, convenient, and pain-free
glucose detection. Paper-based “dip and use” test strips have
been developed that show a colorimetric response when dipped
into aqueous glucose solutions. To prepare test strips, square
block layers of GOx, chromogenic substrate, and Fe;O,/MoS,
are printed on a desktop inkjet printer.”” ABTS was chosen as
the chromogenic substrate because of its better color contrast
with paper strips compared to OPD and TMB at similar
concentrations. After dipping into a glucose solution for 1 min
and heating of the strip at 45 °C for 10 min, the block’s color
changes from colorless to green (Figure Sa). The intensity of
the color is dependent on the concentration of the glucose
solution (Figure Sb). The test strips enable visual detection of
glucose as low as 12.5 mM or 225 mg/dL. The dose-dependent
color change provides a qualitative assessment that is sufficient
to distinguish the glucose concentration in healthy (3—8 mM)
and diabetic (9—40 mM) persons.”® The noticeable color
change with the naked eye establishes the effectiveness of the
colorimetric test-strip platform. Further, by providing a
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Figure S. (a) Development of glucose test strips (for transparent analytes such as sweat, saliva, tear, or urine) by inkjet printing solutions of GOx
(3.33 mg/mL), ABTS (1.25 mM), and Fe;0,/MoS, ([Mo] = 8 ug/mL; [Fe] = 22 ug/mL). The strip turns colorless to green in the presence of
different concentrations of glucose solutions. (b) Strips showing an increase in the green color intensity with increasing glucose concentration. An
image of the strips after a color change is taken using a digital camera under uniformly distributed lighting conditions. (c) Square block of 1.2 X 1.2
cm’ cropped from the digital image of each strip for quantitative assessment. The original color pattern was extracted into red, green, and blue color
modes as well as gray-scale mode. (d) Absolute intensity values of red, green, blue, and gray color modes recorded using Photoshop. (e) AI pattern
calculated after subtraction of the background (glucose = 0). (f) Calibration plots made using AI values of gray scale as well as RGB,,.,,. Both

calibration plots match very well.
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reference strip as part of the test kit, subjectivity of the color
change can be further reduced by comparing the test strip with
the reference one.

To provide quantitative assessment, a digital image of the
strips after color change is taken using a smartphone (Apple
iPhone 6) camera under uniformly distributed lighting
conditions that were kept constant for all of the experiments.
A square block of 1.2 X 1.2 cm® is cropped from the digital
image of each strip, and the original color pattern is converted
into gray scale as well as extracted into red, green, and blue
color modes (Figure Sc). The absolute intensity values of red,
green, blue, and gray color modes are recorded (Figure Sd).
The AI pattern is plotted after subtraction of the background
(glucose = 0) and is found to be proportional to the glucose
concentration (Figure Se). To calculate unknown concen-
trations of glucose, calibration plots are made using Al values of
gray scale as well as RGB,,,, (Figure 5f). Both calibration plots
match very well and can be used to quantify the glucose
concentration based on the color of the strip. We believe the
colorimetric detection of glucose from the test strips made of
Fe;0,/MoS, composites can be used for quick determination
of the glucose concentration in body fluids such as saliva, tear,
sweat, and urine. Because the direct correlation between saliva
and blood glucose has been reported, the strips can be a
powerful tool for the noninvasive detection of blood glucose
levels.””®" The same is possible using tear, sweat, and urine
once the correlation of tear (or sweat or urine) and blood
glucose is established. The strips can be extremely useful in
developing world areas with low or no diagnostic resources. In
an advanced version, we are working on a process that can
digitize the results in order to read them on a portable device.
Efforts to improve the sensitivity of the test strips and to adapt
the methodology for detection of other biomolecules in body
fluids as well as toxic elements in the environment are ongoing.

B SUMMARY AND CONCLUSIONS

We have demonstrated a one-pot ecofriendly approach to
synthesize 0D/2D nanocomposites and their applications
toward noninvasive point-of-care diagnostics. Fe;O,/MoS,
nanocomposites have been prepared by exfoliating MoS, in
an aqueous dispersion of thiol-functionalized Fe;O, nano-
particles. The method is versatile and has the potential to
generate a library of 0D/2D nanocomposites by choosing
different 2D materials and nanoparticles with the appropriate
functionality. Because of the unique 0D/2D morphology,
Fe;0,/MoS, nanocomposites show excellent peroxidase-like
catalytic activity that is superior to either MoS, nanosheets or
Fe;O, nanoparticles alone. The enhanced catalytic activity is
utilized to colorimetrically detect glucose via absorbance
measurements, with the LOD equal to 2.4 yM. A noninvasive
point-of-care diagnostic platform is established for quick,
convenient, and pain-free glucose detection. By inkjet printing
Fe;0,/MoS, nanocomposites, paper-based test strips are
developed that change their color in the presence of glucose
solutions and allow the visual detection of glucose concen-
trations that is sufficient enough to distinguish between normal
(healthy) and high (diabetic) glucose levels. Because of their
easy preparation, chemical stability, and excellent catalytic
ability, Fe;0,/MoS, nanocomposites show great potential
toward the development of medical and environmental
diagnostic tools.
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