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ABSTRACT: To develop a green, cost-efficient and robust
peroxidase mimic, micro/nano hierarchical morphology (for
ease of separation and reuse), relative chemically stable
composition (for ease of storage) and stable crystal structure
(for long-term stability) are highly desired. Herein, using
phosphoric acid as a chelating ligand to control the release of
iron ions, hierarchical iron(III) hydrogen phosphate hydrate
crystals are successfully prepared by nanosheets formation and
following self-assembling in a facile low-temperature hydro-
thermal process. They are first found to have peroxidase-like
activity and showed higher affinity for H,0, and lower affinity
for 3,3',5,5'-tetramethylbenzidine compared with horseradish

Fe;H,(PO,)s"6H,O Crystal
S =

peroxidase. The affinity feature is used for quantitative detection of H,O, and shows a wide linear detection range from 57.4 to
525.8 uM (R* = 0.994) with a low detection limit of 1 M. Benefited from chemical stability of hierarchical iron(III) salt crystals,
they own good reproducibility (relative standard deviation = 1.95% for 10 independent measurements), long-term stability (no
activity loss after 10 cycles), and ease of recovery (by simple centrifugation). Because the method is easily accessible, iron
hydrogen phosphate hierarchical crystals have great potential for practical use of H,O, sensing and detection under harsh

conditions.

KEYWORDS: hierarchical morphology, iron(III) hydrogen phosphate crystals, peroxidase mimic, H,0, detection,

hydrothermal process

B INTRODUCTION

Peroxidases are ubiquitous in nature and are generally proteins
with high efficiency and specificity under mild conditions."
They show significance in analytical diagnostics, such as H,O,,
glucose, and melamine detection.””* However, their draw-
backs®~” have gradually emerged in practical applications and
include (1) lack of stability and loss of activation in harsh
conditions and (2) cost and time-consuming preparation and
purification. Artificial enzyme mimics are becoming a research
interest because of their remarkable superiorities over tradi-
tional organic enzymes for ease of preparation, low price, and
good stability in activity.

Inorganic materials have long been misunderstood to be
biologically inert and customarily used as supports for enzymes
in organic/inorganic hybrids. Since Gao et al® reported
intrinsic peroxidase-like activity of Fe;O, nanoparticles similar
to that of horseradish peroxidase (HRP), the field for the
development of inorganic materials as peroxidase mimics has
subsequently opened. A variety of inorganic materials were
investigated and discovered to possess similar activities, such as
Ce0,,” Co0;0,,'° MFe,0, (M = Co, Mn, Zn),"'™** CuO,"
MnOZ,15 Au,16 pt'’ nanoparticles, carbon-based nanomateri-
als'® (fullerene, carbon nantubes, and graphene), etc.!?72!
These reported materials are commonly nanoparticles taking
advantage of large surface-to-volume ratios for effective

-4 ACS Publications  © 2014 American Chemical Society

14433

interaction with substrates. However, their inherent disadvanta-
geous limitations are also obvious. For example, most
nanoparticles are used in a disposable way. Because they are
always notable/heavy metals or notable/heavy metals-contain-
ing compounds, the disposable way of usage causes two main
problems. One is the loss of notable metals, which brings
economic concerns; the other is the toxicity and pollution
caused by the wasted heavy metal contained mimics.”> These
limitations make nanoparticles not be green and cost-efficient
peroxidise mimics. Besides, the uncontrolled proneness of
nanomaterials aggregation weakens the reproducibility and
reliability of the analytical results, which is significantly
important for detection usage.”®

Thus, to develop a peroxidase mimic, stable micro/nano
stereostructures are highly desirable to overcome the above-
mentioned limitations. On the one hand, the primary
nanostructure provides a large surface area to interact with
substrates; on the other hand, the secondary microstructure
makes them easy to separate and reuse. As they are recovered
for reuse, the stability of the structure must be taken into
consideration. Crystals with regular structure are good
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candidates. Except for stability, some work also confirms the
activity of the mimics is strongly dependent on crystallinity and
structure.”* For example, the peroxidase-like activities of Fe;0,
nanocrystals were the following: the order of cluster spheres >
triangular plates > octahedral, in which the exposure of surface
facets like {220}, {100}, and {111} of octahedral would
enhance its catalytic activity;>**° sheet-like FeS and well-
defined CuS concave polyhedral superstructures have more
sensitive response than spherical ones as H,0O, sensors.””*®
The results emphasize that the development of new stereo-
structural peroxidase mimics with a specific crystalline structure
is urgently necessary and important. Until now, the reports are
still few with respect to the stability and reproducibility of
catalysis performance.

Iron phosphate compounds are a large family of inorganic
materials with good catalytic activity and biocompatibility, and
could be endowed with varieties of stereostructures and
crystalline  structures.”*° Crystalline iron phosphates have
high stability, even under hydrothermal conditions with the
existence of strong acids. Considering the specific electron-
transfer ability is the common requirement of these iron
phosphate catalysts and natural peroxidases,*"** iron phosphate
crystals are potential robust peroxidase mimics. Herein, we
fabricated iron hydrogen phosphate crystals (FeHPO) with
hierarchical morphology and first demonstrated their perox-
idase-like activity of such pure iron(IIl) salt crystals
(Supporting Information, Figure S1) for the detection of
H,0,. They show a wide H,0, detection range (57.4 to 525.8
uM) with a low detection limit (1 M). Besides, benefited from
the micro/nano hierarchical morphology, they are easy to
separate and reuse, making them a green and cost-efficient
peroxidase mimic. The pure iron(Ill) salt composition also
makes them extremely easy to store. To the best of our
knowledge, the good reproducibility and long-term stability
performance benefited from the specific crystal structure is also
first reported, which is of great importance for bio/chemical
detection.

B RESULTS AND DISCUSSIONS

The general morphologies of the prepared product were
observed by scanning electron microscopy (SEM), and the
results are illustrated in Figure la—d. The prepared material is
uniform in all observation fields and presents hierarchical
micro/nano structures with flower-shaped morphologies
(Figure lab). The statistical analysis yielded an average size
of a single hierarchical structure as ca. 13 + 2 ym. Further
investigation on a flower-shaped microsphere declares the
hierarchical structure is composed of ultrathin nanosheets
intermingled with each other in very high density. The surface
of the nanosheets is smooth and the average thickness of them
is ca. 10 + 3 nm (Figure 1c,d).

The information on the phase purity and crystal structure of
the products was investigated by the high-precision scanning
powder X-ray diffraction technique. The diffraction data (black
line in Figure 2) collected on the powder diffraction beamline
(D8 Advance) at a wavelength 4 = 1.540 56 A indicated a phase
of iron hydrogen phosphate hydrate (Fe;Ho(PO,)¢6H,0; PDF
#44-0812) was obtained. Meanwhile, minor impurities with a
diffraction peak at 20.3° corresponded to iron phosphate
hydrate (FePO,-2H,0; PDF #15-0513) were also detected.
The phase purity of Fe;Hy(PO,)s6H,O is 92.64 wt %
calculated by the full spectrum fitting method. To further
promulgate the crystal structure of the iron hydrogen
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Figure 1. Scanning electron microscope images of as-prepared
products. From (a) to (d), it corresponds to various magnification.
The inset of panel d presents the distribution of nanosheet thickness.
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Figure 2. Final Rietveld-refined fit to the XRD data (4 = 1.540 56 A)
for iron hydrogen phosphate hydrate Fe;Ho(PO,)s6H,O. The
experimental data (black line), calculated pattern (red dots), and the
difference curve (lower blue line) are shown. Vertical lines indicate the
Bragg peak positions for Fe;Ho(PO,)s-6H,O (olive lines).

phosphate, all the diffraction peaks were indexed and finally
refined to the hexagonal structure (space group = P3, No. 143)
with lattice parameters a = b= 9.1379 A, c = 16.8475 A, a = ff =
90° and y = 120°. The Rietveld-refinement of a hexagonal
structure model against observed XRD data led to the fit shown
in Figure 2. The refinement results were well fitted to the
observed XRD data with a low residual error of R, = 6.84%
and R, = 3.69%.

The possible mechanism for the synthesis of hierarchical iron
hydrogen phosphate was investigated and concluded as the
bottom-up self-assembly process. First, dispersed small nano-
sheets would be generated under the specific hydrothermal
condition. Due to the relatively strong coordinating ability,
phosphates would coordinate with iron ions (Fe**) to form
stable ionic structures. Theoretical calculation on the iron
species at various pH values is plotted in Figure 3a. The results
revealed that under pH = 1.12 of the initial reaction system,
iron species basically coordinates with H,PO,” and HPO,>,
and exists in a formula of [FeH,PO,]* (95.2%) and
[FeHPO,]** (4.3%). The formation of the complex can sharply
reduce the availability of free Fe** in aqueous solution and thus
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Figure 3. (a) Calculated distribution results of iron species at various pH values. (b) Statistical average diameter of samples observed after different

periods of hydrothermal treatment.
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Figure 4. Steady-state kinetic analysis using the Michaelis—Menten model (a, b) and Lineweaver—Burk model (¢, d) for hierarchical FeHPO. The
concentration of H,0, was 0.478 mM and TMB concentration was varied (a, c). The concentration of TMB was 1 mM and H,0, concentration was

varied (b, d).

leads to a low precipitation rate, which was critical for the
formation of nanosheets morphology. A comparison experi-
ment was also conducted to verify the rationality of our
proposed mechanism by using noncoordinated nitric acid to
replace phosphoric acid, in which the product obtained was

14435

composed of irregular particles and bulks due to lack of
controlled release of Fe** (Supporting Information, Figure S3).
Second, self-assembly of nanosheets would spontaneously
happen, driven by the minimum energy principle, leading to
the formation of micro/nano hierarchical structure. The

dx.doi.org/10.1021/am503708a | ACS Appl. Mater. Interfaces 2014, 6, 14433—14438



ACS Applied Materials & Interfaces

Research Article

3.0 (a) o

0.20 ™

25

20 -

Absorbance

Absorbance
o

600 625 650 675 700 725
Wavelength/ nm

200 300 400 500 600 700 800
Wavelength/ nm

0.30

o
N
o

o
N
o

Absorbance (652nm)
o
&)

o
5]

Frequency

0.22

020 (b)

0.18

y=0.286x+0.0567
R?=0.994

n
°
e
)

0.12

0.10 |

Absorbance (652nm)

0.08

0.06

L L N 1 L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6
H,0, concentration (mM)

0.30

0.25

(d)
0.00
0 1 2 3 4 5 6 7 8 9 0 1

Cycle

o o
= N
o o

Absorbance (652nm)
o
S

Figure S. (a) Typical UV—vis spectra of reaction system at 1 mM TMB varied H,0, concentrations, from bottom to top, corresponds to 57.4, 95.6,
191.2, 317.8, 478, and 525.8 uM. (b) Linear fitting plot between the absorbance at 652 nm against concentration of H,0,. (c) Reproducibility
experiments and corresponding color change of each independent experiment. (d) Stability experiments conducted at FeHPO 0.478 and H,0, 1.1

mM TMB conditions.

primary nanosheets would continue to grow until the depletion
of the iron source. Accordingly, the micro/nano structure
would be well-developed (Supporting Information, Figure S2)
and the average size of the assemblies would continuously grow
(Figure 3b). However, if hydrothermal treatment was over
extended, the density of the nanosheets might be so high that
the surfaces with high energy would be easily agglomerated
(Supporting Information, Figure S 2d).

The peroxidase-like activity of the hierarchical FeHPO was
evaluated through the catalysis of a colorless peroxidase
substrate, 3,3',5,5'-tetramethylbenzidine (TMB), in the pres-
ence of H,0, to generate a colorimetric reaction. The inset of
Figure S4 (Supporting Information) clearly illustrates the
hierarchical FeHPO could catalyze the oxidation of TMB
substrate with H,0O,, and produced a nice green color. The
color change is different from the blue color elsewhere. It might
be because TMB was dissolved in absolute alcohol in our work,
different from dimethylformamide (DMF) or other solvents. In
contrast, the reaction systems of FeHPO—-H,O,, FeHPO-—
TMB, and H,0,—TMB did not present any perceptible color
change. The colorimetric reaction could also be monitored
spectrophotometrically from absorbance augmentation of TMB
oxidation products at 652 nm. The UV-—vis spectra
(Supporting Information, Figure S4) also confirm the color
change phenomenon and show a significant increase of
absorbance at 652 nm compared with control groups. These
results clearly confirmed intrinsic peroxidase-like activity of as-
prepared FeHPO hierarchical crystals.
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Similar to other peroxidase mimics, the activity of FeHPO
crystals are affected by temperature and pH conditions as well.
The results are shown in Figure SS (Supporting Information).
Herein, pH = 3 and T = 80 °C are optimum conditions for
FeHPO crystals and are adopted as the standard conditions for
the following investigation.

The peroxidase-like activity of the hierarchical FeHPO was
further investigated by steady-state kinetic experiments
(Supporting Information, Figure S6). Over a suitable range of
TMB and H,0, concentrations, the plots of initial reaction
rates vs TMB or H,0, concentration show typical Michaelis—
Menten behavior (Figure 4ab). By plotting reaction rate
against substrate concentration, the catalytic parameters, K,
and v,,,,, were determined using the Michaelis—Menten model.
The K, value of hierarchical FeHPO with H,0, as substrate
was 0.41 mM, which was much lower than the reported value
for horseradish peroxidase (HRP, 3.7 mM). However, the K,
value of hierarchical FeHPO with TMB as the substrate was
8.63 mM, which was higher than that of HRP (0.434 mM). All
of the parameters were also regressed to the Lineweaver—Burk
double-reciprocal model (1/v, vs 1/[S]), which also gave the
analogous values (Figure 4c,d). The K, value characterizes
affinity of substrates to enzymes. And the lower value means
the higher affinity. The results indicate that hierarchical FeHPO
has a lower affinity for TMB than HRP, corresponding to a
relative higher TMB concentration used in experiments.
However, it has a much higher affinity for H,0,, which may
be due to the fact that a HRP molecular has only one iron ion,
in contrast to the surface of FeHPO hierarchical structures.
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Besides, the unique stereomorphology and specific crystal
structure might also benefit for the reaction performance. A
higher affinity for H,0, would accelerate the generation of HO-
and HO,- and catalyze the oxidation of TMB (Supporting
Information, eq S1). The lower affinity for TMB could also
guarantee maximum active sites would be available for H,O,.
The affinity feature of hierarchical FeHPO for H,O, and TMB
would be advantageous to the colorimetric detection of H,O,.

The color variation caused by TMB oxidation was dependent
on H,O, concentration and can be monitored by absorbance
change at 652 nm. The phenomenon could be used as a
strategy for quantitative detection of H,O,. Figure Sa presents
the UV—vis spectra monitoring the reaction system, which
clearly shows an increase of absorbance at 652 nm. Figure Sb
shows the calibration curve of the absorbance values against
H,O, concentration. The curve was linear in the range from
574 to 525.8 uM. The linear regression equation was y =
0.286x + 0.0567 (x: mM, R*> = 0.994). To determine the
detection limit of H,0O,, blank samples were measured at 652
nm for 13 times (Supporting Information, Figure S7a). Blank
samples here were 25 mg/mL FeHPO and 1 mM TMB. And
the reactions were conducted at optimized conditions of T = 80
°C, pH = 3. Triple fluctuation of the baseline (S/N = 3) was
determined to be the detection limit. When the H,O,
concentration in the FeHPO—H,0,—TMB reaction system
was gradually decreased, the absorbance gradually decreased
(Supporting Information, Figure S7b). When H,0, concen-
tration was below 1 uM, the absorbance was located in the
triple fluctuation range of the baseline. Thus, the detection limit
of the method was determined to be 1 yM.

The reproducibility of the method was investigated by
conducting the experiment independently for 10 times. Figure
Sc shows the measuring results of each experiment. The relative
standard deviation (RSD) of these independent values was
1.95%, indicating good reproducibility of the method. The
conclusion was also evidenced by nearly the same color change
in each reaction system. Furthermore, as a crystal-based
catalyst, two potential advantages are its stable activity and
ease of recovery for reuse. Thus, FeHPO crystals were recycled
by simple centrifugation and the peroxidase-like activity of each
cycle was determined. Figure 5d presents the cycle performance
of FeHPO crystals and Figure S7c (Supporting Information)
shows the color change of each cycle. The results reveal no loss
of activity was observed, even after 10 cycles. Besides, the RSD
of the absorbance values is only 1.77%, indicating their good
reproducibility, even when they were reused.

B CONCLUSION

In conclusion, a facile method, based on the reaction of iron
and phosphate ions with phosphoric acid as the chelating ligand
for iron ions, was successfully developed for the preparation of
hierarchical iron hydrogen phosphate hydrate crystals. Their
peroxidase-like activity was first demonstrated. The steady-state
kinetic analysis showed they have higher affinity for H,O, and
lower affinity for TMB compared with HRP. The affinity
feature for H,0, and TMB was further used for quantitative
detection of H,0, and showed a wide linear detection range
from 57.4 to 525.8 uM (R* = 0.994) with a detection limit of 1
uM. The method showed good reproducibility with RSD =
1.95% for 10 independent measurements. Additionally, FeHPO
peroxidase mimics had long-term stability (no activity loss after
10 cycles) and ease of recovery. Because the method is easily
accessible, iron hydrogen phosphate hydrate hierarchical

crystals have great potential for practical use in H,O, sensing
and detection under harsh conditions.
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