Journal of Porous Materials (2019) 26:1507-1521
https://doi.org/10.1007/510934-019-00748-4

=

Check for
updates

Fe(lll) porphyrin metal-organic framework as an artificial enzyme
mimics and its application in biosensing of glucose and H,0,

Morvarid Aghayan’ - Ali Mahmoudi'® - Khodadad Nazari? - Saeed Dehghanpour® - Samaneh Sohrabi® -
Mohammad Reza Sazegar' - Navid Mohammadian-Tabrizi*

Published online: 29 March 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Metal-organic frameworks with diverse structures and unique properties have demonstrated that can be an ideal substitute
for natural enzymes in colorimetric sensing platform for analyte detection in various fields such as environmental chem-
istry, biotechnology and clinical diagnostics, which have attracted the scientist’s attention, recently. In this study, a porous
coordination network (denoted as PCN-222) was synthesized as a new biomimetic material from an iron linked tetrakis
(4-carboxyphenyl) porphyrin (named as Fe-TCPP) as a heme-like ligand and Zr, linker as a node. This catalyst shows the
peroxidase and catalase activities clearly. The mechanism of peroxidase activity for PCN-222 was investigated using the
spectrophotometric methods and its activity was compared with the other nanoparticles which, the results showed a higher
activity than the other catalysts. Also, the hydrogen peroxide was detected by PCN-222(Fe) based on the peroxidase-like
activity. For detection of hydrogen peroxide a linear range of 3-200 uM and detection of limit (LOD) 1 uM (3c/slope),
under optimal conditions were obtained. Moreover, based on the high tendency of PCN-222(Fe) to combine with the TMB
as a chromogenic substrate in the peroxidase-like activity, we developed the sensitive and selective colorimetric assay for
glucose detection that was found a detection limit (LOD) of 2.2 uM in the linear range from 12 to 75 uM. Finally due to the
good catalytic activity of PCN-222(Fe), it was used to detection of glucose and hydrogen peroxide in real samples.
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1 Introduction

Nowadays, sensors have attracted significant attention as
one of the most effective and precise options for control-
ling the factors that affect biological processes [1, 2]. Many
researches have proven the application of sensors as a sen-
sitive tool in the quantitative and qualitative detection of
materials in various fields such as the medical, industrial
and environmental [3-5]. Construction of sensors for detec-
tion of glucose and H,O, are good examples of notable and
valuable topics in this field [6, 7]. Glucose is one of the
principal and essential sources in the human body that sup-
plies the energy of living cells and metabolic intermediates
[8]. Detection of this substance is vital in clinical diagnosis
[9]. Excessive glucose is one of the main causes of develop-
ment of many diseases such as diabetes [10]. Also, H,0, is
one of the common compounds in the production of active
oxygen species [11]. Monitoring of this oxidant is indispen-
sable because there is a byproduct of many chemical and
biological reactions [12]. Various methods were developed
in detection systems by developing the first glucose sen-
sor [13] such as spectrophotometric [14], electrochemical
[15-17], and spectrofluorescence techniques [18].

In recent years, sensors based on enzymatic reactions
are more significance in research. These sensors have
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unique features that can be noted to their high ability to
direct, selective, and sensitive determination of various
compounds, also continuous and very fast control of meta-
bolic activity and lack of side effects [19, 20]. Peroxidase
enzyme is more common than other enzymes used in this
field. This enzyme causes the oxidation of many organic
and inorganic substrates and, like other natural enzymes,
has inherent problems such as, dependence on environ-
mental conditions, low stability and high cost [21-23].
A new perspective on biomimetic chemistry has emerged
with designing of the Fe;0, nanoparticles (NPs) that
showed an intrinsic peroxidase mimetic activity [24]. So
far, many substitutes have been designed with imitate the
structure and function of peroxidase that are very stable
and inexpensive [25]. CO;0, NPs [26], V,05 nanowire
[27], FeS [28], graphene oxide [29], carbon nanodots [30]
and metal-organic framework (MOFs) [31] are remark-
able example. Metal-organic framework (MOFs) is a new
platform in artificial enzymes with crystalline, porous and
stable structures, and also unique singularities such as high
surface area, low density and large pore aperture [32-34].
The potential internal porosity that the guest molecule can
reach the pores is the most important feature of MOFs for
catalytic and measuring purposes [35]. Notable examples
of these super molecules have been discovered. Such as
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MOF-525 [36], MMPE-6 [37], CHF-1 [38], MIL-53 [39]
and MIL-100 [40].

Metal-organic frameworks (MOFs), also known as
porous coordination networks (PCNs). PCN-6 is the first
member of the series that were identified in 2006. This col-
lection has been identified new members that some of them
include: PCN-224, PCN-229, PCN-600 [41, 42]. Zhou and
coworkers have synthesized MOFs based on metallopor-
phyrin denoted as PCN-222. PCN-222 has Fe-TCPP (tetra-
kis 4-carboxyphenyl porphyrin) as a heme-like ligand and
highly stable Zr, as nodes for the assembly of stable Zr-
MOFs [43]. The general characteristics of most of PCNs can
be noted: (i) following the ping-pong mechanism (ii) having
initial peroxidase mimetic [44].

This is a deep and extensive research on the PCN-222(Fe)
for evaluation of its peroxidase-like activity and catalase-
like activity through appropriate kinetic models. Kinetic
constants (K., V. Kearr Categ) wWere determined using
Michaelis—Menten, Line-weaverburk and Eadie-hofstee
graphs. Results were obtained with TMB as substrate and
compared with horseradish peroxidase (HRP) and other per-
oxidase model compounds. Based on this finding, we have
developed a novel platform for colorimetric detection of
H,0, and glucose, Also the prepared catalyst was used for
biosensing of glucose in biological samples.

cat®

2 Experimental

2.1 Materials

All chemicals were used of analytical grade and used as
received without further purification. Methyl-4-formylb-
enzoate, pyrrole, propionic acid, N,N-dimethylformamide
(DMF), N,N-diethylformamide (DEF), acetone, FeCl,-4H,0,
ZrCl,, Horseradish peroxidase (EC 1.11.1.7), H,0, solu-
tion (30% aqueous), were purchased from Merck Chemical
Co (Darmstadt, Germany). 3,3',5,5'-tetramethylbenzidine
(TMB), glucose oxidase (GO,) were obtained from Sigma
Aldrich Chemical Co. Glucose, fructose, maltose, galactose
and other chemical reagents were obtained from Across
Chemical Co. All solutions were prepared using deionized
water (Barnstead Nano Pure D8992 deionizer, electrical
resistance = 18 MQ).

2.2 Methods

SEM images were recorded by using a LEO 1455VP oper-
ated at an acceleration voltage of 10 kV. The pore morphol-
ogy of the samples was investigated by TEM imaging on a
Zeiss-EM10C-100 KV. Infrared (IR) samples were prepared
as KBr pellets, and their spectra were obtained on a Bruker
Tensor 27 spectrophotometer. X-ray powder diffraction

(XRD) patterns of the sample were recorded on a PHILIPS
PW 1800 X-ray powder diffractometer with a CuK, line
(1=1.54060°A) as the incident beam. XPS was carried out
by using a Gamma data-scienta ESCA200 hemispherical
analyzer equipped with an AlKa X-ray source (1486.6 eV)
with a monochromator. Electronic spectra and kinetic exper-
iments were obtained by using a UV/Vis a double beam
Cary-100 spectrophotometer.

2.3 Synthesis of FeTCPPCI

FeTCPPCI was prepared according to a procedure described
previously in three steps as follows [45, 46] .

2.3.1 5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)por-
phyrin (TPPCOOMe)

Pyrrole (43 mmol, 3.0 mL) was added dropwise to a solu-
tion of methyl p-formylbenzoate (42 mmol, 6900 mg) in
propionic acid (100 mL). Resulting solution was refluxed
for 10 h. Upon cooling to room temperature the precipitates
were appeared, in which collected by filtration and washed
with methanol, ethyl acetate, and THF. After drying in an
oven, a purple solid was obtained as the pure product (1.9 g,
2.24 mmol, 21% yield).

2.3.2 [5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)-por-
phyrinato] iron(lll) chloride ([TPP-COOMe]Fe"'Cl)

A mixture of TPP-COOMe (1 mmol, 854 mg), FeCl,-4H,0
(12.8 mmol, 2500 mg) and DMF (100 mL) was heated to
reflux for 6 h. Mixture was cooled to room temperature then
water (150 mL) was introduced. The resulting precipitate
was collected by filtration and washed with H,O (50 mL)
twice. Final solid dissolved in CHCl; and washed three times
with 1 M HCI and water. The organic layer was then dried
over anhydrous magnesium sulfate and evaporated to give a
quantitative yield of dark brown crystals.

2.3.3 [5,10,15,20-Tetrakis(4-carboxyphenyl) porphyrinato]
iron(lll) chloride (FeTCPPCI)

The obtained ester (750 mg) was stirred in THF (25 mL) and
MeOH (25 mL), and a solution of KOH (46 mmol, 2630 mg)
in H,0O (25 mL) was added. The mixture was heated to reflux
for 12 h. After cooling to RT, THF and MeOH were evapo-
rated. Water was then added to the resulting water phase,
and the mixture was heated until the solid was dissolved
fully. Solution was acidified with 1 M HCI until no further
precipitate was appeared. The brown solid was collected by
filtration, washed with water, and dried in vacuum. FTIR
(KBr): © = 3447 (m), 3050 (w), 2650 (w), 1694 (s), 1604 (s),
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1560 (m), 1402 (s), 1300 (m), 1268 (s), 1201 (m), 1174 (m),
1102 (m), 999 (s), 866 (m), 796 (s), 765 (s), 717 cm™" (m).

2.4 Synthesis of MOF (Fe)

PCN-222 was prepared according to a method reported pre-
viously by Feng [43, 46]. ZrCl, (0.32 mmol, 75 mg), FeTCP-
PCl (0.056 mmol, 50 mg), and benzoic acid (220 mmol,
2700 mg) in DEF (8 mL) were dissolved ultrasonically in
a 20 mL Pyrex vial. The vial was heated in an oil bath at
120 °C under stirring with a stir bar for 24 h. After cooling
to RT, a dark brown powder was obtained by centrifugation.
FTIR (KBr): © =3444 (m), 2980 (w), 1691 (w), 1603 (s),
1557 (s), 1417 (vs), 1326 (s), 1178 (m), 1000 (s), 871 (w),
804 (m), 770 (m), 712 cm™'(s).

2.5 Activation of the MOF (Fe)

To remove the unreacted starting materials and trapped
benzoic acid, as-synthesized PCN-222 (~ 100 mg) was
immersed in DMF (40 mL) at 120 °C for 12 h. Afterwards,
the sample was centrifuged and washed with DMF and ace-
tone. Fresh acetone was added, and the sample was main-
tained for 24 h. Finally, the extract was decanted carefully
and dried under vacuum for 6 h.

2.6 Biocatalyst assays and kinetics

Peroxidase and catalase-like activity of PCN-222(Fe), were
followed and measured spectrophotometrically by collecting
absorbance—time data for reactant or product of the reaction
(Fig. 1). Spectrophotometric measurements and progress
curves were obtained using a double beam Cary-100 spec-
trophotometer equipped with temperature control accessory.

0.7

Absorbance(652nm)

0 1 2 3 4 5 6

Time(min)

Fig. 1 Typical progress curve for oxidation of TMB by PCN-222(Fe).
[TMB]=0.1 mM, [H,0,]=0.5 mM, PCN-222(Fe)=2.5 uM, pH 4.0,
T=20°C
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To evaluate the reproducibility and accuracy of the
results, each experiment is repeated for 3 times.
The results were evaluated by fitting data to the Michae-
lis—Menten Eq. (1):
Vmax[S]

V= 5 M

m

The Michaelis—Menten constant was calculated using
Lineweaver—Burk plots of the double reciprocal of the

Michaelis—Menten Eq. (2) [47]:
1 K,IS] K, 1 1

m

4= _ I
4 Vmax [S] Vmax [S]

@

Vmax

where Vis the rate of conversion, V,,, is the maximum rate
of conversion, [S] is the substrate concentration, and K,,, is
the Michaelis constant.

In order to confirm the kinetic parameters obtained from
Lineweaver—burk, the Eadie—Hofstee diagrams was also
used. In Enzymology, an Eadie—Hofstee diagram is a graphi-
cal representation of enzyme kinetics in which reaction
velocity is plotted as a function of the velocity vs. substrate
concentration ratio [48]. Equation (3):

Vv

V= —Kmm + Vmax 3)

2.7 Peroxidase—like activity

To verify the compliance of the Michaelis—Menten kinetic
mechanism upon the peroxidatic activity (peroxidase mim-
icking) of the nanocatalyst enzyme model, PCN-222(Fe),
assays were performed by following concentration of TMB
as the chromogenic hydrogen donor substrate at a fixed
concentration of H,0O,. Experiments were carried out using
2.5 uM PCN-222(Fe) in a reaction volume of 930 uL ace-
tate buffer solution (50 mM, pH 4.0, T=25 °C), 0.5 mM
H,0, and at various concentrations of TMB. Absorbance
changes of the peroxidatic reaction product, oxidized TMB,
were followed and recorded at 652 nm. An extinction coef-
ficient of ¢ = 3.9x 10* M~! cm™! was used to calculate the
product concentration of TMB [49]. For the direct deter-
mination of concentration of H,O,, a molar absorptivity of
e=43.6 mM~ ! cm™! was used [49].

2.8 Catalase—like activity

To evaluate catalase-like behavior of PCN-222(Fe), deple-
tion of H,0, was investigated in the presence of TMB. A
typical experiment of catalase activity was carried out using
2.5 uM PCN-222(Fe), 0.1 mM TMB at varied concentrations
of H,0, substrate.
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2.9 H,0, detection

In a typical experiment, (a) 20 uL of 5.0 mM TMB, 32 pL
of PCN-222(Fe) stock solution and 100 L. H,O, of different
concentrations were added into 950 pL of 50 mM acetate
buffer (pH 4.0) (b) after mixing, the solution was incubated
in 25 °C for 10 min (c) absorbance changes of the resulting
reaction mixture was measured by using spectrophotometer
at A=652 nm.

For demonstrating of the sensitivity and selectivity of
PCN-222(Fe) as a sensor in H,0, detection, we applied milk
as a real sample. At first the sample was firstly centrifuged
to remove the organic substances such as protein, fat and so
on, then the solution was diluted three fold and was applied
for the same detection steps as mentioned above.

2.10 Glucose detection

Glucose detection was carried out as follows: firstly, 0.1 mL
of GO, aqueous solution (3.0 mg mL~") and 100 mL of
D-glucose with various concentrations were mixed and incu-
bated at 37 °C for 30 min, then 0.02 mL of TMB(8 mM)
,0.032 mL of PCN-222(Fe) stock solution, and 760 pL of
acetate buffer (50 mM, pH 4.0) were successively added to
the glucose reaction solution; finally the mixed solution was
incubated at for 15 min for standard curve measurement. To
examine the specificity of the method in present of the assay,
5 mM maltose, fructose, galactose instead of glucose were
used as controls.

In order to demonstrate glucose concentration in the real
serum samples, the serum samples from the local hospi-
tal were firstly treated by centrifugation at 10,000 rpm for
30 min to eliminate large aggregates in human serum. The
serums were diluted 100 times with phosphate buffer (PBS,
50 mM, pH 7.0) before measurements, then 100 pL suit-
able concentration of diluted serums were used with GO,
for glucose determination as the same steps above and the
corresponding absorbance was measured at a wavelength
of 652 nm.

3 Results and discussion
3.1 Characterization of PCN-222(Fe)

Description and Characterization of PCN-222(Fe) as cata-
lyst: PCN-222 is a catalyst which has all the essentials for a
heterogeneous catalyst showing enzyme like behavior: pos-
sessing porphyrinic catalytically active moieties, large pore
size, and high stability in aqueous systems. Each porphyrin
containing active center may be regarded as a nanoreactor.
The porphyrin-based metal organic framework with 3D
channels was synthesized solvothermally from ZrCl, and

FeTCPP. The structure and morphology of MOF were inves-
tigated using UV/Vis spectroscopy, SEM, TEM, XRD, XPS
and Infrared data.

The absorption spectra of TPPCOOMe, [TPP-COOMe]
Fe!l'Cl, PCN-222 are given in (Fig. 2a). TPPCOOMe
spectra shows the Soret band (second exited state) and
Q bands (lowest excited state) at A=419 nm and A =514,
549, 589, and 646 nm, respectively. The UV/vis spectrum
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Fig.2 a UV/Vis absorption spectra of TPPCOOMe (1.20 mg L™!;
red), [TPPCOOMelFe™Cl (1.7 mg L~'; green), PCN-222
(5.6 mg L™!; purple). b FTIR spectra of PCN-222(Fe); ¢ XRD pat-
terns of PCN-222(Fe)
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of [Tpp-COOMe]Fe!"ICl shows the blue shift of the Soret
band at A=414 nm and a decreased number of Q bands
(A=570 and 609 nm). Based on Gouterman, Iron (III) por-
phyrins belong to the d-type hyper porphyrins that have
hole in the e.g. (dx) orbitals and they display ligand to
metal charge transfer transitions [50]. For PCN-222, part
of the Soret band along with broadening can be observed.

FTIR spectra of PCN-222 is shown in (Fig. 2b).
The strong stretching vibrations of COO (asymmet-
ric) and COO (Symmetric) are observed at D = 1691
and 1417 cm™!, respectively. The other peaks at d =
2920-3090 (C-H bond of the benzene and pyrrole ring),
1557-1603 (C=C phenyl and pyrrole), and 1326 cm™!
(pyrrole deformation) confirm the direct incorporation
of the porphyrin in networks. The peaks at 9=712 and

804 cm™! are assigned to C-H (out-of plane bending of the
phenyl rings) [51, 52].

XRD patterns of PCN-222 are presented in (Fig. 2c¢).
Most peaks are observed in the small angle region due to
the mesoporous nature of PCN-222. This is in agreement
with data reported previously for PCN-222 [45] .

The XPS spectra of PCN-222 is shown in (Fig. 3A).
PCN-222 indicates C 1s, N 1s, O 1s, Zr 3p and Zr 3d. The
high resolution spectra of Fe2p;,, and N1s of iron porphyrins
located in 3D MOF structure can be observed in (Fig. 3B)
The binding energy of 711.5 eV is attributed to the presence
of Fe™ inside the porphyrin core and that of 398.9 eV is
assigned to N of Fe—N bond.

SEM image revealed that PCN-222(Fe) is composed of
uniform Needle-shaped crystals (Fig. 4a). TEM result for

Fig.3 A XPS spectra of PCN- A
222 and B (a) Fe2ps, core-level
XPS spectra of PCN-222 (b) Cls
N1s core-level XPS spectra of -~ O1s
PCN-222
[ R
3 e W
c — SLr
(] -\
e v Zr 3d
£ — ]
1100 1000 900 800 700 600 500 400 300 200 100
Binding Energy (eV)
B
Fe 2p 3/2 N 1s ”
711.5 /
(a) / (b)
Z =
by (7]
2 c
o (]
) 712.29 r
£ ]
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Fig.4 a SEM image of PCN-222 and b TEM image of PCN-222

PCN-222 is in agreement with the results and data obtained
from XRD analysis and patterns (Fig. 4b).

Compared to metalloporphyrins encapsulated in porous
media which suffer from aggregation, metalloporphyrins in
PCN-222(Fe) acts a linker attaching Zr, clusters (as a node)
together yielding an evenly distributed catalytically centers
[53]. Such centers behave quietly similar to active sites of
heme-containing enzymes in terms of facile diffusion and
transportation of substrates. So we expect enhanced kinetic
parameters. The 3-D robust structure of PCN provides mag-
nificent stability. Contrary to enzymes thermal stability and
chemical stability of PCN-222(Fe) against industrial reac-
tion condition would be improved [54].

3.2 Evaluation of catalytic performance

Considering that PCN-222(Fe) has porphyrin rings and
these rings functions similar to the active site of peroxidase
(horseradish peroxidase).The PCN-222(Fe) like the other
nanozymes can be used to catalyze the oxidation of sev-
eral organic substrates such as o-methoxyphenol(guaiacol),
2,2'-azino-bis 3-ethylbenzthiazoline-6- sulfonic acid (ABTS)
and 3,3',5,5'-tetramethylbenzidine (TMB) [55] .

Here we selected TMB as a chromogenic substrate to study
peroxidase model in presence of H,O, by PCN-222(Fe). A
typical experiment of peroxidase activity was carried out using
2.5 uM PCN-222(Fe), 0.5 mM H,0, at varying concentration
of TMB. The reaction mixture was homogenized by sonica-
tion for 1 min followed by recording the absorbance change by
spectrophotometer at 652 nm (Fig. 5 inset). As (Fig. 5 inset)
illustrates the mechanism of oxidation reaction of TMB is
completed within 5 min. The initial rate was calculated by
measuring the slope of the linear region of this curve and
then by benefit from initial rate, other kinetic parameters were

Mag =775 X e

Abs,(652nm!
o
=

V, (mM.min-!) x 10 3
N
- wv N wv w wv
o )
4 3

o

2 a
Time(min)
0 1 L L L

0 1000 2000 3000 4000 5000

PCN-222(Fe), [nM]

Fig.5 Initial reaction rates for the oxidation of TMB substrate as a
function of amount of PCN-222(Fe) catalyst. Reactions were carried
out in the presence [TMB]=0.2 mM, [H,0,]=0.5 mM, using differ-
ent amounts of the catalyst. (inset) UV—vis absorbance-time curves of
reaction systems catalyzed by PCN-222(Fe) using TMB as chromog-
enic substrates and H,0,

determined. It can be seen that PCN-222(Fe) as a catalyst,
mimics peroxidase behavior in the oxidation reactions and also
to evaluate, check and finally estimate the kinetic rate con-
stants (k;.k;) in following Eq. (4), Initial reaction rate variation
against catalyst concentration was investigated [56] :

dx [catalyst]

R = — =
M= A T /K 050 + (/K151 @

where [S] is the reductant (aromatic) substrate, k; is the
velocity constant of the reaction of peroxidase model with
hydrogen peroxide resulted in production of compound I
species (a rzradical cation oxoferryl species) and k; rep-
resents the velocity constant of conversion of compound
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IT species to the resting state of the heme enzyme model.
k; and k; can be obtained by fitting the experimental data
shown in (Fig. 5) into Eq. (4) (Table 1).

3.3 The peroxidase/catalase like activity
of PCN-222(Fe)

Multifunctional activity of peroxidases towards various bio-
synthetic transformations is of paramount importance. This
can be implied by the diverse functional roles of peroxidase
isozymes [57], so that important reaction routes and trans-
formations including: (1) Oxidative dehydrogenations, (2)
Oxygen transfer reactions, (3) Oxidative halogenations, (4)
H,0, disproportionation [58] in the aqueous and organic
media become potentially feasible. For example, isolation
of a functional hemoenzyme capable of simultaneous high
catalytic (H,0,+H,0, — 2H,0+ O,) and peroxidatic activ-
ity (H,0,+2AH, — 2H,0 +2 "AH) has been an important
finding [59].

Any heme enzyme active site consists of a heme pros-
thetic group (iron—protoporphyrin IX) which has the best
possible natural design, micro-environment and specificity
toward the substrate and the reaction to be catalyzed [60].
The main heme access channel allows H,O, (as the first sub-
strate) to reach the heme iron for activating the enzyme to a
strong oxidant specie referred to as, Compound I [61, 62].

For industrial purposes, modified peroxidases are good
choices because of their higher operational stability and
activity. Such modification may include the following strat-
egies and approaches: rational design, directed evolution,
and replacement of the native heme prosthetic group (recon-
stitution) [63]. However, the complexity and high cost of
such techniques together with low stability of the native
peroxidases, limits their applications in real and large scale
industrial processes. To overcome these limitations, artificial
or natural-based heme-peptides known as mini-peroxidases
have been examined as alternative hemoenzyme models,
particularly microperoxidases (MPs 8, 9 and 11) derived
from proteolytic digestion of Cytochrome C [64]. Synthetic
and natural iron(III) porphyrins can also play such a role
but at a lower efficiency and higher exposure and vulner-
ability of the heme group. The chemistry and mechanism
of peroxide activation of heme compounds (hemoenzymes,
miniperoxidases and heme complexes) through heterolytic

Table 1 Comparative rate constants value for HRP and PCN-222(Fe)
catalysts

Catalyst k, M~'s7h ky M!s7h
PCN-222(Fe) 14%x10° 1.31x10°
HRP 3.72x 107 2.25%10°

@ Springer

cleavage of H,0, have been extensively investigated and
reported [65].

In order to have an efficient oxidation process, the sub-
strate might have easy access to the iron of the porphyrin
complex in a geometry that facilitates the electron trans-
fer phenomenon. In peroxidases, substrate discrimination
is controlled by the protein backbone near the active site
while in iron porphyrin complexes, such a substrate speci-
ficity at the accessible distal and proximal sites cannot be
expected [66] .

For our catalyst, PCN-222, porosimetry studies reveals
the presence of two types of pores, with sizes of 1.3 nm and
3.2 nm and a Brunauer—-Emmett-Teller (BET) surface area
of 2200 m?g~". Such large surface area offers large chan-
nels with accessible catalytic sites for the substrates, which
greatly facilitates their diffusion [45].

Peroxidase like activity of PCN-222 was evaluated
through oxidation of the peroxidase substrate, 3,3',5,5'-tetra-
methylbenzidine (TMB), in the presence of H,0,. During
the reaction, TMB substrate transformed into a blue color
product with maximum absorbance at 650 nm (Fig. 6a).
Absorbance changes of different systems for TMB as sub-
strate been shown in 652 nm (Fig. 6b). As figure shows
(Fig. 6b) the H,O,+TMB +PCN-222 system presents the
best absorbance change.

The experimental results showed that pH 4 and 25 °C will
be the maximum catalytic activity of PCN-222(Fe). So that
pH 4, T=25 °C selected as for assay condition.

For further analysis of catalytic mechanism, peroxidase
activity of PCN-222(Fe) was investigated on a certain range
of chromogenic substrate. To study the kinetic parameters,
the Michaelis—Menten curve was achieved and Michaelis
Constant (k,,), maximum reaction velocity V.., k., and
k../k,, were calculated by Lineweaver—Burk curve and
Eadie—Hofstee (Fig. 7a, b).

The peroxidase activity of PCN-222(Fe) is also shown
in Table 2. In this Table, the kinetic parameters of PCN-
222(Fe) were compared with other nanozymes. k, is the
concentration of the substrate that the speed of reaction
is equivalent to half maximum velocity. The apparent k,
value of PCN-222 (Fe) with TMB as the substrate was lower
than HRP, Hemin and other catalysts, suggesting that the
PCN-222(Fe) have a higher affinity for TMB than other
nanozymes. The best scale for comparing the efficiency of
different enzymes with together is k ,/k;,. Catalytic effi-
ciency (k.,/k,) of PCN-222(Fe) is greater than Pt NPs,
Hemin and other catalyst but the value of this parameter
for PCN-222(Fe) shows that the catalytic efficiency is less
than the HRP. Due to high surface area of this catalyst
(2200 m? g~!') most of porphyrins (active site) are available
for catalytic reaction. While in the case of Hemin and other
nanoparticles aggregation prevents accessibility of inner
sites to react effectively.
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In order to evaluate the catalase-like activity of the
prepared PCN-222(Fe), the catalytic oxidation of hydro-
gen peroxide in the presence of fixed concentration of
substrate, TMB was tested. To obtain kinetic parameters,
Michaelis—Menten, Line—Weaver—Burk and Eadie-Hofstee
curves were plotted (Fig. 7c, d).

As shown in Table 2, the amount of k_,, that demon-
strates the efficiency of the catalyst, PCN-222(Fe) is more
than MMS40 and MNPs. However, the V. values are
equal to HRP and PCN-222(Fe). However, k_,, of HRP is
105 larger than of PCN-222(Fe) due to designed 3D struc-
ture of HRP as an enzyme. The kcat/km value of the PCN-
222(Fe) and MMS-40 with H,O, as substrate are similar.
The km value of PCN-222(Fe) with H,0, as the substrate
is much lower than other nanoparticles, indicating PCN-
222(Fe) is much more affinity to H,O, which makes it a
good reagent in H,0O, detection. Michaelis—Menten curve
was achieved and Michaelis Constant (km), maximum

reaction velocity Vmax, kcat and k_,/k,, were calculated
by Lineweaver—Burk curve and Eadie-Hofstee (Fig. 7a, b).

3.4 Sensing application of PCN-222(Fe)

Hydrogen peroxide detection is a common analysis in the
clinic and industry, also this colorimetric method is simply
based on intrinsic peroxidase-like property of PCN-222(Fe).
A linear relationship is established in the range of 3-200 uM
with a correlation coefficient of 0.9977 (Fig. 8). The detec-
tion limit of H,0, was found to be about 1 uM. (Table 3).
The values of these parameters, in comparison with other
references, indicate that the PCN-222(Fe) is highly sensitive
and selective.

The determination of H,0, in real samples is important in
diverse fields. It can be seen that the H,0, has unique prop-
erties like stabilizing in the commercial milk but its values
should be strictly controlled because the additional H,O, in
milk may be harm to our health. To assess the PCN-222(Fe)
as sensor to detection of H,0,, We applied a milk sample.
Results were indicated PCN-222(Fe) has the possibility and
potential application in analysis of real samples (Table 4).
Relative standard deviation of five repeated measurements
was within the range of 1.16—-1.32% that demonstrate the
practicality of our proposed method for future practical
application.

To further explore the function PCN-222 (Fe) as a sensor
in many biochemical reactions, we applied a colorimetric
method to detect of glucose. This method is based on per-
oxidase reaction, which is one of the best methods that has
attracted many scientists due to the accuracy and simplicity
for measurement of glucose. As Fig. 9 indicates by increas-
ing glucose concentration, absorption maxima at 652 nm
increase directly: firstly glucose is converted to gluconic acid
and hydrogen peroxide by action of Go,. Secondly resulting
H,0, oxidizes TMB in the presence of PCN-222(Fe) leading
to color product of 652 nm quantitatively. So we measured
the color change from TMB for determining the concentra-
tion of glucose indirectly (Fig. 9).

From analysis of dose-response curves using the PCN-
222(Fe), the limit of detection (LOD) for glucose was
determined to 2.2 uM in the linear range from 12 to 75 uM.
lower values of this parameter for PCN-222(Fe) indicates
the greater sensitivity of PCN-222-(Fe) to glucose (Table 3).

To evaluate the selectivity of this method, other carbohy-
drates were used and control experiments were performed
under the same conditions using fructose, galactose, and
maltose. As one can see in Fig. 9c, results are clearly indi-
cating the excellent selectivity of the colorimetric bioassay
for glucose.

In order to demonstrate of high sensitivity of PCN-
222(Fe) in glucose detection and to confirm of its appli-
cability in clinical diagnostics, a colorimetric assay was
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Table 2 Comparison of the

apparent Kincic data for Enzyme mimics  k, (mM) V.. (mMS™)  k, (S7H Kok (mM™1 871 References
peroxidase/catalase-like TMB
behavior study of Fe-MSN and PCN-222(Fe)  0.0048 1.88x 107 758%102  1.57x10' This work
other catalysts 4 3 5
HRP 0.434 1x10 4%10° 9.21x10° [26]
Pt NPs 0.051 1.1x1077 7.1%1073 1.4%107! [3]
Pt-Se NPs 0.029 1.9%1077 1.3%x1072 44x%107! [3]
Hemin 0.78 - 1.6x1073 2.1x1073 [67]
MMS-40 0.193 3.33x107* 6.8x107 3.5x1072 [68]
MNPs 0.173 1.72%x107* 7.6x107* 6.8x107° [68]
H,0,
PCN-222(Fe) 0.0967 1x107* 4011072 4.1x107! This work
HRP 3.70 8.71x107° 4%10° 9.4x10? [26]
MMS-40 273 4.86%107! 6.8x1073 3.6x1072 [68]
MNPs 185 2.86x107! 7.6x107% 6.8x1073 [68]

HRP Horseradish peroxidase, MMS-40 magnetic mesoporous silica, free MNPs magnetic nanoparticles

developed in four human serum samples containing different
concentrations of glucose. The results of sensing in serum
samples were compared with the consequence of the hospital
method in Table 5.

As shown in the Table 5 student t-test proved that there is
no significant difference between the two methods. Also for

@ Springer

this proposed colorimetric method, average RSD is less than
1.56% that indicate an acceptable response of our system for
glucose detection.

To illustrate stability of PCN-222(Fe) as artificial per-
oxidase enzyme, the control experiments were carried
out. This catalyst can be considered as a viable substitute
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Fig.8 a dose-response curve 7 2
for H,0, detection using PCN- A B
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and b the linear calibration plot e 6 |
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sent the standard deviation of ':3 57 I ) - 14 }
three measurements Experiment kv, E 3-‘
condition: 2.5 ug/mL PCN- E 4 b I ’g 1.2
222(Fe); sodium acetate buffer E E 1 b
(50 mM, pH 4); T=25 °C, s I =
Reaction time 10 min £ 31 Eos }
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Table 3 Comparisoq of linear Catalyst H,0, Glucose
range and LOD obtained by
the PCN-222(Fe) with other Linear range (uM) LOD (uM) Linear range (uM) LOD (uM) Reference
peroxidase mimics for H,0, and
glucose PCN-222(Fe) 3-200 1 12-75 22 This work
H,TCCP-ZnS* 10-60 15.8 50-500 36 [69]
MOF-808 10-1500 4.5 5.7-1700 5.7 [70]
MOF(Co/2Fe) 10-100 5 - - [71]
NiFe-LDHNS 10-500 44 50-2000 23 [72]
FePt/Go 30-500 22 - - [73]
Co;0, NPs 50-2500 10 10-1000 5 [26]
Ce NPs 4-40 2.5 4-40 [74]
Co-Al LDH 10-200 10 50-500 50 [75]

Table 4 Determination of H,0,

“H,TCPP-ZnS: porphyrin functionalized ZnS, NiFe-LDHNS NiFe layered double hydroxide nanosheets,
FePt/Go FePt nanoparticles-decorated graphene oxide, Co—Al LDHs Co—Al layered double hydroxides

of milk samples with PCN- Number Detected (uM) Added (uM) Found (uM + SD) Recovery (%) RSD (%)
222(Fe) ND 1 0.98+0.013 98 1.32
ND 10 9.85+0.12 98 1.22
3 ND 25 24.61+0.28 98 1.16
ND No detection

for native peroxidase because the experiment proved that
PCN-222(Fe) has good thermal stability at temperatures
25-60. Also, the results illustrate that the PCN-222(Fe)
can also keep its high performance in the catalytic activity,
over a wide pH range from 2 to 9 (Fig. 10a, b).

Additionally, to display the reusability of PCN-222(Fe)
were applied the catalytic reaction successively for ten
cycles that as you see in Fig. 9c there was no obvious loss
in the absorbance values at 652 nm.

4 Conclusion

In this study, we investigated the multienzyme behavior
of PCN-222(Fe) particles in acetate buffer solution. As
a catalase mimic, it catalyzes the facile degradation of
hydrogen peroxide with catalytic efficiency comparable
to other similar catalysts. In presence of TMB as chro-
mogenic substrate peroxidase-like activity was studied

@ Springer
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Table 5 Determination of glucose in human serum

Samples This methods Hospital methods ¢ test
(mM =+ SD) (n=5) (mM)?

No. 1 4.94+0.1 5.01 1.57 <ty s
(2.57)

No. 2 6.08 +0.09 6.11 1.75 <ty 5
(2.57)

No. 3 5.46£0.05 5.51 0.89<t( s
(2.57)

No. 4 4.87+0.09 4.92 1.24 <t s
2.57)

*Results obtained by BT-3000 chemistry analyzer (Biotecnica)

which showed lower k,, than other catalysts, which in turn
reflects higher affinity to the substrate.

Our study provides a comparative analysis of PCN-222(Fe)
as an enzyme mimic with respect to Horseradish Peroxidase

@ Springer

selectivity of glucose detection with 5 mM galactose, 5 mM maltose,
5 mM sucrose and 0.01 mM glucose

and other related biocatalysts. Porous structure of the cata-
lyst along with its robustness and stability under aqueous
buffer condition resembles similar natural biocatalyst, HRP.
Although catalytic efficiency of PCN-222(Fe) is lower than,
it doesn’t have issues of enzymes “e.g., activity loss due to
denaturation resulting from chemical or thermal stresses”.

Owing to the unique features of PCN-222(Fe), we were
designed a sensing platform for the detection of H,0, and Glu-
cose using PCN-222(Fe). As the results indicate, based on
catalytic activity of PCN-222(Fe), H,0, can be detected with a
linear range of 3—200 uM and a detection limit (LOD) of 1 uyM
and glucose can be detected with a linear range of 12-75 uM
and a detection limit (LOD) of 2.2 uM. The evidence collected
in the sensor field has shown that PCN-222(Fe) holds great
potential as a biosensor in various industries and makes it a
suitable candidate for clinical purposes.
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