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Abstract: Hydrogen peroxide (H202) and glucose play a key role in many cellular signaling path-
ways. The efficient and accurate in situ detection of H202 released from living cells has attracted
extensive research interests. Herein, a new porphyrin-based porous covalent organic framework
(TAP-COF) was fabricated via one-step condensation of 1,6,7,12-tetrachloroperylene tetracarboxylic
acid dianhydride and 5,10,15,20-tetrakis (4-aminophenyl)porphyrin iron(Ill). The obtained TAP-
COF has high surface areas, abundant surface catalytic active sites, and highly effective electron
transport due to its precisely controllable donor-acceptor arrangement and 3D porous structure.
Then, the new TAP-COF exhibited excellent peroxidase-like catalytic activity, which could effec-
tively catalyze oxidation of the substrate 3,3',5,5'-tetramethylbenzidine by H20: to produce a typical
blue-colored reaction. On this basis, simple, rapid and selective colorimetric methods for in situ
H20: detection were developed with the detection limit of 2.6 nM in the wide range of 0.01 to 200
uUM. The colorimetric approach also could be used for in situ detection of H20:2 released from living
MCE-7 cells. This portable sensor based on a COF nanozyme not only opens a new path for point-
of-care testing, but also has potential applications in the field of cell biology and clinical diagnosis.
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1. Introduction

Small molecule biomarkers are a significant part of sustaining life processes and bi-
ological metabolism [1]. Among them, hydrogen peroxide (H202), one of the frequent re-
active oxygen species in biological systems, is essential for promoting cellular prolifera-
tion, differentiation, and emigration [2,3]. Various illnesses including cancer [4], diabetes
mellitus [5], neurological disorders [6], and angiocardiopathy [7] are tightly accompanied
by abnormal H20: production. For example, cancer cells have considerably greater
amounts of H2Oz (6.0 uM-1.2 mM) than normal cells (less than 0.72 uM) [8]. Therefore,
the need for a reliable and accurate approach for the extremely hypersensitive identifica-
tion of H202 in living creatures is critical. The examination of H202 has been reported us-
ing a variety of strategies, including electrochemical [9], fluorescence [10,11], electrochem-
iluminescence [12], spectrophotometry [13], etc.,, among which colorimetric tests [14] are
considered to be an effective and straightforward method due to its affordability and use-
fulness.

Peroxidases, like horseradish peroxidase (HRP) and thyroid peroxidase, are found in
plankton and flora and fauna, which are commonly utilized because of their high partic-
ularity and effectiveness under mild settings [15]. However, due to their inherent nature
as proteins, the majority of natural enzymes have many inevitable shortcomings, such as
intrinsic instability, costly preparation, and easy denaturation under adverse conditions,
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which severely restricts their real applications [16]. Then, a lot of work has been put into
researching nanozymes, such as porphyrins and metal complexes, with the aim of simu-
lating the structures and activities of naturally produced enzymes. Due to their afforda-
bility, a large-scale production capacity, superior stability and robustness compared to
natural enzymes, the interests in nanozymes with unexpected enzyme-like activity have
grown recently.

Porphyrin-based nanozymes are currently receiving more focus for their biological
similarity to inartificial enzymes like cytochrome P450 and hemoglobin [17]. Various iron
porphyrins, including hemin [18] and 5,10,15,20-tetrakis-(4'-bromophenyl)porphyrinato
iron(IlI) [19] are used to simulate HRP activity. Free iron porphyrins cannot, however, be
used in standard immunoassay platforms because of their poorer imitation of peroxidase
activity and facile aggregation property [20]. Recently, a lot of interest has been focused
on porphyrin-based covalent organic frameworks (COFs), which are produced from por-
phyrin or metalloporphyrin through strong covalent bonding, as biomimetic catalysts,
electrocatalysts, and photocatalysts [21-23] due to their superior catalytic operations and
close biological affinity to inartificial enzymes. These possess COFs’ intrinsic benefits, in-
cluding their high surface area, tunable pore topologies, functionalization, and excellent
thermal and chemical durability. By incorporating metalloporphyrin into COFs, high den-
sity active sites would be added to the skeleton of the COFs, and the catalytic deactivation
brought on by porphyrin aggregation might also be prevented. Typically, Song’s group
proposed a series of ultrastable iron porphyrin-based COFs with 3D channels as biomi-
metic catalysts [24]. Lin’s group created a 3D porphyrin-based COFs through the co-con-
densation of tetrahedrons with parallelogram construction blocks to enhance catalytic
performance [25]. Additionally, to produce small band gaps for the dissociation and trans-
portation of electron-hole pairs, the appropriate combination and arrangement of comple-
mentary donor-acceptor pairs inside the COFs skeleton have been shown to be an effec-
tive strategy to generate higher catalytic activity. Meanwhile, the unitarity of the COFs
would be advantageous to boost the efficiency of enzymatic processes by improving the
stable enzymes and decreasing the diffusion barrier.

Inspired by the above discussion, a donor-acceptor COFs (defined as TAP-COF) with
5,10,15,20-tetrakis (4-aminophenyl)porphyrine iron(Ill) chloride (FeTAPP) as the donor
and 1,6,7,12-tetrachloroperylene tetracarboxylic acid dianhydride (TAD) as the acceptor
was synthesized and employed as a peroxidase-mimicking nanozyme. The produced D-
A COFs had a high degree of crystallinity, a sizable amount of porosity, excellent electron
transport, and a significant number of catalytic active sites. Moreover, TAP-COF was a
metalloporphyrin-based COFs with a built-in catalyst that could successfully prevent de-
activation, which was frequently linked to porphyrin aggregation. TAP-COF was utilized
to build a colorimetric assay in viable cells for in situ analysis of H20: using of 3,3',5,5'"-
tetramethylbenzidine (TMB), which offered a novel method of cell monitoring and has
promising uses in the field of fast clinical detection.

2. Materials and Methods
2.1. Peroxidase-Like Performance of TAP-COF

By catalytically oxidizing the peroxidase zymolyte TMB in the absence of H20, the
peroxidase-like activity of TAP-COF was examined. The measurements were made by mon-
itoring the absorbance information in time-scan patterns at 652 nm. In the typical experi-
ment, 200 puL 0.32 mg-mL* TAP-COF dispersed in water, 200 uL H>02 (30 mM), and 200 uL
TMB (0.80 mM) as the substrate were added to a HAc-NaAc buffer solution (pH 3.8).

In a typical colorimetric experiment, 200 uL. TAP-COF (0.32 mg-mL-") dispersed in
water, 200 uL H20:2 (30 mM), and 200 uL tert-butyl alcohol (1 mM) were added into 1200
uL of a HAc-NaAc buffer solution (pH 3.8). Next, the above solution was incubated at 25
°C for 0.5 h and 200 uL TMB (0.80 mM) was added before incubating for another 10 min.
Subsequently, UV-vis absorption spectroscopies were used to gauge the final reaction
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solution. In comparison, the same experimental conditions were used to investigate the
expression system of TAP-COF + H20:2 + TMB + buffer by omitting the tert-butyl alcohol.

2.2. Condition Optimization

The influences of the pH values (1.7-8.0), temperatures (25-70 °C), and various con-
centrations of H202 (1-400 mM) and TMB (0.20-2.5 mM) were investigated to evaluate the
peroxidase-like activity of the TAP-COF composites. The effect of the catalyst amount was
also studied.

2.3. Detection of H20: in Cells

A total of 200 pL phorbol 12-myristate-13-acetate (PMA) (50 g-mL") was injected to
a counting plate containing 0, 100, 200, 500, 1000, 3000, or 5000 cells-mL-' MCF-7 cells in
order to determine the amount of H20: released by the cells. To facilitate color develop-
ment, 200 uL TMB (0.8 mM) and 200 uL TAP-COF (0.32 mg-mL-") were injected to each
counting plate after the specimens had been incubated for 10 min in 0.2 M HAc-NaAc
(pH 4.0). A microplate reader was used to measure each well’s absorbance at 652 nm,
which was believed to be related to the emission of H202 in cells.

3. Results and Discussions
3.1. Structure and Morphology Characterization

TAP-COF was synthesized by condensation between FeTAPP with TAD in the pres-
ence of 4 A molecular sieves under solvothermal conditions (Scheme 1). To confirm the
formation of the diimide linkages between FeTAPP and TAD units in the TAP-COF, Fou-
rier transform infrared (FT-IR) spectroscopy was performed (Figure 1A). FT-IR spectra
indicated that the peak of the N-H stretching of -NH: (at 3364 cm™) from FeTAPP disap-
peared after polymerization. Meanwhile, the C = O amide stretching vibrations corre-
spond to the absorptions at 1666 cm™. The peak at 1323 cm™ was attributed to the C-H in
phenyl rings” in-plane bending vibration. In addition, with the presence of C-N-C, a clear
band was displayed at 1594 cm™ [26]. However, the peaks belonging to anhydride were
not accurately identified due to the synthesis of imide between amino groups and anhy-
dride. The X-ray diffraction (XRD) measurement indicated that TAP-COF was a well crys-
talline material as illustrated in Figure 1B. The XRD diagram of TAP-COF demonstrated
two peaks at 1.26 nm and 0.72 nm, which were ascribed to diffraction from the (200) and
(002) planes, respectively. In addition, the XRD pattern also displayed three higher order
refractions at 0.88, 0.42, and 0.38 nm, which were ascribed to diffraction from the (300),
(600), and (800) planes, respectively, revealing the high molecular ordering nature of this
COF along the a-axis of the unit cell [27]. The (001) plane gave its higher order diffractions
at 0.34 nm in the wide-angle range of the XRD pattern. These diffraction results could be
assigned to refraction from a rectangular lattice with the cell parameter of a=2.52 nm, b =
2.52 nm, and c = 1.44 nm (Figure S1 in Supplementary Materials). In addition, the XRD
pattern of TAP-COF exhibited additional refraction at 0.34 nm, which was attributed to
the -7t stacking distance between (100) planes [28-30].
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Scheme 1. Diagrammatic drawing for the synthesis of TAP-COF and in situ detection of H20: re-
leased from MCE-7 cells.
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Figure 1. (A) FT-IR spectra of FeTAPP, TAD, and TAP-COF; (B) XRD spectra of the TAP-COF; (C)
SEM image; (D) N, O, CI, Fe element mapping; (E) SAED pattern from the crystalline domain; (F)
HRTEM image of TAP-COF.

The morphologies of TAP-COF were analyzed using scanning electron microscopy
(SEM). The SEM image (Figure 1C) revealed that TAP-COF had a distinct lamellar struc-
ture. In addition, the energy-dispersive spectrometry mapping was exhibited in Figure
1D. Atoms of the expected composition (N, O, Cl, Fe) of the compound could be detected,
suggesting that TAP-COF was synthesized successfully. In order to further investigate the
morphology of TAP-COF, high-resolution transmission electron microscopy (HRTEM)
was also performed. The sample’s crystalline nature was confirmed by the regular spot
pattern that was revealed by the selected area electron diffraction (SAED) in the chosen
location, as exhibited in Figure 1E. The HRTEM image indicated that the lattice space of
the TAP-COF was calculated to be 0.42 nm (Figure 1F), which corresponded to (600) plane
of TAP-COF as seen in the XRD profile.

To further confirm the thermal stability of TAP-COF, thermal gravimetric analysis
(TGA) under air conditions of the sample was conducted. As illustrated in Figure S2, the
TGA presented a rapid weight loss of ~12.2% in the temperature range of 25-150 °C, which
seemed to be ascribed to the loss of the solvent absorbed in the porous sample [31]. Then,
the TGA profile of the TAP-COF did not exhibit any weight loss in the temperature range
of 150-380 °C. In addition, TAP-COF showed an observable weight loss over 380 °C,
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which was attributed to the decomposition of the frameworks. Based on the above analy-
sis, the TGA curves revealed that the TAP-COF was thermally stable up to 380 °C.

The permanent porosity of TAP-COF was checked by N2 adsorption isotherms col-
lected at 77 K (Figure S3). The sorption isotherm fit well with the type IV characters, sug-
gesting the permanent mesoporous nature of TAP-COF. According to the Figure S3, the
COF had a total pore volume of 0.124 cm3-g~! (P/Po=0.99). In addition, the BET and Lang-
muir surface areas of TAP-COF were calculated to be 66.38 and 140.12 m2-g', respectively,
which indicated the small surface area of TAP-COF compared to other COFs. It might be
related to the disorganized stacking of the TAP-COF layers caused by the steric hindrance
of TAD and the twisting configuration of the phenyl units in FeTAPP.

3.2. Peroxidase-Like Activity of TAP-COF

The peroxide simulation properties of TAP-COF were examined by oxidizing the col-
orimetric primer TMB to oxTMB, which could be easily monitored by the UV-vis absorb-
ance spectroscopy or observed by the naked eyes. Figure 2A shows the UV—vis absorption
spectra for the different test solutions. The absence experiments were performed to deter-
mine the components needed to trigger the reaction. When both TAP-COF and H20: were
present in the reaction system, there was a higher absorption peak at 652 nm, indicating
that TAP-COF and H:0: were required for the catalytic process. Additionally, Figure 2B
shows the variations of absorbance over time for TAP-COF + H202 + TMB and H20: + TMB
+ FeTAPP. The absorbance at 652 nm rose for each system as the reaction proceeded, but
the TAP-COF + H20: + TMB system responded much more quickly than the other systems.
After only five minutes of reaction, the absorbance of TAP-COF + H202 + TMB exceeded
that of FeTAPP + H.O:2 + TMB, indicating that TAP-COF had a greater catalytic activity
than FeTAPP. These findings unequivocally indicated that TAP-COF had a better sensi-
tivity for accelerating the oxidation of TMB. The inherent skeleton structure, high N con-
tent, and D-A structure of TAP-COF might be the origin of its porosity characteristics,
electron cloud density, and greater surface catalytic activity sites. These would hasten the
electron exchange between reactive oxygen species generated by catalyzing hydrogen
peroxide decomposition and TMB, thus increasing the catalytic activity. They also had
electrostatic interaction that bind the catalytically active sites of TAP-COF to the positively
charged TMB.

A B 0.08
. 2.0 o TAP-COF+H202+TMB
= = o FeTAPP+H30,+TMB
< < 0.06{ ° TAP-COF+TMB
D 1.5 > H202+TMB
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Figure 2. The absorbance changes of TMB, H20: + TMB, TAP-COF + TMB, FeTAPP + H20: + TMB,
and TAP-COF + H202 + TMB are illustrated in (A) UV-vis spectra and (B) the impact of time on
these changes. TMB reaction mixture’s color variations are seen in the inset.

3.3. Optimization of Experimental Conditions

Similar to HRP and other nanomaterial-based peroxidase mimics, the pH, tempera-
ture, and substrate concentration during the color development process also influenced
the catalytic performance of TAP-COF. Then, the peroxidase-like activity of TAP-COF was
investigated by varying the pH (1.7-8), temperature (25-70 °C), H202 concentration (0—
200 M), and TMB concentration (0.2-2.5 mM) as shown in Figure 54. These data suggested
that the ideal experimental settings were pH 3.8, 25 °C, the relative lowest necessary
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concentration of H202 (200 uM) and 0.8 nM of TMB. Moreover, the catalytic activity of
TAP-COF was also related to its amount. The catalytic activity increased with a rapid in-
crease in catalyst concentration from 0 to 1.0 mg-mL-! and then there was a downtrend
from 1.0 to 1.5 mg-mL-'. Thus, the optimal concentration of TAP-COF was chosen as 1.0
mg-mL-.

3.4. Steady-State Kinetic Analysis

Typical Michaelis-Menten curves were produced under ideal conditions over a
range of TMB or H20: concentrations to quantitatively explore the catalytic activities of
the TAP-COF (Figure S5). Under the guidance of the Lineweaver-Burk equation, the
Michaelis constant (Km) and the maximum response velocity (Vmax) were calculated (Table
1). In general, Km describes how well an enzyme binds to its substrates, with a lower Km
value indicating a stronger binding. The Km of TAP-COF (0.78 mM) for H20: as primer
was significantly lower than that of HRP (3.7 mM), demonstrating that the affinity of TAP-
COF for H20:2 was stronger than that of HRP. This might be because of the increased elec-
trostatic contact between TMB and TAP-COF produced by its high N content. Further-
more, the TAP-COF had a Kn of 0.18 mM with TMB as the substrate, which was lower
than the HRP’s Kn of 0.43 mM, indicating that TAP-COF also had a high affinity for the
TMB mediator. These results implied that TAP-COF had promising peroxidase-like activ-
ity, which was in line with other discoveries using various peroxidase mimics based on
nanomaterials (Table 1).

Table 1. Comparison of maximal reaction rate (Vmax) and apparent Michaelis-Menten constant (Km).

Catalyst Ko/mM Vina/10° M 57 Reference
H:0: TMB H:0: TMB
FePor-TFPA-COP 2.77 0.027 83.3 1.76 [32]
H2TCPP-Co0304 3.70 0.43 8.71 10.0 [33]
Fe-MIL-88NH: 6.10 0.028 0.710 0.670 [34]
C-Dots 39.1 0.011 1.40 4.80 [35]
TAP-COF 0.780 0.18 2.94 4.78 This work

3.5. Colorimetric Sensing

The catalysis-based colorimetric test revealed extremely sensitive changes in absorp-
tion with varying H>O2 concentrations. Figure 3A demonstrates that the immunoassay
solutions gradually darkened from colorless to blue as the H202 content increased. Addi-
tionally, Figure 3B and C illustrates a superb linear correlation between the logarithm of
H20:2 concentration in the range of 0.01 uM to 200 uM and the absorbance of oxidized
TMB at 652 nm. The TAP-COF-based sensor had a lower limit of detection (LOD) and
larger linear range compared to other previously published outstanding peroxidase-based
sensors (see Table S1). Additionally, our proposed sensor’s LOD was lower than that of
some of the other electrochemical and fluorescent sensors, which might be explained by
the fact that the interlinking of electron acceptor and donor of TAP-COF could improve
the electron transport rate, as well as allow exposure to high concentrations of catalytic
active sites, thus contributing to its increased catalytic activity.
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Figure 3. Photographs (A) of the TMB + H20: colorimetric reaction solutions facilitated by various
H20: concentrations in the range of 0.01-200 uM and (B) UV-vis absorption spectra. (C) Relation-
ship between absorbance at 650 nm in reaction solutions’ UV-vis absorption spectra and H20: con-
centration. Standard deviations are shown by error bars (1 = 5).

Moreover, H20: was also a major byproduct of other metabolic processes, including
the oxidation of uric acid by the enzyme uricase as well as the oxidation of glucose by the
enzyme glucose oxidase (GOD). Consequently, the measurement of H20O2 might be used
to indirectly infer the quantities of living components. Figure 4A displays the TMB + TAP-
COF + GOD photographs at various glucose concentrations. As the glucose concentration
increased linearly, the reaction became progressively darker blue in the presence of TAP-
COF and GOD. The standard curves for these reactions are shown in Figure 4C, where the
linear range of glucose was 0.3-800 uM, and the LOD was 0.14 M, which was comparable
to that of other reported fluorescent probes (Table S2).
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Figure 4. (A) A picture of the reaction mixture with various concentrations of glucose present. (B)
The UV-vis absorption spectra. (C) Linear calibration of glucose detection. (D) The absorption of
TMB-TAP-COF for different substances. (The concentration of potentially interfering substances
was 50 uM, and the concentration of glucose was 0.5 uM, TMB was 0.8 mM and TAP-COF was 1.0
mg-mLT).

3.6. Selectivity for the Detection of Glucose

Several interference experimental studies were conducted in the presence of interfer-
ing chemicals to determine the selectivity of TAP-COF-based colorimetric sensors for
H20O: detection (Figure 4D). The response of glucose (2 x 10* mmol-L") was up to 100
times greater than that of other substances (2 x 102 mol-L'), none of which interfered with
the measurement of glucose. These outcomes demonstrated the TAP-COF-based sensor
exhibited superior glucose detection selectivity.
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3.7. Colorimetric Detection Mechanism for H20:

The cascade reaction-based colorimetric glucose assay is depicted in Figure 5A. The
peroxidase-like activity of TAP-COF was derived from its catalytic H20> decomposition
to produce ROS, mainly including singlet oxygen ('O2), hydroxyl radical (-OH), and su-
peroxide anion (O:2'-), where -OH was a possible source of the catalytic process of TMB
[36,37]. Next, capture experiments were used to test the ROS, and the catalytic mechanism
and specificity of TAP-COF was further studied. As demonstrated in Figure 5B, the TMB
+ H202 + TAP-COF system showed different absorbance intensity with or without the ad-
dition of D-histidine ('O2 scavenger), tert-butyl alcohol (-OH scavenger), and benzoqui-
none (O2°~ scavenger). The absorbance significantly decreased after the addition of tert-
butyl, suggesting that the generated -OH was scavenged by tert-butyl alcohol. Meanwhile,
the system’s absorbance value exhibited no evident change after the addition of D-histi-
dine and benzoquinone, indicating the specificity of TAP-COF peroxide-mimicking en-
zymes [38]. In summary, the peroxide-mimicking enzyme activity of TAP-COF mostly
resulted from the ‘OH, which was at odds with earlier studies on certain inorganic nano-
materials that were thought to originate via electron transport [39]. The electrocatalytic
behavior of the TAP-COF and the FeTAPP modified GCE towards the electrochemical
reduction of H202 was examined in further detail utilizing amperometric responses. Com-
pared with the FeTAPP-modified electrode, the TAP-COF-modified electrode exhibited
an enhanced reduction peak current, suggesting that TAP-COF exhibited higher electro-
catalytic activity in the reduction of H20, which indicated that the TAP-COF had the bet-
ter ability to accelerate the electron transfer (Figure 5C). Based on the above discussion,
the possible explanation of TMB substrate oxidation by the TAP-COF catalyst in the pres-
ence of H202 might be proposed as follows: first, H20O: entered the pores of TAP-COF or
attached to the surface, and then the O-O bond of H202 broke to form ‘OH. Second, ‘OH
oxidized TMB to produce a blue-colored byproduct. These phenomena indicated that the
blue signal came from the charge transfer complex (chromogen). Electrochemical studies
have indicated that there was a high degree of communication between the donor and
acceptor of TAP-COF and the entire molecule’s electrical activity was governed by this
connection. Moreover, the catalytic oxidation of TMB by H20: was aided by the D-A or-
dered structure of TAP-COF’s capacity to speed electron transport. Therefore, the design
of TAP-COF with D-A properties was of great significance for the construction of novel
colorimetric sensors.
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Figure 5. (A) Diagrammatic representation of the blue-colored oxTMB produced in cells by the
INAzyme-catalyzed cascade oxidation of glucose and TMB. (B) ROS trapping experiment. The TMB
oxidation process in the presence of D-histidine (Oz scavenger), tert-butyl alcohol (-OH scavenger),
and benzoquinone (O2°~ scavenger). (C) CV curves of different electrodes, GCE electrode (black
line), FeTAPP/GCE (red line), TAP-COF/GCE (blue line). TAP-COF-based colorimetric examination
of MCEF-7 cells in binding buffer for quantitative analysis of (D) UV-vis absorption spectroscopy and
(E) linear calibration of MCF-7 cells detection.

3.8. Colorimetric Detection of Cancer Cells

H20: was an important component of several metabolic processes, including the me-
tabolism of proteins and carbohydrates, and it may be used as a marker for a number of
serious diseases, including cancer [40]. Then, samples with various MCF-7 cells ranging
from 0-3000 cells-mL-" were identified in 100 uL serial dilutions of binding buffer using
TAP-COF as described above. Without including MCEF-7 cells, the absorbance of the back-
ground was estimated using a similar approach (Figure 5D), and the absorbance at 650
nm was gathered for profiling. As demonstrated in Figure 5E, with the minimum cell con-
centration of 25 cells'mL~" observed in our actual studies, a strong linear correlation was
displayed between the colorimetric signal and the cell concentration (R?>0.98). This LOD
was significantly lower than that attained using the currently available colorimetric cancer
cell detection techniques, and even on par with that attained using electrochemical or flu-
orescent assays that are more sensitive [41-43]. The above results indicated that the TAP-
COF-based colorimetric biosensor displayed a powerful ability to detect H20: released
from cancer cells, and thus our proposed simple and convenient colorimetric assay could
be used for the early diagnosis of cancer cells.

4. Conclusions

In conclusion, a new functional TAP-COF nanozyme with a donor-acceptor arrange-
ment has been constructed through one-step condensation. The TAP-COF demonstrated
increased enzyme mimicking activities for the direct catalysis of TMB to create blue ox-
TMB due to very efficient charge transfer, porous strutted structure, and the abundance
of iron centers. Correspondingly, an H2O»-sensitive colorimetric detection method based
on the TAP-COF sensing system was established by facilitating the electron change be-
tween H20: and TMB. The established colorimetric biosensor has high selectivity,
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excellent compatibility, and outstanding sensitivity, which was successfully used for the
visual detection of H20: released from living cells. Our work provides a portable COF
nanozyme-based sensing platform for the accurate detection of small molecule bi-
omarkers, and a new perspective for point-of-care testing and medical diagnosis.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/bios13020188/s1. Figure S1: Schematic representation of the
unit cell in the TAP-COF (A) top view and (B) side view; Figure S2: TGA data of TAP-COF; Figure
S3: N2 adsorption-desorption isotherm curve of TAP-COF at 77 K; Figure S4: Exploring the impacts
of this detection system, including (A) temperature, (B) pH, (C) TMB concentration, (D) COF con-
centration, and (E) H202 concentration; Figure S5: Steady-state kinetic analysis using the Michaelis-
Menten model (A, B) and Lineweaver-Burk model (C, D) for TAP-COF. The concentration of H202
was 60 mM and TMB concentration was varied (A, C). The concentration of TMB was 0.80 mM and
H202 concentration was varied (B, D); Table S1: Detection limit comparison of TAP-COF for H202
with some recently reported peroxidase mimics; Table S2: Comparison of analytical parameters for
the determination of glucose. References [44-59] are cited in Supplementary Materials.

Author Contributions: Experiment design, data analysis, and manuscript preparation, Q.W. and
L.L.; experiments, W.C.; investigation and data analysis, Y.B. and W.G.; supervision, funding acqui-
sition, and formal analysis, P.Z. and J.Y. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (22276069)
and the Shandong Provincial Natural Science Foundation (ZR2021MB047).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

Liu, Y.,; Zhang, H.; Li, B,; Liu, J.; Jiang, D.; Liu, B.; Sojic, N. Single Biomolecule Imaging by Electrochemiluminescence. J. Am.
Chem. Soc. 2021, 143, 17910-17914. https://doi.org/10.1021/jacs.1c06673.

Jiao, L.; Xu, W.; Yan, H.; Wu, Y.; Liu, C,; Du, D.; Lin, Y.; Zhu, C. Fe-N-C Single-Atom Nanozymes for the Intracellular Hydrogen
Peroxide Detection. Anal. Chem. 2019, 91, 11994-11999. https://doi.org/10.1021/acs.analchem.9b02901.

Teodoro, K.B.R.; Migliorini, F.L.; Christinelli, W.A.; Correa, D.S. Detection of Hydrogen Peroxide (H202) Using a Colorimetric
Sensor Based on Cellulose Nanowhiskers and Silver Nanoparticles. Carbohydr. Polym 2019, 212, 235-241.
https://doi.org/10.1016/j.carbpol.2019.02.053.

Chen, Y.; Chen, Z,; Fang, L.; Weng, A.; Luo, F.; Guo, L.; Qiu, B.; Lin, Z. Electrochemiluminescence Sensor for Cancer Cell
Detection Based on H2O»-Triggered Stimulus Response System. |. Anal. Test. 2020, 4, 128-135. https://doi.org/10.1007/s41664-020-
00124-1.

Chen, Y.; Shi, X;; Lu, Z.; Wang, X.; Wang, Z. A Fluorescent Probe for Hydrogen Peroxide in Vivo Based on the Modulation of
Intramolecular Charge Transfer. Anal. Chem. 2017, 89, 5278-5284. https://doi.org/10.1021/acs.analchem.6b04810.

Jain, V.; Bhagat, S.; Singh, S. Bovine Serum Albumin Decorated Gold Nanoclusters: A Fluorescence-Based Nanoprobe for
Detection of Intracellular Hydrogen Peroxide. Sens. Actuators B 2021, 327, 128886. https://doi.org/10.1016/j.snb.2020.128886.

Ye, S;; Hu, J.J.; Yang, D. Tandem Payne/Dakin Reaction: A New Strategy for Hydrogen Peroxide Detection and Molecular
Imaging. Angew. Chem., Int. Ed. 2018, 57, 10173-10177. https://doi.org/10.1002/anie.201805162.

Kumar, R,; Han, J.; Lim, H.J.; Ren, W.X,; Lim, J.Y.; Kim, J.H.; Kim, J.S. Mitochondrial Induced and Self-Monitored Intrinsic
Apoptosis by Antitumor Theranostic Prodrug: In Vivo Imaging and Precise Cancer Treatment. . Am. Chem. Soc. 2014, 136, 17836~
17843. https://doi.org/10.1021/ja510421q.

Bhunia, S.K.; Dolai, S.; Sun, H.; Jelinek, R. “On/Off/On” Hydrogen-Peroxide Sensor with Hemoglobin-Functionalized Carbon
Dots. Sens. Actuators B 2018, 270, 223-230. https://doi.org/10.1016/j.snb.2018.05.029.

Shi, Y.; Wu, Q.; Li, W.; Lin, L.; Qu, F.; Shen, C.; Wei, Y.; Nie, P.; He, Y.; Feng, X. Ultra-Sensitive Detection of Hydrogen Peroxide
and Levofloxacin Using a Dual-Functional Fluorescent Probe. [ Hazard. Mater. 2022, 432, 128605.
https://doi.org/10.1016/j.jhazmat.2022.128605.

Rajendran, S.; Zichri, S.B.; Usha Vipinachandran, V.; Jelinek, R.; Bhunia, S.K. Triphenylphosphonium-Derived Bright Green
Fluorescent Carbon Dots for Mitochondrial Targeting and Rapid Selective Detection of Tetracycline. ChemNanoMat 2021, 7, 545—
552. https://doi.org/10.1002/cnma.202100125.



Biosensors 2023, 13, 188 11 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kitte, S.A.; Gao, W.; Zholudov, Y.T.; Qi, L.; Nsabimana, A.; Liu, Z.; Xu, G. Stainless Steel Electrode for Sensitive Luminol
Electrochemiluminescent Detection of H202, Glucose, and Glucose Oxidase Activity. Anal. Chem. 2017, 89, 9864-9869.
https://doi.org/10.1021/acs.analchem.7b01939.

Zhao, J.; Dong, W.; Zhang, X.; Chai, H.; Huang, Y. FeNPs@Co3Os Hollow Nanocages Hybrids as Effective Peroxidase Mimics for
Glucose Biosensing. Sens. Actuators B 2018, 263, 575-584. https://doi.org/10.1016/j.snb.2018.02.151.

UshaVipinachandran, V.; Rajendran, S.; Ali, H.; Ashokan, I; Bhunia, SK. Citrate Capped Silver Nanoparticles as an
Instantaneous Colorimetric Selective Sensor for Neomycin and Thiamine in Wastewater. New ]. Chem. 2022, 46, 14081-14090.
https://doi.org/10.1039/d2nj02174a.

Liu, H,; Ding, Y.; Yang, B.; Liu, Z.; Liu, Q.; Zhang, X. Colorimetric and Ultrasensitive Detection of H20: Based on Au/Co030Os-
CeOx Nanocomposites with Enhanced Peroxidase-Like Performance. Sens. Actuators B 2018, 271, 336-345.
https://doi.org/10.1016/j.snb.2018.05.108.

Lin, A;; Liu, Q.; Zhang, Y.; Wang, Q.; Li, S.; Zhu, B.; Miao, L.; Du, Y.; Zhao, S.; Wei, H. A Dopamine-Enabled Universal Assay
for Catalase and Catalase-Like Nanozymes. Anal. Chem. 2022, 94, 10636-10642. https://doi.org/10.1021/acs.analchem.2c00804.
Fan, X; Tian, R.; Wang, T.; Liu, S.; Wang, L.; Xu, J.; Liu, J.; Ma, M.; Wu, Z. An Ultrathin Iron-Porphyrin Based Nanocapsule with
High Peroxidase-Like Activity for Highly Sensitive Glucose Detection. Nanoscale 2018, 10, 22155-22160.
https://doi.org/10.1039/c8nr07288d.

Liu, J.; He, X;; Wang, K,; He, D.; Wang, Y.; Mao, Y.; Shi, H.; Wen, L. A Highly Sensitive Electrochemiluminescence Assay for
Protein Kinase Based on Double-Quenching of Graphene Quantum Dots by G-quadruplex-Hemin and Gold Nanoparticles.
Biosens. Bioelectron. 2015, 70, 54-60. https://doi.org/10.1016/j.bios.2015.03.026.

Li, Y.; Fang, Y.; Gao, W.; Guo, X.; Zhang, X. Porphyrin-Based Porous Organic Polymer as Peroxidase Mimics for Sulfide-Ion
Colorimetric Sensing. ACS Sustain. Chem. Eng. 2020, 8, 10870-10880. https://doi.org/10.1021/acssuschemeng.0c03045.

Liu, Q.; Chen, P; Xu, Z.; Chen, M,; Ding, Y.; Yue, K,; Xu, J. A Facile Strategy to Prepare Porphyrin Functionalized ZnS
Nanoparticles and Their Peroxidase-Like Catalytic Activity for Colorimetric Sensor of Hydrogen Peroxide and Glucose. Sens.
Actuators B 2017, 251, 339-348. https://doi.org/10.1016/j.snb.2017.05.069.

Li, D.; Fang, Y.; Zhang, X. Bacterial Detection and Elimination Using a Dual-Functional Porphyrin-Based Porous Organic
Polymer with Peroxidase-Like and High Near-Infrared-Light-Enhanced Antibacterial Activity. ACS Appl. Mater. Interfaces 2020,
12, 8989-8999. https://doi.org/10.1021/acsami.9b20102.

Xiang, Z.; Xue, Y.; Cao, D.; Huang, L.; Chen, J.F.; Dai, L. Highly Efficient Electrocatalysts for Oxygen Reduction Based on 2D
Covalent Organic Polymers Complexed with Non-Precious Metals. Angew. Chem. Int. Ed. 2014, 53, 2433-2437.
https://doi.org/10.1002/anie.201308896.

Zhu, P,; Li, S; Zhou, S.; Ren, N.; Ge, S.; Zhang, Y.; Wang, Y.; Yu, J. In Situ Grown COFs on 3D Strutted Graphene Aerogel for
Electrochemical ~Detection of NO Released from Living Cells. Chem. Eng. ]J. 2021, 420, 127559.
https://doi.org/10.1016/j.cej.2020.127559.

Xie, Y.; Xu, M.; Wang, L.; Liang, H.; Wang, L.; Song, Y. Iron-Porphyrin-Based Covalent-Organic Frameworks for Electrochemical
Sensing H202 and pH. Mater. Sci. Eng. C 2020, 112, 110864. https://doi.org/10.1016/j.msec.2020.110864.

Li, G,; Tian, W.; Zhong, C.; Yang, Y.; Lin, Z. Construction of Donor-Acceptor Heteroporous Covalent Organic Frameworks as
Photoregulated Oxidase-Like Nanozymes for Sensing Signal Amplification. ACS Appl. Mater. Interfaces 2022, 14, 21750-21757.
https://doi.org/10.1021/acsami.2c04391.

Liu, K; Qi, H.;; Dong, R.; Shivhare, R.; Addicoat, M.; Zhang, T.; Sahabudeen, H.; Heine, T.; Mannsfeld, S.; Kaiser, U.; et al. On-
Water Surface Synthesis of Crystalline, Few-Layer Two-Dimensional Polymers Assisted by Surfactant Monolayers. Nat. Chem.
2019, 11, 994-1000. https://doi.org/10.1038/s41557-019-0327-5.

Han, B.; Ding, X.; Yu, B.; Wu, H.; Zhou, W.; Liu, W.; Wei, C; Chen, B.; Qi, D.; Wang, H.; et al. Two-Dimensional Covalent Organic
Frameworks with Cobalt(II)-Phthalocyanine Sites for Efficient Electrocatalytic Carbon Dioxide Reduction. J. Am. Chem. Soc. 2021,
143, 7104-7113. https://doi.org/10.1021/jacs.1c02145.

Ma, P; Kan, J; Zhang, Y.; Hang, C,; Bian, Y.; Chen, Y.; Kobayshi, N.; Jiang, J. The First Solution-Processable n-Type
Phthalocyaninato Copper Semiconductor: Tuning the Semiconducting Nature Via Peripheral Electron-Withdrawing
Octyloxycarbonyl Substituents. . Mater. Chem. 2011, 21, 18552-18559. https://doi.org/10.1039/c1jm13082j.

Chandra, S.; Kundu, T.; Dey, K.; Addicoat, M.; Heine, T.; Banerjee, R. Interplaying Intrinsic and Extrinsic Proton Conductivities
in Covalent Organic Frameworks. Chem. Mater. 2016, 28, 1489-1494. https://doi.org/10.1021/acs.chemmater.5b04947.

Zhao, C,; Zhang, L.; Wang, Q.; Zhang, L.; Zhu, P.; Yu, J.; Zhang, Y. Porphyrin-Based Covalent Organic Framework Thin Films
as Cathodic Materials for “On-Off-On” Photoelectrochemical Sensing of Lead lons. ACS Appl. Mater. Interfaces 2021, 13, 20397-
20404. https://doi.org/10.1021/acsami.1c00335.

Lu, D, Li, J.; Wu, Z,; Yuan, L.; Fang, W.; Zou, P.; Ma, L.; Wang, X. High-Activity Daisy-Like Zeolitic Imidazolate Framework-
67/Reduced Grapheme Oxide-Based Colorimetric Biosensor for Sensitive Detection of Hydrogen Peroxide. ]. Colloid Interface Sci.
2022, 608, 3069-3078. https://doi.org/10.1016/j.jcis.2021.11.034.

Deng, X.; Fang, Y.; Lin, S.; Cheng, Q.; Liu, Q.; Zhang, X. Porphyrin-Based Porous Organic Frameworks as a Biomimetic Catalyst
for Highly Efficient Colorimetric ~Immunoassay. ACS  Appl.  Mater. Interfaces 2017, 9, 3514-3523.
https://doi.org/10.1021/acsami.6b15637.



Biosensors 2023, 13, 188 12 of 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Xie, J.; Cao, H.; Jiang, H.; Chen, Y.; Shi, W.; Zheng, H.; Huang, Y. Cos0s-Reduced Graphene Oxide Nanocomposite as an Effective
Peroxidase Mimetic and Its Application in Visual Biosensing of Glucose. Anal. Chim. Acta 2013, 796, 92-100.
https://doi.org/10.1016/j.aca.2013.08.008.

Liu, Y.L.; Zhao, X.J.; Yang, X.X.; Li, Y.F. A Nanosized Metal-Organic Framework of Fe-MIL-88NH2 as a Novel Peroxidase Mimic
Used for Colorimetric Detection of Glucose. Analyst 2013, 138, 4526—-4531. https://doi.org/10.1039/c3an00560g.

Shi, W.; Wang, Q.; Long, Y.; Cheng, Z.; Chen, S.; Zheng, H.; Huang, Y. Carbon Nanodots as Peroxidase Mimetics and Their
Applications to Glucose Detection. Chem. Commun. 2011, 47, 6695-6697. https://doi.org/10.1039/clcc11943e.

Zheng, DJ.; Yang, Y.S.; Zhu, H.L. Recent Progress In the Development of Small-Molecule Fluorescent Probes for the Detection
of Hydrogen Peroxide. TrAC Trends Anal. Chem. 2019, 118, 625-651. https://doi.org/10.1016/j.trac.2019.06.031.

Zhang, Y.; Xu, J.; Zhou, S.; Zhu, L,; Lv, X.; Zhang, J.; Zhang, L.; Zhu, P.; Yu, ]. DNAzyme-Triggered Visual and Ratiometric
Electrochemiluminescence Dual-Readout Assay for Pb(II) Based on an Assembled Paper Device. Anal. Chem. 2020, 92, 3874-3881.
https://doi.org/10.1021/acs.analchem.9b05343.

Hu, F.X.; Miao, J.; Guo, C.; Yang, H.B.; Liu, B. Real-Time Photoelectrochemical Quantification of Hydrogen Peroxide Produced
by Living Cells. Chem. Eng. . 2021, 407, 127203. https://doi.org/10.1016/j.cej.2020.127203.

Dong, Y.L.; Zhang, H.G.; Rahman, Z.U; Su, L.; Chen, X.J.; Huy, J.; Chen, X.G. Graphene Oxide-FesOs Magnetic Nanocomposites
with  Peroxidase-Like = Activity for Colorimetric Detection of Glucose. Nanoscale 2012, 4, 3969-3976.
https://doi.org/10.1039/c2nr12109c.

Zhu, D.; Kong, H.; Yang, G.; He, P.; Luan, X,; Guo, L.; Wei, G. Peptide Nanosheet-Inspired Biomimetic Synthesis of CuS
Nanoparticles on TisC2 Nanosheets for Electrochemical Biosensing of Hydrogen Peroxide. Biosensors 2022, 13, 14-28.
https://doi.org/10.3390/bios13010014.

Lu, W.; Arumugam, S.; Senapati, D.; Khan, S.A.; Yu, H.; Ray, P. Multifunction Oval-Shaped Gold-Nanoparticle-Based Selective
Detection of Breast Cancer Cells Using Simple Colorimetric and Highly Sensitive Two-Photon Scattering Assay. ACS Nano 2010,
4,1739-1749. https://doi.org/10.1021/nn901742q.

Sun, H.; Gao, Y.; Hu, N.; Zhang, Y.; Guo, C.; Gao, G.; Ma, Z,; Ivan Ivanovich, K.; Qiu, Y. Electronic Coupling Between
Molybdenum Disulfide and Gold Nanoparticles to Enhance the Peroxidase Activity for the Colorimetric Immunoassays of
Hydrogen Peroxide and Cancer Cells. J. Colloid Interface Sci. 2020, 578, 366-378. https://doi.org/10.1016/j.jcis.2020.06.001.

Li, M.; Lao, Y.H.; Mintz, R.L.; Chen, Z.; Shao, D.; Hu, H.; Wang, H.X,; Tao, Y.; Leong, KW. A Multifunctional Mesoporous Silica-
Gold Nanocluster Hybrid Platform for Selective Breast Cancer Cell Detection Using a Catalytic Amplification-Based
Colorimetric Assay. Nanoscale 2019, 11, 2631-2636. https://doi.org/10.1039/c8nr08337a.

Abdinejad, M.; Dao, C.; Zhang, X.A.; Kraatz, H.B. Enhanced Electrocatalytic Activity of Iron Amino Porphyrins Using a Flow
Cell for Reduction of CO2 to CO. J. Energy Chem. 2021, 58, 162-169. https://doi.org/10.1016/j.jechem.2020.09.039.

Pegis, M.L.; Martin, D.J.; Wise, C.F.; Brezny, A.C.; Johnson, S.I; Johnson, L.E.; Kumar, N.; Raugei, S.; Mayer, ].M. Mechanism of
Catalytic Oz Reduction by Iron Tetraphenylporphyrin. [  Am. Chem. Soc. 2019, 141, 8315-8326.
https://doi.org/10.1021/jacs.9b02640.

Hartnett, P.E.; Mauck, C.M.; Harris, M.A ; Young, RM.; Wu, Y.L.; Marks, T.J.; Wasielewski, M.R. Influence of Anion Delocaliza-
tion on Electron Transfer in a Covalent Porphyrin Donor-Perylenediimide Dimer Acceptor System. J. Am. Chem. Soc. 2017, 139,
749-756.https://doi.org/10.1021/jacs.6b10140.

Zhang, C.; Zhang, S.; Yan, Y.; Xia, F.; Huang, A.; Xian, Y. Highly Fluorescent Polyimide Covalent Organic Nanosheets as Sensing
Probes for the Detection of 24,6-Trinitrophenol. ACS Appl. Mater. Interfaces 2017, 9, 13415-13421.
https://doi.org/10.1021/acsami.6b16423.

Cui, C,; Wang, Q.; Liu, Q.; Deng, X,; Liu, T.; Li, D.; Zhang, X. Porphyrin-Based Porous Organic Framework: An Efficient and
Stable Peroxidase-Mimicking Nanozyme for Detection of H202 and Evaluation of Antioxidant. Sens. Actuators, B 2018, 277, 86—
94. https://doi.org/10.1016/j.snb.2018.08.097.

Wang, N.; Sun, J.; Chen, L.; Fan, H.; Ai, S. A Cu2(OH)3Cl-CeO2 Nanocomposite with Peroxidase-Like Activity, and Its Application
to the Determination of Hydrogen Peroxide, Glucose and Cholesterol. Microchim. Acta 2015, 182, 1733-1738.
https://doi.org/10.1007/s00604-015-1506-8.

Socaci, C.; Pogacean, F.; Biris, A.R.; Coros, M.; Rosu, M.C.; Magerusan, L.; Katona, G.; Pruneanu, S. Graphene Oxide vs. Reduced
Graphene Oxide as Carbon Support in Porphyrin Peroxidase Biomimetic Nanomaterials. Talanta 2016, 148, 511-517.
https://doi.org/10.1016/j.talanta.2015.11.023.

Yang, H.; Zha, J.; Zhang, P.; Xiong, Y.; Su, L.; Ye, F. Sphere-Like CoS with Nanostructures as Peroxidase Mimics for Colorimetric
Determination of H202 and Mercury Ions. RSC Adv. 2016, 6, 66963-66970. https://doi.org/10.1039/c6ral6619a.

Liu, Q.; Yang, Y.; Lv, X;; Ding, Y.; Zhang, Y.; Jing, J.; Xu, C. One-Step Synthesis of Uniform Nanoparticles of Porphyrin Func-
tionalized Ceria with Promising Peroxidase Mimetics for H202 and Glucose Colorimetric Detection. Sens. Actuators, B 2017, 240,
726-734. https://doi.org/10.1016/j.snb.2016.09.049.

Chen, H.; Shi, Q.; Deng, G.; Chen, X,; Yang, Y.; Lan, W.; Hu, Y.; Zhang, L.; Xu, L.; Li, C; et al. Rapid and Highly Sensitive
Colorimetric Biosensor For the Detection of Glucose and Hydrogen Peroxide Based on Nanoporphyrin Combined with Bromine
as a Peroxidase-Like Catalyst. Sens. Actuators, B 2021, 343, 130104. https://doi.org/10.1016/j.snb.2021.130104.

Jin, L.; Shang, L.; Guo, S.; Fang, Y.; Wen, D.; Wang, L.; Yin, J.; Dong, S. Biomolecule-Stabilized Au Nanoclusters as a Fluorescence
Probe for Sensitive Detection of Glucose. Biosens. Bioelectron. 2011, 26, 1965-1969. https://doi.org/10.1016/j.bios.2010.08.019.



Biosensors 2023, 13, 188 13 of 13

55.

56.

57.

58.

59.

Liu, LM.; Wen, J; Liu, L.; He, D.; Kuang, R.Y.; Shi, T. A Mediator-Free Glucose Biosensor Based on Glucose Oxidase/Chi-
tosan/Alpha-Zirconium Phosphate Ternary Biocomposite. Anal. Biochem. 2014, 445, 24-29.
https://doi.org/10.1016/j.ab.2013.10.005.

Wang, L.; Zhu, W.; Lu, W,; Shi, L.; Wang, R.; Pang, R.; Cao, Y.; Wang, F.; Xu, X. One-Step Electrodeposition of AuNi Nanoden-
drite Arrays as Photoelectrochemical Biosensors for Glucose and Hydrogen Peroxide Detection. Biosens. Bioelectron. 2019, 142,
111577. https://doi.org/10.1016/j.bios.2019.111577.

Xia, Y.; Huang, W.; Zheng, J.; Niu, Z.; Li, Z. Nonenzymatic Amperometric Response of Glucose on A Nanoporous Gold Film
Electrode Fabricated by A Rapid and Simple Electrochemical Method. Biosens. Bioelectron. 2011, 26, 3555-3561.
https://doi.org/10.1016/j.bios.2011.01.044.

Aksorn, J.; Teepoo, S. Development of The Simultaneous Colorimetric Enzymatic Detection of Sucrose, Fructose and Glucose
Using a Microfluidic Paper-based Analytical Device. Talanta 2020, 207, 120302. https://doi.org/10.1016/j.talanta.2019.120302.
Wang, K.; Li, N.; Zhang, J.; Zhang, Z.; Dang, F. Size-Selective QD@MOF Core-Shell Nanocomposites for the Highly Sensitive
Monitoring of Oxidase Activities. Biosens. Bioelectron. 2017, 87, 339-344. https://doi.org/10.1016/j.bios.2016.08.026.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



