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ARTICLE INFO ABSTRACT

Keywords: Ferrites have attracted considerable attention in biosensor developments owing to their favorable electro-
Fe304 chemical and magnetic properties. Speedy and trace analysis can be succeeded by the sensors based on magnetic
ZnFe;04 . nanohybrids. In this work, we reported a novel method for one-step synthesis of magnetic ferrites composed of Fe
zﬁ}xg\g:nme and phthalocyanine. After hybridization with carbonylated multi wall carbon nanotubes, a sensor based on

Fe304-Pc-CMWCNTs nanocomposites was fabricated for the detection of rosmarinic acid (RA), a bioactive
phytochemical. The sensor can be constructed within 30s without any complicated process. A comparison of
electrochemical activity between ZnFep04-Pc-CMWCNTs and Fe3O4-Pc-CMWCNTs nanohybrids also has been
accomplished in this work. Compared with ZnFe;04-Pc-CMWCNTs based on commonly used ferrites, Fe3O4-Pc-
CMWCNTs/MGCE exhibited a higher catalytical ability for the detection of RA. The sensor modified with Fe3O4-
Pc-CMWCNTs displayed a low LOD of 0.182 pM with a wide linear range from 0.2 to 400 pM, which was 30 times
more sensitive than the one based on ZnFe;04-Pc-CMWCNTs. The obtained sensor also owned an excellent
selectivity, reproducibility, repeatability, and stability, which made it achieve the measurements in plant sample

Hybrid ferrites
Rosmarinic acid

and human serum.

1. Introduction

Rosmarinic acid (RA) as a bioactive phytochemical endows notable
pharmacological activities, which can combat several diseases like
cancer [1,2], diabetes [3], and cardiovascular diseases [4,5]. It has the
capacity to defend the attacks of virus [6], reactive oxygen species [7,8],
and inflammation [9,10], revealing a great potential to be a therapeutic
drug. As a natural compound, it is difficult to partition and assess RA in a
complex system because of the interferential phenomena, which sets a
strict requirement for the analytic methods of RA. Compared to the
existed approaches, like HPLC-ELSD [11], UV-vis spectrophotometry
[12], and ultra-fast liquid chromatography (UFLC) [13], the sensitivity
and simplicity of biosensors allow them to be used in where lacks so-
phisticated operators with speedy processes [14,15]. It is worth
mentioning that the selectivity of biosensors makes them applicable to
implement the trace RA test [16]. Therefore, developing rapid strategies
for the sensor construction and enhancing the detective ability are of
great significance for the analysis of RA.

** Corresponding author.
* Corresponding author.

Spinel-type ferrites are the metal oxides with ferrimagnetic features
composed of iron elements as the main ingredient with a general for-
mula of MFe;04, where M stands for transition metals like Mn, Fe, Co,
Ni, Cu, and Zn [17,18]. They have become ideal candidates for the
construction of biosensor on the grounds that the nanomaterials can be
separated from the reaction solution by an external magnet without
complicated filtration and centrifugation steps [19]. In spite of the
magnetic properties, they are also outstanding catalysts [20,21]. Espe-
cially, magnetite and Zn-doped ferrite have been widely used in pho-
tocatalysis and sensing due to their favorable stability and good
magnetic property [22,23]. For example, Hassan Karimi-Maleh et al.
reported an electrochemical sensor using a nano Fe304 ionic liquid paste
electrode to simultaneously detect two water contaminants, namely
2-phenylphenol and 4-chlorophenol. Due to the high catalytic ability of
Fe304 nanoparticles, the sensor accomplished the real test in orange rind
and water samples with the admirable performance [24]. Meanwhile,
ferrites are also recyclable after modification of the sensing surface with
intact catalytic ability, making the analysis sustainable and eco-friendly
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[25,26]. However, aggregation and poor processability of ferrites will
decrease their catalytic abilities, which limit the further applications in
electrochemical sensors [27].

The incorporation of other nanomaterials and ferrites into nano-
hybrids can surmount the above obstacles. Phthalocyanine (Pc) is an
organic substance with four isoindole units connected by nitrogen atoms
[28,29]. It has an 18 z-electron aromatic macrocyclic structure, which
will form an N-Fe-N inner structure with iron, accelerating the redox
reaction as a result of the increased catalytic activity [30-32]. For
instance, Zeng et al. used the high catalytic ability of iron (II) phthalo-
cyanines for the functionalization of ZIF-8 in order to enhance the
sensing performance towards trichloroacetic acid [33]. In particular, the
expanded macrocycle structure of Pc will promote the electron migra-
tion among different parts of nanocomposites, which contribute to
improving the conductivity of the nanohybrids [34]. Moreover, owing to
the large surface and versatility for modifications, multiple walled car-
bon nanotubes have been employed as scaffolding materials for building
up electrochemical sensors in recent years [35]. Some drawbacks of
ferrites, such as the tendency to aggregate, can also be overcome with
the assistance of carboxylated MWCNTSs networks since they provide a
large framework for loading ferrites with various types of modification
[36]. CMWCNTs not only boost the solubility of the obtained materials
but also provide more binding sites for modification to form stable
complexes [37].

In this work, we report a one-pot protocol for green synthesis of
magnetic FesO4-Pc nanoparticles using phthalonitrile and FeCls. After
the carboxylation of MWCNTs, the Fe3O4-Pc NPs were loaded on the
CMWCNTs networks via electrostatic adsorption to compose FezO4-Pc-
CMWCNTs nanocomposites. Instead of time-consuming and complex
modification of electrode, the sensing surface was well prepared within
30s through the strong attraction between Fe3O4-Pc-CMWCNTs and
magnetic electrode for detection of rosmarinic acid. Additionally, we
assembled ZnFe;04-Pc-CMWCNTs/MGCE based on widely applied zinc
ferrite as the counterpart to compare the electrochemical properties and
analytical abilities of the sensors. Fe304-Pc-CMWCNTs nanocomposites
displayed a higher conductivity and catalytic ability than the ZnFe;Oy4-
Pc-CMWCNTs.

2. Experimental
2.1. Reagents and equipment

Iron (III) chloride hexahydrate (FeCls-6H20), zinc chloride (ZnCly),
ethylene glycol, 1,2-dicyanobenzene, polyethylene glycol (MW = 1000),
sodium acetate (NaAc), absolute ethyl alcohol, rosmarinic acid (RA),
potassium chloride (KCl), manganese chloride (MnCly), cupric nitrate
(CuNO3), nickel nitrate (NiNOs), puerarin, chicoric acid, proto-
catechualdehyde, caffeic acid, gallic acid, pyrocatechol, luteolin,
adrenaline, dopamine, and noradrenaline were full obtained from
Sigma-Aldrich Inc. (Shanghai, China). MWCNTs (30-50 nm) was ob-
tained from Chinese Academy of Sciences, the Institute of Organic
Chemistry (Chengdu, China). Vitamin C (VC), Vitamin By (VBy) and
Vitamin Bg (VBg) were obtained from Shanghai yuanye Bio-Technology
Co. All chemicals were analytically pure and directly used in the ex-
periments. And double distilled water was used throughout the analysis.

Fourier transform infrared spectroscopy (FTIR) was recorded using a
Bruker Tensor (Germany). X-ray diffraction (XRD) was examined by
Rigaku with Cu Ka radiation (Japan) for element analysis. Transmission
electron microscope (TEM), and vibrating sample magnetometer (VSM)
were applied by JEM 2100 (Japan Electron Optics Laboratory), PPMS-9
(Quantum Design, America), and Escalab 250Xi (Thermo Fisher Sci-
entific, America). With a typical three-electrode system, the cyclic vol-
tammetry (CV), electrochemical impedance spectroscopy (EIS) and
differential pulse voltammetry (DPV) were carried out by using elec-
trochemical analyzer (CHI 760E, China) with software.
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2.2. Synthesis of Fe304-Pc-CMWCNTs and ZnFe;04-Pc-CMWCNTs

The hybrid ferrites-nanosphere Fe304-Pc was synthesized by a one-
pot method using FeCl3-6H,0 and phthalonitrile. Firstly, 3.375 g
FeCl3-6H30, 9 g NaAc, 2.5 g polyethylene, and 0.75 g 1,2-dicyanoben-
zene were added into 100 ml ethylene glycol under magnetic stirring,
and the mixture was ultrasonicated for 1 h. Then, the yellow-brown
solution was transferred into autoclave for a solvent-thermal reaction
at 200 °C for 15 h. The products were collected by centrifugation and
washed with absolute ethyl alcohol and double distilled water at 8000
rpm for 5 min. The final sediment was re-dispersed in 330 ml double
distilled water and denoted as Fe3O4-Pc. In this method, the FeCl3-6H,0
was used as the template to form the metal phthalocyanine through the
cyclotetramerization of 1,2-dicyanobenzene. Meanwhile, NaAc and the
polyethylene assist in the formation of Fe304 and prevention of adhesion
[38], respectively.

As for the preparation of CMWCNTs, after traditionally mixed acid
treatment of MWCNTSs, the solution was washed by double distilled
water until the pH near to neutral. The CMWCNTSs were dried in the oven
at 90 °C for 24 h and collected for the formation of Fe304-Pc-CMWCNTSs
nanocomposites. After ultrasonication of Fe3O4-Pc nanosphere and
CMWCNTs for 4 h, a magnet was used to remove the unconnected ma-
terials. To end, the final product was washed three times and resus-
pended in 10 mL double distilled water. To contrast the electrochemical
property of different ferrites, we also synthesized the ZnFe;O4-Pc-
CMWCNTs nanocomposites. Apart from the additional reagent ZnCl,,
the synthesis process of ZnFe;04-Pc-CMWCNTs was as same as the
Fe304-Pc-CMWCNTs.

2.3. Preparation of FesO4-Pc-CMWCNTs/MGCE

After polishing with 0.05 pm and 0.1 pm Al;03 powders until getting
a glass surface, the magnetic glassy carbon electrode (MGCE, including
an easily remove magnet, d = 5 mm) was washed under ultrasonication
with 20 mL absolute ethyl alcohol and deionized water. Based on the
property of Fe304-Pc-CMWCNTSs nanohybrids, the sensing surface can
be prepared and reused easily. Before the electrochemical test, the
Fe304-Pc-CMWCNTs nanocomposites was decorated on the MGCE sur-
face within 30s via magnetic adsorption. When the experiment
completed, the nanomaterials can be recollected by removing the in-
ternal magnet of the MGCE for further use (seen in Scheme 1).

2.4. The electrochemical experimental procedures

Cyclic voltammograms (CVs) experiments were performed form 0 V
to 0.7 V with 0.05 V/s. Differential pulse voltammetry (DPV) were used
0.15 V-0.8 V with scan rate of 0.05 V/s. Britton-Robinson buffer (BR
buffer) as supporting electrolyte dissolved RA for electrochemical test.
The selectivity of the electrode Fe304-Pc-CMWCNTs/MGCE were eval-
uated in certain concentration of RA including several different types of
interfering species such as vitamins (VBy, VBg, VC), and cations (K,
Mn?*, zZn%**, cu®', Ni?"), and RA analogs (chicoric acid, proto-
catechualdehyde, puerarin), and phenolic Acid (caffeic acid, gallic acid,
pyrocatechol, luteolin), and electroactive substances (adrenaline,
dopamine, noradrenaline). Eight separately magnetic sensors were used
for analysis in reproducibility test and one electrode for five continuous
measured in 0.5 mM RA solution for repeatability test. The stability of
the prepared sensor was stored at 4 °C in the refrigerator for 30 days, and
investigated with an interval of five days in 0.6 mM standard RA
solution.

For practical samples analysis, salvia miltiorrhiza roots and perilla
caulis (buy from the local pharmacy) were mixed with 10 ml double
distilled water and bath under 25 °C for 2 h, then the suspensions sieved
through membrane to remove suspended substances. Clear supernatant
liquid was obtained and stored in 4 °C refrigerator for farther analysis.
Leach liquor and human serum samples were diluted to 10% by BR
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Scheme 1. The fabrication process of magnetic sensor.

buffer. All the appropriate amounts of RA were added using the standard
addition method.

3. Results and discussion
3.1. Structure characterization of different composites

To verify the morphology, TEM was conducive to characterize the
microstructure and internal crystal arrangement of the obtained mate-
rials. As shown in Fig. 1, the pristine Fe3sO4 nanoparticles (Fig. 1A)
exhibited a well-defined sphere structure with an average size of 80 nm,
while the Fe304-Pc (Fig. 1B) had an irregular sphere surface in the size
around 30 nm. In Fig. 1E, it can be obviously seen that ZnFe;O4 were
spherical particles (about 100 nm) with rough appearances. With the
addition of Pc, ZnFe;04-Pc NPs presented a flower-like structure with
concave cracks in an average diameter of 50 nm. Fig. S1 also demon-
strated that the hybrid ferrites with the introduction of Pc had a smaller
size with irregular structure than the ones without Pc, indicating the Pc
not only attached to the surface of Fe304 and ZnFe;04 but also inserted
into the interior affecting the growth of magnetic nanohybrids [39,40].
Meanwhile, the TEM images of Fe304-Pc-CMWCNTs and

] o
BT I T

—n— 8

ZnFe;04-Pc-CMWCNTSs nanocomposites are displayed in Fig. 1C and G.
Apparently, Fe3O4-Pc NPs and ZnFe;04-Pc NPs were anchored on the
entangled CMWCNTs network, respectively. Fig.S1 C and F also proved
that the obtained magnetic nanoparticles were distributed along the
CMWCNTs, suggesting that the Fe304-Pc-CMWCNTs and
ZnFe304-Pc-CMWCNTs nanocomposites had been composed success-
fully. Fe304-Pc-CMWCNTs (Fig. 1D) displays a shorter lattice length
than ZnFe304-Pc-CMWCNTs (Fig. 1H), indicating a shorter interplanar
distance for Fe>*-Fe* hopping.

Vibrating sample magnetometer (VSM) is a typical means to explore
the static magnetization of magnetic nanomaterials. As shown in
Fig. 2A, Fe304 exhibited a high value of saturation magnetization (Ms)
because Fe?" occupied B sites of the ferrites. Compared with FegOy-
CMWCNTs, Fe304-Pc-CMWCNTs exhibited a lower magnetic moment
which was caused by the decreases in unit weight of Fe3O4, implying the
Pc had been introduced into Fe304-CMWCNTSs.The same results could be
observed in Zn-ferrites. In addition, ZnFe;O4-Pc-CMWCNTs had a
smaller value of Ms than Fe304-Pc-CMWCNTs along with the adultera-
tion of Zn®" since the increasing amount of Zn?* replaced Fe?*on the B
sites. Even though the induction of Pc diminished the magnetic moment
of nanohybrids, the speedy modification of the sensing surface has not

Fig. 1. TEM images of (A) Fe30y4, (B) Fe304-Pc, (C) Fe304-Pc-CMWCNTS, (E) ZnFey0y4, (F) ZnFe;04-Pc, and (G) ZnFe,04-Pc-CMWCNTs. The (D) and (H) show the

enlarged view of (C) and (G).
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Fig. 2. VSM of different materials.

been influenced. As shown in Fig. S2, the construction of Fe3O4-Pc-
CMWCNTs/MGCE also could be accomplished within 30s (as shown in
Supporting video).

To confirm the phase transparency and formation of the nanosphere,
XRD results were recorded in Fig. 3A. The sharp peaks at value of 30.1°,
35.46°, 43.08°, 53.5°, 57.02°, and 62.62° in all samples representing
(220), (311), (400), (422), (511), and (440) lattice planes of ferrites,
which were consistent with previous reports [24,41-43]. Curve c and f
displayed a typical peak of CMWCNTs at around 24° (002), suggesting
CMWCNTs were connected efficaciously on the nanosphere. Compared
with Fe304 and ZnFe;04, lower peak intensities could be observed in
curve b, ¢, e, and f because the addition of carbon derivatives affected
the crystallinity of hybrid nanomaterials, further suggesting the forma-
tion of a complex of ferrites, phthalocyanine, and CMWCNTs [44]. All
the results demonstrated that the hybrid ferrites nanocomposites had
been successfully synthesized.

Fig. 3B records the FT-IR spectra of Fe3O4, ZnFey0O4, Fe3O4-Pc-
CMWCNTSs, and ZnFeyO4-Pc-CMWCNTs. Fe3O4 and ZnFe;O4 had the
stretching band appeared at 580 cm ™!, which was distributed to Fe-O
stretching vibration. The clearly observed stretching bands at 841 cm ™!,
1010 cm™}, and 1500 cm ™! were attributed to the characteristic peaks of

phthalocyanine, indicating a successful formation of phthalocyanine
[40,45]. Besides, the weak peak appeared around 946 cm™! was the
result of metal-ligand vibration, which referred to the formation of co-
ordinate bonds between nitrogen and metal elements in the process of
phthalocyanine formation [39,46]. Additionally, peaks located at 1463
em™}, 1580 em ™!, and 1722 cm ™! were assigned to the CHy, CMWCNTs,
and C=O, respectively, proving that the carboxyl group had been
introduced in MWCNTs [47-49]. All the above evidences confirmed that
the hybrid metal-phthalocyanine-sphere had been composed successful.

The electronic structure and valence state of the obtained nano-
materials were studied by XPS technology as shown in Fig. 4A. The C 1s,
O 1s, Fe 2p, Zn 2p; /2 and Zn 2p3,; regions at 282.3 eV, 529.1 eV, 710 eV,
1042.9 eV, and 1020.6 eV in the XPS spectra can be clearly observed,
verifying the presence of C, O, Fe, and Zn elements in Fe3O4-Pc-
CMWCNTs and ZnFey04-Pc-CMWCNTs, respectively. From the
expanded XPS spectra of C 1s spectrum of Fe3O4-Pc-CMWCNTs and
ZnFe04-Pc-CMWCNTs (Fig. 4B), there were five forms of C, namely
C-C/C—=C (284 eV), C-O/C-N (285 eV), and O-C=0 (287 eV), con-
firming the doping of phthalocyanine and the carboxylation of
MWCNTs. As illustrated in Fig. 4C, from Fe 2p spectrum, it is apparently
observed two types of Fe, Fe3* (710.1 eV, 710.2 eV) and Fe* (712.2 eV,
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Fig. 3. (A) XRD spectra of stepwise-modified MGCE. (B) FTIR spectra of Fe304, ZnFe;04, Fe304-Pc, and ZnFe,;04-Pc.
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712.9 eV) [50]. As for curve b, the deconvoluted of Fe 2ps,» coincided
with the tetrahedral and octahedral site of ferrites, verifying there was
Fe3* in ZnFe;04-Pc-CMWCNTSs [51]. With the doped zinc, the level of
Fe?" decreased while Fe3' increased, which was consistent with the
previous report [52]. Moreover, the satellite peak of 1021 eV and 1045
eV were rationally attributed to Zn 2p;,, and Zn 2pg,, in Fig. 4D,
proving the presence of Zn?" in the ZnFe,04-Pc-CMWCNTSs [53]. All the
evidence indicated that Fe?*, Fe®" and Zn?* were the metal ions in the
metal-ligand complex to form the ferrites-Pc-CMWCNTs.

3.2. Electrochemical behavior of the prepared magnetic glassy carbon
electrode

To investigate the surface properties of the stepwise-modified elec-
trode, the 10 mM [Fe (CN)6]3'/ 4 in 100 mM KCI aqueous solution has
been used for cyclic voltammetry (CV) analysis at 50 mV/s. As shown in
Fig. 5A and B, the symmetric redox pairs of Fe>*/>" and reversible
controllable processes were presented in all samples. With the gradual
modification of the CMWCNTs, Fe304, and Pc, the AEp decreased while
the peak current increased, implying that the Fe3O4-Pc-CMWCNTs and
ZnFe;04-Pc-CMWCNTs had the ability to enhance the electron transfer
rate by improving the electrode conductivity. In addition, the electrode
effective areas can be calculated by following Randles-Sevcik equation
[54]:

i, =2.69 x 10°n>2D'2Cov'*A €))

where iy, n, D, Cp and v represent the redox peak current (pA), number of
transferred electrons (1), diffusion coefficient of ferricyanide solution

(6.70 + 0.02 x 10°% ¢m? s’l), concentration of the probe molecule
(mM) and scan rate (V s’l), respectively. The calculated Ay (cm?) of the
different electrode increased in a sequence of bare MGCE (0.0880 cm?)
< Fe304/MGCE (0.1217 cm?) < Fe304-CMWCNTs/MGCE (0.1484 cm?)
< Fe304-Pc-CMWCNTs/MGCE (0.1662 cmz), and bare MGCE (0.0850
em?) < ZnFe;04/MGCE (0.1115 em?) < ZnFe;04-CMWCNTs/MGCE
(0.1120 ecm? < ZnFe;04-Pc-CMWCNTs/MGCE (0.1589 cm?). That
means the hybrid metal-phthalocyanine- CMWCNTs nanocomposites
significantly enhance the electrochemical surface area, which benefits
the detection of rosmarinic acid. Notably, the value A,y of Fe304 was
slightly higher than ZnFey0O4 (same as Fe304-CMWCNTs and ZnFeO4-
CMWCNTs; Fe304-Pc-CMWCNTs and ZnFe;04-Pc-CMWCNTSs), which
probably due to the large lattices of ZnFe;O4 impeding the electron
transfer of Fe?*/3*,

Furthermore, electrochemical impedance measurements (EIS) was
also applied to investigate the electronic conductivity of the samples and
presented in Fig. 5C and D. It is noticeable that the resistance is sharply
reduced along with the stepwise modification, indicating that the elec-
tron transfer ability of Fe3O4-Pc-CMWCNTs is promoted greatly
compared with their counterparts. The EIS results also consist of the CV
in [Fe (CN)6]3'/ 4 This may result from the following reasons: (1) fer-
rites, as the thermodynamically stable metal oxide nanoparticles, have
good conductivity and ferrimagnetic property to easily enhance the
electron transfer between Fe?*/3* and the electrode; (2) CMWCNTSs are
carbon tubular structures with a large surface area, which also facilitate
electron transfer between CMWCNTs and phthalocyanine via n—x
stacking; (3) the 18 n-electron of phthalocyanine accelerates electron
delocalization in hybrid ferrite-phthalocyanine-sphere, further
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Fig. 5. (A, B) CV and (C, D) EIS response of Fe304, Fe304-Pc, Fe304-Pc-CMWCNTs, ZnFe,04, ZnFe04-Pe, and ZnFe;04-Pc-CMWCNTSs in 5 mM [Fe (CN))3 74
solution containing 10 mM KCl. (E) and (F) show response of Fe304, Fe304-Pc, Fe304-Pc-CMWCNTS, ZnFe;04, ZnFe,04-Pc, and ZnFe,04-Pc-CMWCNTs withl mM RA

in BR buffer.

improving the conductivity of the nanocomposites.

Fig. 5E and F depict CVs of 1 mM RA in BR buffer on different
MGCEs. It is found that a pair of feeble redox peak current at 0.1 V and
0.593 V on the bare MGCE. After immediate adsorption of Fe3O4
nanoparticles, a higher Ip appeared, illustrating Fe3O4 had a catalytical
ability towards RA. After the addition of CMWCNTs and Pc, a directly
higher current response had achieved 253.1 pA and 172.4 pA, which was
1.25, 1.66, and 2.5 times higher than Fe304-CMWCNTs/MGCE, Fe304/
MGCE, and bare MGCE, respectively. The significant improvements of

signals further confirmed that Fe304-Pc-CMWCNTs had the excellent
activity of signal amplification and RA catalysis. In addition, the elec-
trocatalytic behaviors of ZnFe;04-Pc-CMWCNTSs have been tested and
reached similar conclusions. The Ip of ZnFe;04-Pc-CMWCNTs/MGCE
was 1.51, 2.07, and 2.23 folds above ZnFe;04-CMWCNTs/MGCE,
ZnFe04/MGCE, and MGCE. It is noteworthy that the electrocatalytic
capacity of Fe304-Pc-CMWCNTs is 1.1 times higher than ZnFe,04-Pc-
CMWCNTs, which could be contributed to the unique structure and
properties of Fe304-Pc-CMWCNTs nanocomposites. Firstly, hybrid
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ferrite acts as a nanocatalyst to foster the redox of RA, while the ferric
ions located in octahedral sites are easier to connect the RA molecules on
a smooth surface. Besides, Fe304-Pc-CMWCNTs have a shorter hopping
length for the electronic transfer of ferric ions than ZnFe;04-CMWCNTs.
Compared with Fe304-Pc-CMWCNTs, zinc ferrite with a larger lattice
hinders the electronic transfer of ferric ions. Therefore, the MGCE
modified with Fe304-Pc-CMWCNTSs nanocomposites displayed a more
distinguished performance than the ZnFe,O4-CMWCNTSs ones on the
analysis of RA.

3.3. Optimization of experimental conditions

Optimal pH, and loading amounts of Fe304-Pc-CMWCNTs and
ZnFe304-Pc-CMWCNTs were studied by CV containing 0.5 mM RA
(Fig. S3). In this study, six parallel tests using different amounts of the
obtained nanohybrids (20, 40, 60, 80, 100, and 120 pL) were completed
with MGCE in each group. As shown in Fig. S3A and S3B insert, a plot of
the RA oxidation peaks against the amount of the materials decorated on
the MGCE undoubtedly exhibited the current reached a maximum at 80
pL and 100 pL for FegO4-Pc-CMWCNTs and ZnFe;04-Pc-CMWCNTS,
respectively.

The impacts of pH value on the redox currents of RA at Fe3O4-Pc-
CMWCNTs/MGCE and ZnFe304-Pc-CMWCNTs/MGCE was also studied
in the BR buffer solutions (pH = 2-8). In Fig. S3C and S3D, it can be
observed that the peak current increased with the rising pH value from 2
to 5, while the currents expeditiously dropped over 5. The same results
can be concluded from the inserts. Meanwhile, the anodic peak potential
(Epa) shifted negatively with the increased pH, implying the proton
transfer occurred in the electrochemical process of RA. Thus, the peak
current signal decreased beyond pH 5, presumably due to insufficient
protons donation in RA oxidation process. Therefore, BR buffer with pH
5 was chosen as the optimal supporting electrolytes in the subsequent
analysis. It can be found a linear relationship between Ep, and pH on
both Fe304-Pc-CMWCNTs/MGCE (Fig. S3E) and ZnFeyO4-Pc-
CMWCNTs/MGCE (Fig. S3F). The linear regression equations werey =
—0.0555x + 0.7203 (2) and y = — 0.052x+ 0.6905(3), respectively.
The slopes of linear equation are closed to the theoretical value of —57.6
mV/pH, which means the number of proton and electron is equal in
transfer reaction [55,56].

The behavior and the electrochemical property of RA redox on the
electrode surface also have been studied by CVs at diverse scan rates
(from 10 to 80 mv s_l). As shown in Fig. S4A and S4C, the peak potential
shifted towards positive direction along with the scan rate rising. At the
same time, the signal was enhanced linearly proportional to the loga-
rithm of scan rate owing to the interface capacitance charging in the
process of charge transfer. The linear equations can be expressed as Ip =

0['
f\f’ils

OH ) lol)
COOH
|
R OH
OH
COOH
|
R OH

OH \

Talanta 226 (2021) 122165

2.559E %V 4 1.5966E 5 (4) and Ip = 1.8936E °\/V 4+ 7.1013E> (5)
corresponding to Fe304-Pc-CMWCNTs/MGCE and ZnFep04-Pc-
CMWCNTs/MGCE, respectively. The above results demonstrate that the
electrochemical kinetics of RA are diffusion-limited processes on the
modified electrode surface. With the aim of reducing interference in-
fluence, the 50 mv s~ was selected for the following tests.

3.4. The electrochemical mechanism of redox of RA with the proposed
sensor

On the basis of the above results and the previous reports, the redox
mechanism of RA was performed as shown in Fig. 6. In view of the equal
number of protons and electrons in the transfer reaction, the strategy of
RA redox is based on diffusion auxiliary electrocatalysis. Firstly, the RA
diffuses from the aqueous solution towards the modified sensor surface
and then adheres to the superficial hybrid sphere. Secondly, due to the
alkyl chain of RA has the ability of electron-releasing, the electron
density of the aromatic ring can be enhanced significantly, which makes
the electron transfer of the redox process of RA more easily. Whereafter,
along with the electron transport of Fe>*-Fe?* ion pairs from hybrid
ferrites, the redox process of RA has been further accelerated.

3.5. The quantitative performance of the proposed sensors

Differential pulse voltammetry was used for the quantitative detec-
tion of RA by the assembled sensor under the optimized conditions. As
depicted in Fig. 7A and C, the initial response on Fe304-Pc-CMWCNTSs/
MGCE and ZnFe204-Pc-CMWCNTs/MGCE revealed at 0.2 pM and 2.85
pM, respectively. With the increased concentration of RA, the peak
currents were respective linearly enhanced in two proper ranges, which
indicating that the magnetic sensor is sensitive and sufficient for
detection of RA in wide concentration range. The corresponding linear
regression equations, detection range, and correlation coefficient were
expressed as followed:

Fe304-Pc-CMWCNTs/MGCE:

I,,(pA) =0.1162C + 4.8300 (6)
range from 0.2 pM to 24 pM, R? = 0.9901.
1,,(pA) =0.0217C + 7.1210 @)

range from 24 pM to 400 pM, R? = 0.9914.
ZnFey04-Pc-CMWCNTs/MGCE:

Lo (pA) =0.0400C + 1.9534 (€)]
range from 2.85 pM to 30 pM, R? = 0.9930.

Oxidation

-

% F P 0
3+ 2+ OOk
N e
B 4 R 0

OH Magnetic glassy carbon electrode

Fig. 6. The electrochemical mechanism of redox of RA.
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La(pA) =0.0190C + 2.6000 9

range from 30 pM to 223 pM, R? = 0.9934.

At a signal-to-noise factor ratio of 3, the limit of detections (LOD) of
two sensors were approximated to 0.182 pM (Fe3O4-Pc-CMWCNTs/
MGCE) and 0.6 pM (ZnFep04-Pc-CMWCNTs/MGCE). The limits of
quantification (LOQ) were found as 0.6 pM of Fe304-Pc-CMWCNTs/
MGCE and 2.02 pM of ZnFe;04-Pc-CMWCNTs/MGCE at a signal-to-
noise factor ratio of 10. Compared with the ZnF;04-Pc-CMWCNTSs/
MGCE, the Fe304-Pc-CMWCNTs/MGCE had a widest linear range and
lower LOD for sensitive detection of RA which was more efficiently for
further application. The analytical performances of the present sensor
were compared with the previously classical and electrochemical
methods and they are presented in Table 1. Fe304-Pc-CMWCNTs/MGCE
has a higher sensitivity and a wider linear range among the reported
approaches, implying the prepared sensor is more suitable for the

determination of RA.

3.6. The selectivity, reproducibility, repeatability and stability of the
proposed sensors

To investigate the specificity of the obtained sensor based on Fe304-
Pc-CMWCNTs, anti-interference tests have been performed by using
different interferences (Fig. 8 A, B, and C). Solutions including 10-fold
excess for common biologically interfering ions and coexisting vita-
mins were added with the presence of RA. After the injection of in-
terferences, there was no significant change in the current response,
indicating the sensing surface had a good selectivity. In addition, in the
presence of equal concentration of RA analogs like chicoric acid, pro-
tocatechualdehyde, and puerarin, no noteworthy responses could be
observed following the addition. New peak potentials appeared with the

Table 1
Different methods and electrochemical sensor for detection of RA.
Methods Electrode materials linear range Detection Reference
limit
ultra-fast liquid chromatography C18 column packed with 2.6 pm particle size 0.28-28 uM 0.75 pM [571
UV-vis spectrophotometry - 1.4-56 yM 1.064 pM [12]
high-performance liquid chromatography with Zorbax SB-C18 column 48.16-481.6 18.76 pM [58]
evaporative light scattering detection EM
electrochemical sensor Poly (o-Phenylenediamine)/Pt 1-55 pM 0.5 pM [59]
Nanoparticles
electrochemical sensor laccase (1-n-butyl-3-methylimidazolium hexafluorophosphate and 1-n- 0.99-65.4 M 0.18 pM [14]
butyl-3-methylimidazolium tetrafluoroborate)
electrochemical sensor Fe®*Zn?"-[bis(2-pyridylmethyl) aminomethyl]-6-[(2-hydroxylbenzyl) (2- 29.8-38.3 yM 2.3 M [60]
pyridyl-methyl) aminomethyl]-4-methyl-phenol
electrochemical sensor laccase-nafion 1-10 yM 0.75 pM [61]
electrochemical sensor Fe304-Pc-cMWCNTSs 0.2-24 pM 0.182 uM This work
24-400 pM
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Fig. 8. (A), (B) and (C) DPV responses of Fe304-Pc-CMWCNTs with various interfering substances in presence of different concentrations of RA. (D) the repro-
ducibility of Fe304-Pc-CMWCNTs/MGCE in 0.5 mM RA. (E) the repeatability of Fe304-Pc-CMWCNTs/MGCE in 0.5 mM RA. (F) DPV response of the same electrode in

0.6 mM RA with the interval of five days.

existence of protocatechualdehyde and puerarin, indicating the pre-
pared sensor had not been affected and also could further apply in the
exploration of multiple targets. Even though the potential of proto-
catechualdehyde is closing the oxidation potential of RA, the proto-
catechualdehyde cannot induce insignificant changes in the real test in
our forecast because the content of protocatechualdehyde is a hundred
times less than RA in plants [62]. The phenolic acid (caffeic acid, gallic
acid, pyrocatechol, luteolin), and electroactive substances (adrenaline,
dopamine, noradrenaline) were evaluated by
Fe304-Pc-CMWCNTs/MGCE and no significant affect with the signal
current response was detected (Fig. S5A and B). The above results all
evidenced that our proposed sensor has an admirable selectivity for
electrochemical detection of RA.

The reproducibility, repeatability, and long-term stability of Fe3O4-
Pc-CMWCNTs/MGCE also have been verified in this work. As for the
reproducibility, eight independent magnetic sensors were used for
analysis in 0.5 mM RA solution, and the results were displayed in
Fig. 8D. The relative standard deviation (RSD) value was 3.74%, sug-
gesting that the Fe304-Pc-CMWCNTs/MGCE had a favorable reproduc-
ibility. In order to investigate the repeatability of the Fe3O4-Pc-
CMWCNTs/MGCE, the RSD of oxidative peaks for five successive mea-
surements by DPV on the same electrode was found to be 2.54%
(Fig. 8E). After storage at 4 °C in the refrigerator for 30 days, the sta-
bility of the proposed sensor was also investigated with an interval of
five days in 0.6 mM standard RA solution and shown in Fig. 8F. 91.6% of
the initial current response was maintained after a month of storage,
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indicating the outstanding long-term stability of the proposed sensor. All
the evidences confirm that the fabricated biosensor has excellent
selectivity, reproducibility, repeatability, and stability for electro-
chemical analysis of RA.

3.7. Application in real samples

To evaluate the effective adaptability in real samples, the standard
addition method was used for analysing the practical performance of the
constructed sensor in leach liquor of plants and human serum samples as
shown in Table S1. The accurate amount of RA was added in real sam-
ples and tested by Fe304-Pc-CMWCNTs/MGCE and HPLC. Through
calculating the obtained DPV value based on the equation in Fig. 7, the
recoveries ranged within 98-103%. Besides, the HPLC results and the
electrochemical results were compared using statistical method (F test
and t-test), which shows no significant difference (P value > 0.05) be-
tween two method results. All results proved that the proposed RA
sensor had excellent and accurate practicality and a potential to further
applications in the quality control and study on drug metabolism.

4. Conclusion

In this work, we proposed a novel method for a one-step synthesis of
magnetic nanohybrids consisted of metal and phthalocyanine. A
convenient electrochemical sensor also had been fabricated by using a
detachable magnetic electrode for sensitive and rapid analysis of RA in
real samples. Utilizing CMWCNTs and Pc displayed extraordinarily
improved active surface area and conductivity, which effectively
amplified the electrochemical signal. Compared with ZnFey04-Pc-
CMWCNTs based on prevalent ferrites, our Fe304-Pc-CMWCNTSs
exhibited more remarkably catalytic ability towards RA since their
narrow lattices were conducive to accelerate the electron transfer of
Fe?™/3*, Owing to the excellent properties of Fe304-Pc-CMWCNTS, the
sensor exhibited admirable performances for RA detection with a wide
linear range from 0.2 to 400 pM and a low LOD of 0.182 pM, which was
3.29 times lower than its counterpart ZnFep,O4-Pc-CMWCNTs/MGCE.
With excellent selectivity, reproducibility, repeatability, and stability,
the proposed sensor has achieved the analysis of RA in plant samples and
human serum samples, indicating it could be a promising candidate for
quality control and investigation of drug metabolism in animals.
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