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Abstract
Magnetoferritin (M-HFn) is a biomimetic magnetic nanoparticle with a human heavy-chain
ferritin (HFn) shell, trapping a magnetite (Fe;O,4) core that has inherited peroxidase-like activity.
In this study, cobalt-doped M-HFn nanoparticles (M-HFn-Co,Fe;_,0,4) with different amounts of
cobalt were successfully synthesized. Experimental results indicate that the controlled doping of
a certain amount of cobalt into the magnetite cores of M-HFn nanoparticles enhances its
peroxidase-like catalytic activity and efficacy for visualizing tumour tissues. For example,
compared with sample Co0O (without cobalt doping), the peroxidase-like activity of the cobalt-
doped nanoparticle sample Co60 (with a cobalt doping molar percentage of ~34.2%) increases
1.7 times, and has the maximal reaction velocity (V,.x) values. Moreover, after a one-step
incubation with Co60 nanoparticles, and using the peroxidase substrate 3,3’-diaminobenzidine
tetrahydrochloride (DAB) for colour development, the tumour tissues of breast, colorectal,
stomach and pancreas tumours showed a deeper brown colour with clear boundaries between the
healthy and tumourous cells. Therefore, this suggests that the cobalt-doped magnetoferritin
nanoparticles enhance peroxidase activity and tumour tissue visualization.

Keywords: magnetoferritin, peroxidase-like activity, kinetic analysis, visualizing tumour tissues,
cobalt-doping

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic nanoparticles, e.g. Fe;O4, possess intrinsic perox-
idase-like activity, which is similar to horseradish peroxidase
(HRP) [1]. Compared with HRP, the Fe;0, nanoparticles are
more stable against denaturation and resistant to high con-
centrations of substrate [1]. However, conventional synthe-
sized Fe;O4 often needs surface modification to prevent
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aggregation and linking with targeting ligands (such as anti-
bodies, peptides or small molecules), especially for tumour
diagnosis [1-4]. Ferritin is an iron storage protein which
exists in nearly all organisms. Mature mammalian ferritin is
assembled by 24 subunits of heavy-chain (HFn) and light-
chain (LFn) ferritin. Natural ferritin forms a cage-like struc-
ture with an outer diameter of about 12 nm surrounding an
8nm cavity containing a core of mineral ferrihydrite [5].
Meldrum et al and others successfully replaced the ferrihy-
drite cores in native horse spleen ferritin with Fe;04 to form
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magnetoferritin (M-HFn) nanoparticles [6-8]. Recently, a
novel M-HFn was successfully synthesized through biomi-
metic mineralization within the recombinant human HFn
cavity. The mineralized Fe;0, cores of M-HFn nanoparticles
have a uniform shape, narrow size distribution, high crystal-
linity, monodispersity and superparamagnetism at ambient
temperature [9-13]. Importantly, it has been well demon-
strated that the M-HFn nanoparticles can be directly used to
visualize diverse tumour tissues, because they have the dual
functionality of tumour-targeting ability and peroxidase-like
activity [12, 14]. Specifically, the HFn shell can specifically
target tumours without any surface-targeting ligand mod-
ification, and the Fe;O,4 core exhibits distinct peroxidase-like
activity. The H,O, diffuses into the ferritin cavity through its
hydrophilic channels and interacts with the iron oxide core of
M-HFn to generate -OH on the surface of the iron core [15].
The generated -OH catalyze the peroxidase substrate 3,3'-
diaminobenzidine tetrahydrochloride (DAB) to produce a
colour reaction for visualizing tumour tissues. The dual
functionality of M-HFn nanoparticles makes them very
appealing in cancer treatment. Recently, the peroxidase-like
activity of M-HFn nanoparticles has been demonstrated to be
core-size-dependent [8, 12]; M-HFn nanoparticles with larger
Fe;0, cores have higher peroxidase-like activity [12]. How-
ever, the ferritin cavity strictly controls Fe;O, cores smaller
than 8 nm in diameter, so a further increase in the peroxidase-
like activity of M-HFn nanoparticles is desired.

Co ions have excellent catalytic activity in H,O,
decomposition reactions in place of Fe compounds [16-19].
For example, the Co;04 nanocomposites possess superior
peroxidase-like activity than Fe;O, nanoparticles [2, 20].
Fantechi and co-workers recently demonstrated that Co
doping of 5% is also enough to enhance hyperthermic effi-
ciency compared with the undoped sample [21]. In the present
study, we synthesized and characterized the novel Co,Fe;_,O4
nanocomplex in a HFn cavity to form Co-doped M-HFn
nanoparticles (hereafter termed as M-HFn-Co,Fe;_,0,). The
systematic peroxidase-like activity kinetics and the tumour-
tissue staining efficacy of M-HFn-Co,Fe;_,O,4 nanoparticles
under different conditions were further analyzed. This indi-
cates that a certain proportion of cobalt doping in the mag-
netite cores can enhance its peroxidase-like catalytic activity
and efficiency for visualizing tumour tissues.

2. Materials and methods

2.1. Recombinant HFn expression and purification

The expression vector, pET-11b, containing the HFn gene,
was transformed into Escherichia coli BL21 (DE3). The
E. coli cells were grown at 37 °C to an ODgqo of 0.8 in an
ampicillin-containing liquid Luria-Bertani medium, and
induced with isopropyl-3-D-thiogalactopyranoside (IPTG,
1 mM) for 8 h. The cells were harvested by centrifugation at 8
000 rpm for 10 min and the precipitation was washed and re-
suspended in Tris-HCl buffer (0.025M Tris, 0.1 M NaCl,
pH 7.4). The suspension was incubated with lysozyme

(50 pgml™") in the presence of ethylene diaminetetraacetic
acid (EDTA, 1 mM) for 1 h at 30 °C, and then heated in the
presence of Triton-X 100 (1%) at 75 °C for 20 min. The cells
were disrupted and the heat-labile proteins were precipitated.
Then the HFn distributed in the supernatant was harvested by
centrifugation (10 000 rpm for 30 min at 4 °C), and the purity
was analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The purified HFn was loaded
onto a HiPrep 26/20 desalting column (GE Healthcare), and
eluted with a 0.1 M NaCl buffer. The concentration of HFn
was determined by bicinchoninic acid protein assay reagent
(Pierce) with bovine serum albumin as standard.

2.2. Synthesis of M-HFn-Co,Fes_,O, nanoparticles

The M-HFn-Co,Fe; ,O4 nanoparticles were synthesized fol-
lowing the previous M-HFn synthesis experimental method
with minor modifications [9]. A solution of metal ions (Fe2+
and Co>") was added at a rate of 40 atoms/protein/minute.
At the same time, freshly prepared H,O, was added as an
oxidant in accordance with stoichiometric equivalents (1:3,
H,0,: metal ion). Four different proportions of bivalent
cobalt-iron solutions were prepared. The starting molar
percentage of cobalt (Co/(Co + Fe) x 100) was 0%, 20%,
40%, and 60%, respectively. After adding a theoretical 5
000 atoms per protein cage to the reaction vessel, the reaction
continued for another 10min. Then, 200 ul of 300 mM
sodium citrate was added to each sample to chelate any free
metal ions. Finally, the purification was performed through
size exclusion chromatography (Sepharose 6B, GE Health-
care) after centrifugation at 10000 rpm for 30 min at 4 °C.
These four sets of synthesized M-HFn-Co,Fe;_ O, nano-
particles were hereafter referred to as Co0, C020, Co40, and
Co60, respectively.

2.8. Characterization of synthesized M-HFn-CoyFes O,
nanopatrticles

The content of iron and cobalt in the M-HFn-Co,Fe;_ O,
nanoparticles was analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) (Agilent, 7500 A) according to
the experimental procedures described in reference [12]. The
samples were nitrified with high-purity hydrogen nitrate at
150 °C in a clean room. The nitrified samples were dissolved
in 1 M hydrogen nitrate and quantified to a constant volume
of 1 ml. The actual content of metal atoms was calculated by
the iron and cobalt standard, respectively.

The size, morphology, and structure of M-HFn-Co,Fe;_
Oy nanoparticles were analyzed by transmission electron
microscopy (TEM, JEOL JEM-2100). The samples were
dropped onto a carbon-coated copper grid and dried at room
temperature. The size distribution of M-HFn-Co,Fe;_.O4
nanoparticles was determined by measuring at least 600 of
them. The crystalline of M-HFn-Co,Fe; O, cores was
examined by high-resolution TEM (HR-TEM). All images
were obtained using an operating beam voltage of 200 kV.

The hysteresis of M-HFn-Co,Fe;_,O, cores was mea-
sured on an MPMS superconducting quantum interference
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Table 1. The relevant parameters for the synthesized M-HFn-Co Fe;_,O4 nanoparticles.

Co content in starting

solution of metal Mean size of

Co content in final

Total atoms per Co stoichiometry (x) in

Sample ions (%) cores (nm) nanoparticles (%) protein (Co + Fe) final nanoparticles
Co0 0 5.35 + 0.95 0 2491 0

Co20 20 5.53 £ 0.94 9.0 2158 0.21

Co40 40 5.54 + 1.08 17.2 2106 0.52

Co60 60 5.81 +£0.92 342 1969 1.03

device (Quantum Design Inc., Model XP-5XL, with a
magnetic moment sensitivity of 5.0 x 10~'° Am?) in fields of
+3Tat5K.

The stability and integrity of the protein shells were
examined by circular dichroism (CD) spectra analysis. The
CD spectra were obtained using a Chirascan™-Plus CD
spectrometer (Applied Photophysics, Leatherhead, UK) at
200-260 nm (bandwidth: 1 nm) with a protein concentration
of 0.1 mgml™"'.

2.4. Steady-state kinetic analysis of M-HFn-Co,Fe3_xO4
nanopatticles as peroxidase mimics

Steady-state kinetic assays were performed at room temper-
ature in a 2 ml system with a constant protein concentration of
M-HFn-Co,Fe;_,O, nanoparticles (20 ug ml™") in a 02M
sodium acetate buffer (pH 4.5) in the presence of 100 mM
H,O, and 208 uM 3,3,5,5-tetramethylbenzidine (TMB,
Sigma). When using H,O, as the substrate, the kinetic ana-
lysis was carried out by varying the concentrations of H,O, at
a fixed TMB concentration, or vice versa. Colour reactions
were recorded immediately after the H,O, was added.

All the reactions were monitored in time scan mode at
652 nm every 4 s during the first 2 min using a UNIC UV/
VIS2802 spectrophotometer. The initial reaction velocity was
determined by calculating the slope of initial absorbance
changes with time. The absorbance data was back-calculated
to the concentration by the Beer—Lambert law using a molar
absorption coefficient of 39000M 'cm™' for the TMB-
derived oxidation products [22, 23]. The apparent catalytic
parameters were calculated using the Lineweaver—Burk plots
of the double reciprocal of the Michaelis—Menten equation,
where v is the initial reaction velocity, V.. is the maximal
reaction velocity, [S] is the substrate concentration, and K, is
the Michaelis constant, which is an indicator of enzyme
affinity for its substrate.

Michaelis—Mention equation: v = (Viuux [S1)/ (K + [S])
(D

Lineweaver—Burk plots: 1/v = K/ (Viax [S]) + 1/ Vinax
@)

2.5. Staining of tumour tissues using M-HFn-Co,Fes O,
nanopatrticles

Frozen xenograft breast tumour (MDA-MB-231) tissue,
pancreas tumour (CFPAC-1) tissue, colorectal tumour (HCT-
116) tissue and stomach tumour (MGC-803) tissue sections
were washed twice in phosphate buffer saline (PBS, pH 7.4)
for 3 min and then incubated with 0.3% H,0, in methanol for
20 min to quench endogenous peroxidase activity. For antigen
retrieval, the tissue sections were treated with proteinase K for
25 min at 37 °C and washed three times in PBS. The tissue
sections were blocked with 5% goat serum in PBS for 1h at
37 °C, and after washing three times in PBS, independently
incubated with Co0 and Co60 nanoparticles (diluted with
PBS to 2 uM) overnight at 4 °C. Then, the sections were
incubated for an extra 1h at 37°C and washed in PBS.
Finally, the sections were stained and examined following our
previous method with minor modifications [12]. Freshly
prepared DAB was used for colour development, while
hematoxylin was used for counterstaining. All the sections
were dehydrated in anhydrous ethanol and xylene, and
eventually mounted with neutral gums. The stained sections
were observed under a microscope. Quantitative analysis was
carried out using Image Pro Plus software (version 6.0)
through calculating the mean optical density, and the intensity
was averaged from six fields to view ten tissue sections. First,
the MGC-803 tissue was stained with Co60 under pH 4.5,
5.5, 6.5 and 7.5 in order to find out the optimal pH value.
Then, the MDA-MB-231, CFPAC-1, and HCT-116 tumour
tissues were stained with PBS, C020 and Co60 at the optimal
pH value. The CFPAC-1 tissue staining unfortunately failed
as slices were lost during the experiment.

3. Results and discussion

3.1. Mineralogy and magnetism of synthesized M-HFn-
CoyFes_xO, nanoparticles

The content of cobalt and the corresponding values of x in the
formula unit M-HFn-Co,Fe;_, O, were calculated and are
displayed in table 1. The total iron and cobalt atom content
per protein in Co0, Co20, Co40, and Co60 was 2491, 2158,
2106, and 1969 atoms, respectively, while the proportions of
cobalt were 0%, 9.0%, 17.2%, and 34.2%, respectively.
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Figure 1. TEM analysis of M-HFn-Co,Fe;_,O,4 nanopatrticles. (a) TEM graphs of Co0, Co20, Co40, and Co60; scale bar is 10 nm. (b) The
HR-TEM images of Co0, Co20, Co40, and Co60; scale bar is 1 nm. (c) Size histograms of Co0, Co20, Co40, and Co60. Abbreviations:
M-HFn-Co,Fe;_,0O,4, magnetic H-ferritin with different rates of cobalt-doping; TEM, transmission electron microscope. Co0, Co20, Co40,
and Co60, M-HFn-Co,Fe;_,O4 nanoparticles with starting cobalt proportions of 0%, 20%, 40%, and 60% (by molar percentage),

respectively.

As can be seen in figure 1, the synthesized M-HFn-
Co,Fe;_0O, nanoparticles were well monodispersed. The
mean size of the cores in Co0, Co20, Co40, and Co60 were
535 +£095nm, 5.53 £094nm, 5.54 + 1.08nm, and
5.81 + 0.92 nm, respectively, with shape factors (major axis/
minor axis ratios) of 1.05, 1.15, 1.21, and 1.21, respectively.
With more cobalt doped into the cores, both the size and
shape factor of the cores slightly increased. HR-TEM analysis
showed that the cores of all four kinds of samples were well-
crystalline with clear lattice fringes (figure 1(b)). However, it
was difficult to discriminate between the magnetite and
cobalt-doped magnetite during HR-TEM observation due to
the similarity between Fe*" and Co?" ions.

Hysteresis loops of the M-HFn-Co,Fe;_,O, nanoparticles
are shown in figures 2(a)-(d). The loop shape, saturation
magnetization (M) and coercivity (H.) at 5 K of the M-HFn-
Co,Fe;_,0, nanoparticles varied with cobalt doping. With an
increase in the actual content of cobalt doping, the M value
decreased from 25.0 emu g_1 (Co0) to 1.9emu g_1 (Co60)
(figure 2(e)). Initially, the H, value dramatically increased from
20 mT (Co0) to a value of 804 mT (Co020), then decreased to
161 mT (Co60) (figure 2(f)). The observed trends in M and H,
are consistent with previous studies [24-28].

3.2. Peroxidase-like activity of M-HFn-CoFes3 O,
nanoparticles

As expected, all four samples Co0, Co020, Co40, and Co60
catalyzed the reaction of the substrates TMB and DAB in the
presence of H,O, to produce a blue and brown colour reaction,
respectively (figures 3(a) and (b)). These results indicate that
M-HFn-Co,Fe;_,O, nanoparticles exhibit peroxidase-like activ-
ity, which is similar to other peroxidase mimetics synthesized by
the chemical methods reported previously [2, 29-31]. It is noted
that the sample Co60 has about 2.7 times absorbance compared
to sample Co0 at 10 min, while the peroxidase-like activity of
C020 and Co40 appear to increase slightly (figure 3).

3.3. Kinetic analysis of M-HFn-Co,Fes_.O, nanoparticles as
peroxidase mimics

The Michaelis—Menten curves were obtained for the four
kinds of M-HFn-Co,Fe;_,O, nanoparticles with TMB and
H,0,, respectively, as substrates within the suitable range of
concentrations (figures 4(a) and (b)). The K, and V,,,,, were
determined by fitting data to the Lineweaver—Burk plot
(figures 4(c) and (d)).
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Figure 2. Hysteresis loops of the Co0 (a), Co20 (b), Co40 (c), and Co60 (d) measured at 5 K in fields of 3 T. The variation of saturation

magnetization (e) and coercivity (f) at 5 K as a function of cobalt stoichiometry in M-HFn-Co,Fe;_,O,.
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Figure 3. Peroxidase-like activity assays. M-HFn-Co,Fe; ,O4 nanoparticles with different concentrations of cobalt doping catalyzed the
oxidation of the peroxidase substrates in the presence of H,O,. (a) With TMB, the substrate produced a blue-coloured product. (b) With

DAB, the substrate produced a brown-coloured product. (c) A comparison of the peroxidase-like activities of Co0, C020, Co40, and Co60.
The samples contained 100 mM H,0,, 208 uM TMB, and 0.2 M sodium acetate buffer (pH 4.5) with the same concentration (20 ug ml™Y) of
M-HFn-Co,Fe;_,O,4 nanoparticles. Pure HFn was tested as a control. The reactions were monitored in time scan mode at 652 nm for 10 min.
Abbreviations: HFn, H chain ferritin; TMB, 3,3',5,5'-tetramethylbenzidine; DAB, 3,3/-diaminobenzidine tetrahydrochloride.
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Figure 4. Steady-state kinetic assays of the M-HFn-Co,Fe;_,O,4 nanoparticles. (a) The concentration of TMB was 208 uM and the H,O,
concentration was varied from 20 mM to 100 mM. (b) The concentration of H,O, was 100 mM and the TMB concentration varied from
0.05 mM to 0.4 mM. (c)—(d) The Lineweaver—-Burk plots of the double reciprocal of the Michaelis—Menten equation.

Table 2. The kinetic parameters of the M-HFn-Co,Fe;_,O,4 nanoparticles.

Sample (E] (M) Substrate Kn(mM) Vinax 1077 M s71)
Co0 395 x 10°%  H,0,  17.02 4 3.30 7.01 + 0.41
Co20  395x10®  H0,  17.17 £2.26 791 + 0.34
Co40  395x10°%  H0, 1838 +2.58 7.40 £ 0.17
Co60 395 x 10°%  H0,  17.15 + 295 17.57 + 0.88
Co0 395 x 107 TMB 0.13 £ 0.05 13.73 + 0.31
Co20 395x10°%  TMB 0.11 + 0.02 14.61 + 1.03
Co40  395x10%  TMB 0.12 £ 0.02 12.92 + 2.01
Co60 395 x 10  TMB 0.20 + 0.03 36.68 + 2.84

As shown in figure 4 and table 2, with -either
H,0O, or TMB as the substrate, the K,,, values of the M-HFn-
Co,Fe;_0, nanoparticles were nearly constant in statistical
analysis (z-test, P > 0.05). Specifically, the Co0, Co20, Co40,
and Co60 had K, values of 17.02 4 3.30mM,
17.17 £ 2.26 mM, 18.38 + 2.58 mM, and 17.15 £+ 2.95 mM
with H,O, as the substrate, and K,, values of 0.13 &
0.05mM, 0.11 £ 0.02mM, 0.12 + 0.02mM, and 0.20 +
0.03 mM with TMB as the substrate, respectively. This sug-
gests that the four kinds of samples have a similar affinity to

H,0, as well as TMB. Nevertheless, the Co0, C020, Co40,
and Co60 had V. values of (7.01 + 0.41) x 10 °Ms™ ',
(7.91 £ 034) x 10°°Ms~ !, (7.40 £ 0.17) x 10 °Ms 1,
and (17.58 4+ 0.88) x 10 "Ms ' with H,O, as the sub-
strate, and Vi values of (13.73 + 0.31) x 107 Ms™ 1,
(14.61 £1.03) x 107" Ms ', (12.92+2.01) x 10°° Ms™ !,
and (36.68 +2.84) x 100°M s ! with TMB as the
substrate, respectively (table 2). It is worth noting that at the
same molar concentration, the Co60 sample has the highest
Vmax value, while the V., values of Co0, Co20 and Co40
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Figure 5. Optimization of catalytic conditions. Experiments were carried out using the same concentration sample Co0 and Co60 with 20 ug
protein concentrations in a reaction volume of 2 ml, in a 0.2 M sodium acetate buffer, with 208 xM TMB and 100 mM H,0, as substrates at
room temperature. The pH was 4.5, unless otherwise stated. The maximum point in each curve (a)—(c) was set as 100%. (a) Co0 and Co60
showed an optimal pH of 4.5. (b) Co0 and Co60 showed an optimal temperature around 60 °C—65 °C, respectively. (c) Co0 and Co60
required 4 M H,O, to reach maximal peroxidase-like activity. (d) CD spectra of the secondary protein structure of HFn, Co0 and Co60

nanoparticles at pH values of 4.5 and 7.4.

Table 3. Comparison of the optimal experimental conditions of the M-HFn-Co,Fe;_,O,4 nanoparticles, HRP and other peroxidase-like

artificial enzyme mimics.

Catalyst Size (nm) pH H,0; concentration (M) Temperature (°C)  Reference
Co0 535+£095 45 4 65 This study
Co60 581 £092 45 4 60 This study
ZnFe,0y4 200 4.0 0.5 40 [33]

Fe;04 NMPs 300 3.5 0.6 40 [1]

Co304/rGO  Micron grade 3.5 0.1 30 [20]

HRP - 45 0.01 35 [1]

show no striking difference in statistical analysis activity of M-HFn, and their catalytic activity is cobalt-con-

(t-test, P > 0.05).

It has been demonstrated that the TMB can be oxidized
directly by Co>"; not by radicals generated from H,O,; when
Co30,4 nanoparticles are used as catalysts. Therefore, the
Co304 nanoparticles possess superior peroxidase-like activity
than Fe;O4 nanoparticles [2]. In this study, we found that the
doping of a certain amount of cobalt can enhance the catalytic

tent-dependent. For peroxidase-like artificial enzyme mimics,
metal ions on the surface play a major role in the catalytic
reaction [32]. It is assumed that the surface area of the Co20
(9.0% cobalt-doped) and Co40 (17.2% cobalt-doped) may be
iron dominant, while the surface of Co60 has more cobalt
replacement. Analysis of the cobalt distribution in individual
core crystals is nevertheless challenging. In addition to the
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Figure 6. Representative images of the histochemical staining of tumour tissues. (a) Stomach tumour (MGC-803) tissues treated with Co60
and stained in pH 4.5, 5.5, 6.5, and 7.5 conditions; scale bar is 100 um. (b) Staining of MDA-MB-231 tissue, HCT-116 tissue and MGC-803
tissue with PBS, Co0 and Co60 in pH 6.5 conditions with DAB as the substrate; the scale bar is 100 ym. (c) The mean optical density,
showing that treatment with Co60 significantly enhanced the efficiency of histochemical staining. The data was analyzed by r-test, and

significant differences are indicated by ** (p < 0.01).

cobalt doping, the small increase in the core of Co60 (mean
size 5.81 = 0.92nm) might contribute slightly to the
enhancement of peroxidase-like activity.

We also measured the V., of HRP (1244 + 344) x
10°M s~ ! with H,O, as the substrate and (943 + 138) x
107°M s~ with TMB as the substrate. It is noticed that the

catalytic activity of M-HFn-Co,Fe;_, O, nanoparticles is
lower than the HRP and some chemically synthesized per-
oxidase-like artificial enzyme mimics, such as large-sized
Fe;04 nanoparticles [1], CoFe,O4 [30], ZnFe,O, [33],
CuFe,04 [29], Co030,/rGO [20]. However, considering
M-HFn nanoparticles have a unique dual functionality of
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tumour-targeting ability and peroxidase-like activity, the
improvement of catalytic activity by cobalt doping is certainly
helpful in tumour detection.

3.4. pH, temperature and H-O» concentration dependence

The pH, temperature and H,O, concentration can influence
peroxidase catalytic activity. For example, in neutral or
alkaline conditions, H,O, tends to decompose into O, and
H,O rather than oxidize the TMB [34]. In this study, the
peroxidase-like activities of Co0 and Co60 were studied and
compared under different experimental conditions with TMB
as the substrate: the pH from 2.53-8.73, the temperature from
20 °C-75 °C, and the H,O, concentration from 0.02-5 M. As
shown in figure 5(a), the catalytic activity of both Co0 and
Co60 initially increased quickly with the pH up to 4.5, and
sharply decreased with further a increase in pH values.
Figure 5(b) indicates that the optimal temperature of Co0 and
Co60 was slightly different, 65 °C for Co0 and 60 °C for
Co60. The effect of H,O, concentration is shown in
figure 5(c). Both the Co0 and Co60 required 4 M H,O, to
reach the maximal level of peroxidase-like activity. Notably,
the temperature and H,O, concentration required to achieve
maximal peroxidase-like activity were higher than that of the
HRP and some other peroxidase-like artificial enzyme mimics
(table 3). A plausible explanation for this is the particle size
effect. The high temperature and high H,O, concentration
features imply that these M-HFn-Co,Fe; 04 nanoparticles
could be used in unusual environments.

Figure 5(d) indicates that the CD spectra of Co0 and
Co60 at pH 7.4 were very similar to the spectra of HFn,
indicative of the native structure of Co0 and Co60 in these
conditions. Nevertheless, at pH 4.5, the typical negative peak
of the alpha-helix at 208 nm and 222 nm nearly disappeared,
which suggests that the secondary structures of HFn, Co0 and
Co60 had changed.

3.5. Efficiency of staining tumour tissues

Previous studies have demonstrated that M-HFn nanoparticles
can directly target and visualize various tumour tissues
including ovarian, liver, prostate, lung, breast, pancreas, cer-
vical, thymus, colorectal and oesophageal cancers. Thanks to
the active targeting of the HFn shell to TfR1, the latter is
overexpressed in cancer cells [14, 15]. This property makes
M-HFn nanoparticles very promising in tumour treatment. In
this study, the CoO (without cobalt doping) and the cobalt-
doped Co60 were used in the immunohistochemical-like
staining of tumour tissues. Representative images of the his-
tochemical staining of tumour tissues and the mean optical
density results are shown in figure 6.

The Co60 staining efficacy at different pH conditions
from pH 4.5-7.5 on MGC-803 tissue is shown in figure 6a. It
indicates that the tumour tissue staining at pH 4.5-6.5 can
distinguish tumours and normal tissues effectively. We
selected pH 6.5 as the optimal condition in later staining,
because (1) M-HFn nanoparticles have colloidal stability and
an intact protein structure between pH 6-10 [14], and (2)

because it might cause nonspecific staining due to the struc-
tural change of the ferritin shell in pH < 6.0 conditions (see
figures 5(d) and 6(a)).

Figures 6(b)—(c) show the staining results with PBS, Co0
and Co60 nanoparticles on MDA-MB-231, HCT-116, and
MGC-803 tumour tissues. It demonstrates well that all three
tumour tissues treated with Co60 show a significantly more
enhanced brown colour than that treated with Co0 and PBS (-
test, p < 0.01). Our previous staining experiment using Co60
nanoparticles on CFPAC-1 under pH 7.5 also had similar
results (data not shown). This indicates that the Co60 nano-
particles possess higher efficiency in the histochemical
staining of tumours.

4. Conclusions

We successfully synthesized four kinds of M-HFn-Co,Fe;_O,
nanoparticles with different amounts of cobalt doping,
named Co0, Co20, Co40 and Co60. The catalytic activity of
the M-HFn-Co,Fe;_,O, nanoparticles is dependent on the
experimental conditions. The similar K, values of those
M-HFn-Co,Fe;_,O4 nanoparticles infer that the synthesized
M-HFn-Co,Fe;_,O4 nanoparticles are equally matched in
substrate affinity. In comparison, the Co60 nanoparticles have
a maximum V;,,, exhibiting the strongest peroxidase-like
activity, and significantly enhanced staining efficacy of
tumour tissues including breast, colorectal, stomach and pan-
creas tumours.
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