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ABSTRACT:

Similar to porphyrins, phthalocyanine is a macrocyclic conjugated metal ligand, which is
expected to achieve a highly efficient peroxidase-like (POD-like) catalytic effect, generating
free radicals and inhibiting the proliferation of cancer cells. Herein, using a rapid self-
assembly method, manganese phthalocyanine (MnPc) possessing a metal-N-C active center
assembled into various nanostructures, depending on the added emulsifier. During the
shrinkage of the microemulsion droplets, the hydrophobic chain of the emulsifier was
inserted between the MnPc molecules to expose more active sites, showing stronger
peroxidase-like catalytic activity than Mn porphyrin assemblies. The assembly had a highly
efficient microenvironmental response to the catalytic activity and has a water-dispersed
nanostructure, which is conducive to accumulation at the tumor site. Their higher catalytic
activity only emerged under the acidic tumor-like microenvironment, which causes less
damage to normal tissues in biomedical applications. In vivo and in vitro catalytic therapy
tests showed excellent anti-tumor effects. This work explored a new way for the application

of metal-organic macromolecules such as MnPc as nanozymes for catalytic tumor therapy.
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As engineered enzyme mimics, nanozymes have excellent catalytic activities under
physiological conditions.!> In addition, nanozymes have higher stability and lower cost, and
have been extensively used in biomedical fields such as biosensors, theranostics and
antibacterial applications.®!© Among them, nanozymes are particularly attractive for disease
treatment such as cancer therapy.'!"!3
Tumor tissues have a special microenvironment that is different from normal tissues,

including lower pH and an excessive H202 content.'6 17

Therefore, nanozyme-based tumor
therapy in response to tumor microenvironment (TME) might exhibit high specificity for
tumors and low toxicity to normal tissues. Some nanozymes can specifically generate
reactive oxygen species (ROS) at tumor sites, which can induce tumor cell apoptosis or
necrosis. Previous work indicated that iron oxide nanoparticles (IONPs) have peroxidase-like
(POD-like) catalytic activity in the tumor microenvironment.'®! Fe atoms can effectively
trigger the tumor-specific Fenton reaction in the acidic tumor microenvironment, which
produces a large amount of toxic hydroxyl radicals (*OH), thereby effectively inhibiting
tumors and avoiding damages to normal tissues.?> 23 In addition, manganese (Mn)-based
materials have also been confirmed to exhibit POD-like activities.?* 2> Furthermore, Mn is a
key cofactor for a variety of metallo-enzymes, playing important regulatory roles to affect
metabolism and biological redox reactions.?6-28

Apart from inorganic nanomaterials, some carbon-based nanomaterials with better
biocompatibility also possess excellent POD-like activities.?**! Gao and co-workers used
density functional theory (DFT) to reveal that large aromatic domains played a significant
role for carbon-based nanomaterials as peroxidase mimics.’> Porphyrins are macrocyclic
compounds containing C and N.3% 34 The porphyrin center can chelate different metal ions to
form metalloporphyrins, and in particular, Fe porphyrins have been used to mimic enzyme
catalysis.?>37

Similar to porphyrin, phthalocyanine (Pc) is a synthetic macromolecule with an 18 =-
electron conjugated structure. It has good biocompatibility and has been widely used in bio-

38-41

phototherapy. Pcs are thermally stable with rich redox properties, which can be easily
adjusted by changing the metal center. In addition, for variable valence metal ions, they

usually exhibit the lower valence state when chelated in phthalocyanines, and the low metal
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valence state is more conducive to the decomposition of H2O2 to generate -OH in acidic
systems.*> 4> However, metal phthalocyanines are difficult to be directly used in biological
environment because of their poor water solubility. This solubility problem might be solved
by assembly of Pcs to form nanomaterials, similar to what has done for porphyrins and their
derivatives.*4 However, highly ordered assembly can also mask more active sites while
enhancing electron transport between molecules. Thus, shorter assembly cycles and more
disorganized assemblies are expected to have better catalytic activities (Figure S1a).

Herein, we report a MnPc assembly with good water dispersibility via supramolecular self-
assembly (Figure 1a). Mn phthalocyanine molecules (MnPcs, Figure S1b) were dissolved in
an oil-soluble reagent such as chloroform (CHCl3), and mixed with an aqueous solution of
emulsifier using high-intensity ultrasound to form an emulsion. At a high temperature (63°C),
the chloroform was quickly volatilized from the microemulsion droplets, thereby obtaining
MnPc nanomaterials coated with emulsifiers on the surface. The hydrophobic chains of
emulsifiers were inserted between the MnPc molecules to increase the molecular distance,
thereby exposing more active sites.

According to our previous work, the choice of different emulsifiers can impact the
morphology of the final assemblies. For our current experiment, spherical nanoparticle
assemblies (MnPcNPs) were obtained when sodium dodecyl sulfate (SDS) was used, whereas
linear assemblies (MnPcNWSs) were obtained by using sodium dodecyl benzene sulfonate
(SDBS) under the same experimental conditions. As shown in scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images (Figure 1b, ¢), the MnPcNPs
were well dispersed with a relatively regular morphology and a diameter of ~62 nm (Figure
1c inset). Meanwhile, the linear MnPcN'Ws were generally more than 1 pm in length (Figure
1d, e). As observed by ultraviolet-visible spectroscopy (UV-vis, Figure S2a), the absorption
of the assemblies has undergone different degrees of broadening and red shift compared with
single molecules. The crystal structures of the MnPc powder and MnPc assemblies were
further characterized by X-ray diffraction (XRD, Figure S2b), and the assembled MnPcNWs
and MnPcNPs show different crystal structures. The assembly maintains the large conjugated
structure of the assembled element, and at the same time increases the weak bond interaction

between molecules, further improves the electron transfer ability, and is expected to achieve
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an efficient catalytic effect.
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Figure 1. Schematic diagram of the synthesis of MnPc assemblies and the corresponding
catalytic treatment of tumor microenvironment (a) and morphology characterization of MnPc
assemblies. (b) (d) SEM and (c) (¢)TEM images of MnPcNPs and MnPcNWs, and the inset

in (c) is a particle size histogram of the MnPcNPs.

It was reported that nanozymes with peroxidase-like (POD-like) activity can induce the
decomposition of H202 to generate *OH, thereby catalyzing the oxidation of 3,3°,5,5’-
tetramethylbenzidine (TMB) to oxidized TMB (oxTMB). The blue oxTMB has an absorption
peak at 652 nm (£=3.9x10* M-'cm™), allowing UV-vis based characterization (Figure 2a).
47 The valence state of the metal ion as the catalytic center was tested by X-ray photoelectron
spectroscopy (XPS, Figure 2b). As determined by the results, both of the MnPc assemblies
showed four characteristic peaks: C 1s (285 eV), O 1s (530 ¢V), N 1s (397 eV), and Mn 2p
(641 eV), which were consistent with the MnPc¢ powder before the self-assembly. In addition,
the characteristic Mn 2p peaks of the MnPc assemblies (Figure 2¢) were also consistent with

those of the MnPc powder, suggesting that the oxidation state of Mn remained +2 during the
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assembly process, and low-valence metals valence state be beneficial to the decomposition of
H20:2 to generate *OH under acidic conditions. Therefore, the assembly can solve the water
dispersion of the MnPc monomers while maintaining a low-valence central metal.

During the test, the catalytic activity was closely related to the pH and temperature of the
reaction system (Figure S3), where the maximal activity was reached under weakly acidic
conditions (pH 5.2~6.0) at 35°C, similar to the TME. In addition, in neutral and alkaline
environments, the MnPc assemblies hardly had any POD-like activity, which would have less
damages to normal tissues. The kinetics of the reactions were studied with different
concentrations of TMB and a fixed concentration of H202 (0.53 M). Under the most optimal
catalytic conditions, the absorbance value of the reaction system at 652 nm increased with the
increase and finally reached a plateau (Figure 2d). Interestingly, the catalytic activity of the
MnPcNPs was significantly higher than that of the MnPcNWs at the same concentration of

the assemblies (Figure S4).
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Figure 2. Characterizations of enzyme-like activities of MnPc assemblies. (a) Schematic
presentation of peroxidase-like (POD-like) activity of MnPc assemblies. (b) XPS survey
spectra and (c) Mn 2ps32 core-level XPS spectra of Mn-Pc monomers, MnPcNPs and
MnPcNWs. (d) Time-course absorbance@652nm of MnPcNPs upon the addition of varied
concentrations of TMB as a reaction substrate. (¢) Michaelis—Menten kinetics and (f)

Lineweaver—Burk plotting of Kinetics for POD-like activity of MnPc assemblies using
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different concentrations of TMB. The initial velocities were calculated in six periods (15 s per

period) in one experiment.

We then studied the Michaelis-Menten steady-state kinetics with H2O2 and TMB substrates
in order to systematically evaluate the catalytic performance of the system.!? Specifically, the
corresponding average initial velocities were calculated through the time-dependent
absorbance change curves, and all the average initial velocity of absorbance changes were
converted to the initial velocity of generating the cationic radical product (vo) through Beer—
Lambert law (Eq. 1 in Figure S5), which was plotted with the corresponding substrate
concentration to fit with the Michaelis—Menten equation (Eq, 2 in Figure S5) as shown in
Figure 2e and Sé6a. Then, a double-reciprocal plot in Figure 2f and S6b was obtained (Eq. 3,
Figure S5) to determine the Michaelis—Menten constant (Km) and maximum velocity (Vmax).
The Km and Vimax were calculated to be 0.034 mM and 3.16 X107 M s! for MnPcNPs. Its
Vmax for TMB and H202 were 2.5 and 1.7-fold of that of the MnPcNWs, respectively
(Supplementary Table 1).

To explore the source of the catalytic differences between different assembled structures,
the surface elemental compositions of the MnPc assemblies were compared (Supplementary
Table 2), which was different for the MnPcNPs, MnPcNWs and MnPc powders, suggesting
that the type and amount of emulsifier covered on the surface of the assembled nanomaterials
were different. The surface S element came from the emulsifier. The surface of MnPcNPs has
the largest proportion of S element (6.89%), which means that more emulsifiers were
wrapped on the surface, but its surface C element was the least of the three. Therefore, we
speculated that in the process of forming MnPcNPs, the hydrophobic alkyl chain in the
emulsifier was between the MnPc molecules (Figure S7), which increased the distance
between MnPc molecules and also increased the contact area. It is worth noting that the
proportion of Mn on the surface of MnPcNPs was close to that of unassembled MnPc
molecules, indicating that more active sites were exposed.

It was reported that for enzyme or chemical catalysis, the POD-like catalytic reactions are
similar to the oxygen reduction in ORR (oxygen reduction reaction).’>*® For nitrogen-doped

carbon materials (N-CNMs) such as phthalocyanine, the metal-N-C structure can
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significantly improve the catalytic performance of ORR.* Related research also pointed out
that the metal-N active site in the metal-N-C structure plays a key role in the ORR of acidic
systems, and more single-atom metal sites can improve the catalytic performance.’®
Compared with N-doped nanocarbon or graphene oxide with the POD-like catalytic
performance, the MnPcNPs had better substrate affinity and a greater reaction rate as shown

in supplementary Table 3.3!-5!
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Figure 3. (a) Morphology TEM characterization of MnTPPNPs. (b) The time-dependent
absorbance change curves of MnPc assemblies, MnTPP assemblies, MnTPyP and MnTNPP
monomers. (¢) Photographs of TMB peroxidation catalyzed by different materials in 0.025

mg/mL with pH of 2 to 9.

Furthermore, we compared the catalytic activity of the MnPc and a few Mn porphyrins. We
first prepared the MnTPP (molecular structure shown in Figure S8a) assemblies (MnTPPNPs)
by the microemulsion-assisted method, whose morphology (Figure 3a) was similar to the
MnPcNPs. In addition, we selected two water-soluble porphyrins (MnTNPP and MnTPyP,
Figure S8b, ¢) as controls to further analyze the effect of porphyrin substituents on the
catalytic activity. As observed by the reaction kinetic curves, the MnPcNPs had the fastest
reaction rate (Figure 3b). Interestingly, the MnTPPNPs had almost no activity at all. In some
reports, it was only pointed out that manganese porphyrin has the catalytic activity of
superoxide dismutase (SOD), which could not generate ROS.3% 33

The catalytic performance at different pH was more intuitively reflected by the change of
color (Figure 3c¢). The color difference trend presented at pH 5.2 was consistent with Figure
3b. These results suggest that the catalytic activity of the MnPc assemblies was higher than

that of the Mn porphyrin assemblies, which might be related to the larger N doping ratio, the
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larger conjugated structure and different oxidation states of the metal. Furthermore, the
electron-withdrawing substituent (MnTPyP) can induce stronger catalytic activity than the
electron-donating substituent for the water-dispersed Mn porphyrin monomer. 3436

After finding the high catalytic activity of the MnPcNPs, in vitro experiments on the tumor
cells survival were carried out by a standard Cell Counting Kit-8 (CCK-8) assay. The
proliferation activity of HeLa cells was less affected by changes in the incubation
environment or treated with MnPcNPs without adding H20:2 (Figure S9). With 100 uM H202
to simulate the H2O2 level in the tumor microenvironment, the survival rate of HeLa cells was
significantly reduced when the concentration of the MnPcNPs was 100 pg/mL in the acidic
medium (pH 6.0). In the neutral incubation environment, the survival rate of HeLa cells was
improved (Figure 4a and 4b).

The intracellular *OH due to the MnPcNPs could be further observe through confocal laser
scanning microscopy (CLSM) by using DCFH-DA as a fluorescent probe. DCFH-DA can be
immediately oxidized to generate DCF when *OH is present, and green fluorescent signal can
be detected. The fluorescence in the HeLa cells treated with MnPcNPs+H202 was greatly
enhanced compared with that after treatment with MnPcNPs or H2Oz (Figure 4c¢). In addition,
the treated HeLa cells were stained by calcein-AM (living cells, green fluorescence) and PI
(dead cells, red fluorescence). The HeLa cells treated with MnPcNPs+H202 mainly showed
red fluorescence under the slightly acidic environment (Figure 4d), which confirmed that the
production of *OH caused apoptosis. In addition, the cytotoxicity induced by MnPcNPs on
cancer cells was alleviated by adding an antioxidant ascorbic acid (AA, vitamin C), which
further indicated that the cytotoxicity of the cancer cells stems from the oxidative damage of

active free radicals generated by the MnPcNPs (Figure S10).
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Figure 4. In vitro catalytic therapy of MnPc assemblies and its effect on cell viability. (a)
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HeLa tumor cells viability assays of MnPcNPs + H202 under neutral culture media (pH = 7.4)
and (b) acidified (pH = 6.0). Values are presented as means * s.d. (six replicates). *P < 0.05,
**p < 0.01, ***P < 0.001. Confocal microscopic images (CLSM) for cells treated with
MnPcNPs, H202 and MnPcNPs + H20: to (¢) DCFH-DA cell-staining or (d) Calcein-AM/PI

cell-staining, respectively. Conditions: MnPcNPs: 100 pg/mL, H202: 100 uM, pH 6.0.

The effects of MnPc assemblies with different morphologies on cell internalization and
generation of active free radicals in a slightly acidic environment containing H2O2 (100 uM)
were also compared. Using CLSM (Figure S11), Pc can produce a red fluorescence emission
peak similar to porphyrin, which can be used for biological imaging. Based on the red
fluorescence, the MnPcNPs appeared to be internalized more than MnPcNWs, which could
be due to smaller size of the MnPcNPs.5” There was also a difference between the two MnPc
assemblies from the green fluorescence intensity of the detected DCF probe, which was
attributed to the difference between the catalyzed production of *OH. According to these
results, we confirmed that MnPcNPs can be more easily internalized by HeLa cells and cause

PDT-like effect to produce *OH in the cells.
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Figure 5. In vivo nanozyme-based tumor treatment of MnPcNPs against HelLa tumor
xenografts. (a) Schematic diagram of Hela tumor xenograft establishment and treatment
evaluation. (b) Body weight and (c) tumor volume changes of Hela tumor- bearing mice
after different treatment time. Values are presented as means + s.d. (n = 5 per group), *P <
0.05, **P < 0.01, ***P < (0.001). (d) Photographs of the mice during the therapy process. (¢)
Panoramic H&E and TUNEL staining images of the entire tumor area. Scale bars = 1000 pum.
(I, PBS-i.t.; I, MnPcNPs-i.t.; 111, PBS-i.v.; IV, MnPcNPs-i.v.). (f) Enlarged view of the area
in Figure 5e, and the white arrow indicates the position of MnPcNPs remaining in the tumor

area. Scale bars = 100 pm.

Finally, the in vivo catalytic anti-tumor therapeutic properties of MnPcNPs were evaluated
after 15 days of treatment by intratumor (i.t.) or intravenous (i.v.) injection (Figure Sa).
Throughout the treatment cycle, the weight of the mice in each group remained stable and in

satisfactory conditions (Figure 5b). The tumors of PBS-treated mice continued to grow
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rapidly, while MnPcNPs with i.t. and i.v. could significantly inhibit tumor growth (Figure 5c).
The treatment results can also be observed intuitively from the photographs of each mouse
group at different treatment times and the dissected tumors (Figure 5d).

To further assess the in vivo catalytic therapeutic effect, histological analysis of tumors by
hematoxylineosin (H&E) and terminal deoxynucleotidyl transferase dUTP nick end labeling
assay (TUNEL) were carried out. The tumors in the control group had no obvious apoptosis,
while the tumor volume of the mice receiving drug treatment was significantly reduced. In
addition, and the internal dead area increased compared with the control group (green
fluorescence in Figure Se). A large number of tumor cells apoptosis in the area where the
drug remains in the i.t. group was observed through the enlarged staining image. Owning to
the enhanced permeability and retention effect (EPR) of solid tumors in the i.v. group, the
drugs can be evenly distributed in the tumors, resulting in more apoptosis (Figure 5f). No
obvious lesions occurred in the main organs of the mice though the H&E staining analysis
after 15 days of treatment (Figure S12). Blood routine and blood biochemical analysis also
showed excellent liver and kidney safety (Figure S13), which confirmed in vivo
biocompatibility of the MnPcNPs.

In summary, we accelerated the assembly process to insert the hydrophobic alkyl chain of
the emulsifier between the metal phthalocyanine molecules to expand the molecular distance
while exposing more active sites. The MnPcNPs showed a high POD-like catalytic
performance, better than the tested Mn porphyrin assemblies. Moreover, the catalysis of
MnPcNPs can be achieved under conditions similar to the tumor microenvironment, which
reduces damage to normal tissues. It shows excellent effects in anti-tumor catalytic therapy in
vivo and in vitro. These results provide a promising strategy for promoting tumor ablation

and greatly reduce the side effects on normal tissues/organs.
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