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Abstract

Enzymes are some of the most efficient catalysts in nature. If small catalytic peptides mimic
enzymes, there is potential for broad applications from catalysis for new material synthesis to drug
development, due to the ease of molecular design. Recently a hydrogel-based combinatory phage
display library was developed and protease-mimicking peptides were identified. Here we advanced
the previous discovery to apply one of these catalytic peptides for the synthesis of bimetal oxide
nanocrystals through the catalytic ester-elimination pathway. Conventional bimetal oxide
crystallization usually requires high temperatures above several hundred °C; however, this
catalytic peptide could grow superparamagnetic MnFe,O4 nanocrystals at 4°C. Superconducting
quantum interference device (SQUID) analysis revealed that MnFe,O,4 nano-crystals grown by the
catalytic peptide exhibit superpara-magnetism. This study demonstrates the usefulness of protease-
mimicking catalytic peptides in the field of material synthesis.
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Enzymes in nature are evolved efficiently to catalyze material growths in high yield and high
selectivity at low temperature. Up to now, biomineralizing enzymes and peptides that
catalyze the growth of metal nanocrystals have been isolated from tissues and cells of
animals and microorganisms.[1] Recent comprehensive proteomic studies discovered metal-
binding proteins that play critical roles in biomineralization.[?] For instance, the proteins
derived from magnetotactic bacteria (e.g., Mms6)[22] control the morphologies of magnetite
crystals in the magnetosome organelles.[3] The biomineralization pathway starts from the
uptake of metal precursors on metal-binding peptide sites, and then their catalytic properties
nucleate and facilitate crystal growths. The biomineralization process is so efficient that
crystals can be grown with low energy consumption (e.g., at low temperature). Thus far,
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several promising peptides or proteins can be used to catalyze the growth of inorganic
nanomaterials.[*]

Recently, protease-mimicking CP4 peptides were used to catalyze ZnO nanocrystal
formation through ester elimination.[] Ester elimination favors the growth of metal oxides
from metal acetate precursors through reverse hydrolysis of esters in organic environments,
such as alcohols at high temperature.[8] The CP4 peptide was discovered from a
combinatorial phage-display peptide library through a hydrogel-based biopanning process
where phage viruses possessing protease-like activity can be purified by centrifugation due
to product gel formation around peptides displayed at the tail of viruses.[>7] Previously, this
type of phage biopanning was also applied to identify peptides that can target cancer and
stem cells.[8] The CP4 peptide is an efficient catalyst for metal oxide formation through the
ester elimination pathway, and its amino acid residues (in particular, serine and lysine
residues) could play an important role for crystallization.[>] While protease can catalyze the
reverse hydrolysis of ester,[®] natural proteases are not ideal catalysts for metallization
reactions because of the use of organic solvents. Small-peptide catalysts could have an
advantage in catalyzing ZnO formation through ester elimination in organic solvents because
organic-solvent-induced denaturing could be less problematic, as the conformation of the
catalytic pocket of enzymes is more sensitive to the environment.[®]

Thus, the biomimetic approach is now recognized as a potential route to catalyze novel
inorganic nanocrystal syntheses; however, most of these demonstrations were to grow simple
noble metal or metal oxide nanocrystals, and the biosynthesis of bimetal oxide materials has
not explored extensively.l19 In particular, spinel ferrites, MFe,O4 (M=Mn, Co, Zn, Ni, etc.),
attracts high interest due to the great technological importance for electrode materials of Li-
ion battery[1!] as well as magnetic storage,[*2 ferrofluids,[13] catalysts,[14] and biomedical
applications.[5] The issue for the synthesis of spinel ferrites is that iron species could
readily generate amorphous and low-crystallinity ferrihydrite at low temperature,[16] and
thus there are few reports to mineralize the highly crystalline metal iron oxide below room
temperature with biomolecular catalytic approaches.[17]

We hypothesize that this catalytic peptide-mediated ester elimination approach can be
applicable for the synthesis of bimetal oxide materials at low temperature.[!8] In a variety of
bimetal oxides, MnFe,0y4 is an interesting material for medical imaging and therapeutics in
addition to magnetic storage.[1%] Recently, MnFe,O, nanocrystals were grown in a methanol
(MeOH)-benzyl alcohol (BA) solvent system (50% volume ratio) with hydrothermal ester
elimination.[2% In this study, the catalytic CP4 peptide was examined as to whether it can
crystalize MnFe,04 nanoparticles in the MeOH-BA system through the ester elimination
pathway with no external energy inputs at low temperature. It was demonstrated that as-
prepared MnFe,04 nanocrystals consisted of single crystalline domains and these
nanoparticles exhibited superparamagnetism, with a blocking temperature comparable with
conventional MnFe,O,4 nanoparticles synthesized with high-temperature treatments (100-
3008C).

For the proposed catalytic MnFe,O4 nanocrystal growth, first the CP4 peptide
(SMESLSKTHHYR, 1 mgmL~1) and metal pre-cursors (50 mm manganese acetate
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[Mn(OAc),] and 100 mm iron acetylacetonate [Fe(AcAc)3]) were mixed in BA and MeOH
in a 50% volume ratio. The formation of MnFe,0,4 nanocrystals was observed, as shown in
Figure 1a and 1b. Mn(OAc), and Fe(AcAc); provide Mn2* and Fe3* sources for the
formation of manganese ferrite.[18] Selected area electron diffraction (SAED) confirms the
formation of MnFe,0O4 nanocrystals (inset of Figure 1a and Figure S1 in the Supporting
Information). High-resolution TEM (HRTEM) imaging revealed that individual
nanoparticles consisted of single crystalline domains and d-spacings of 5.000.71 and
3.1740.14 A were measured. These correspond to the {111} and {202} lattice fringes of
MnFe,0,4 (Figure 1b), further supporting the formation of target MnFe,0,4. The as-prepared
nanocrystals had a narrow size distribution of 5.9£1.2 nm in diameter (Figure 1c). EDX
analysis of nanocrystals also supports the growth of MnFe,O,4 with the catalytic peptide
(Figure 1-d). In the absence of CP4, no crystal growth was observed (data not shown), thus
demonstrating that the CP4 peptide is necessary for catalytic MnFe,O,4 crystallization at low
temperature.

To support the hypothesis that the crystallization of MnFe,O4 goes through the ester-
elimination pathway, we looked for a by-product of methyl acetate from the esterification of
acetate ion and alcohol.[%8] After the reaction mixtures were stirred with decane to dissolve
nonpolar methyl acetate in the decane phase, remaining polar acetate and metal ions in the
alcohol phase could be separated. When these by-products in the decane phase are analyzed
by gas-chromatography mass-spectroscopy (GC-MS), methyl acetate is detected (Figure 2).
This analysis supports the hypothesis that the CP4 peptides crystallize MnFe;Oy4
nanoparticles by catalyzing the ester-elimination pathway. It should also be noted that 100%
BA cannot be used because of low solubility of the Mn(OAc), precursor (the detailed GC-
MS procedure is described in the Supporting Information).

The magnetic properties of resulting MnFe,0,4 nanocrystals such as blocking temperature
(7g), coercivity and saturation magnetization were studied by using superconducting
quantum interference device (SQUID) magnetometry. As shown in Figure 3a, the 7g for the
MnFe,04 nanocrystals is 41 K. Zero-field-cooled (ZFC) and field-cooled (FC) curves are
superimposed at temperatures above 7g, suggesting that MnFe,O,4 nanocrystals become
superparamagnetic in this temperature range. The blocking temperature in this study is
comparable to that of conventional MnFe;O4 nanoparticles prepared at high temperature
(100-3008C), which have a similar size distribution.[22] This result indicates that both
MnFe,04 nanoparticles have comparable energy barriers of the magnetic anisotropy. As
compared to the ferrimagnetic bulk MnFe,Q4, these superparamagnetic nanoparticles are
beneficial for many applications such as drug delivery, hyperthermic treatments, and contrast
agents for magnetic resonance imaging (MRI).[22] The magnetic field dependence of
magnetization is displayed in Figure 3b. At 2 K, that is, a temperature lower than 7g,
MnFe,04 nanocrystals displayed ferrimagnetic behavior with a coercivity value of 150 Oe
and a saturation moment (M) of 2.5 emug™L. The saturation moment is an order of
magnitude lower than that reported by other study,[2%] which indicates that our sample could
contain amorphous domains around crystalline nanoparticle domains.

In conclusion, MnFe,O4 crystallization was achieved at extremely low temperature through
the ester elimination pathway catalyzed by the CP4 dodeca-peptide. It was demonstrated that
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as-prepared nanocrystals exhibited superparamagnetic properties with SQUID analysis. The
current study shows the potential to develop enzyme-mimicking oligo-peptide catalysts
through environmental friendly synthesis for technologically important metal oxide
materials.

Experimental Section

Catalytic-peptide, esterification-mediated MnFe,O4 growth

Manganese acetate [Mn(OAc),, 50 mm=17.3 mgmL~1] and [Fe(AcAc)3, 100 mm=70.6
mgmL 1] were dissolved in a mixture of MeOH and benzyl alcohol (1:1 volume ratio) by
sonication. The mixture was centrifuged (18000x g, 30 min), and the supernatant was used as
precursor solution. CP4 peptide (SMESLSKTHHYR, 0.5 mg) was suspended in the
precursor solution (500 pL), sonicated and stirred on a shaker for 3 days at 4°C. The
resulting suspension was transferred to a new tube and centrifuged (18000x g, 30 min). The
collected pellet was washed with methanol (500 uL) and water (500 pL) under sonication
and centrifuged again. The collected pellet was suspended in water, and used for further
experiments.

TEM and EDX analysis

For the TEM observation, a drop of the MnFe,O,4 sample (4 puL) was applied on a carbon-
coated copper TEM grid (Electron Microscopy Sciences, PA, USA) and dried. The sample
was examined by TEM (JEOL 2100) at 200 kV and EDX. The obtained digital images were
analyzed using ImageJ program.

SQUID measurement

The magnetic properties such as blocking temperature ( 7g), coercivity, and saturation
magnetization were studied by using superconducting quantum interference device (SQUID)
magnetometry (Quantum Design, MPMS). The MnFe,O4 sample (0.7 mg) was used for
measurement. The temperature sweep from 2 to 60 K was performed in applied field of 100
Oe under both zero-field-cooled (ZFC) and field-cooled (FC; on cooling) conditions. The
value of 75 was determined by the peak position in the ZFC curve.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Formation of MnFe,O4 nanocrystals with enzyme-mimicking CP4 peptide and Fe and Mn

precursors in MeOH/BA at 4°C. (a) TEM image of MnFe,O4 nanocrystals (dark spots).
SAED (inset) supports formation of MnFe,O4 (a facet-assigned pattern at higher
magnification is shown in the Supporting Information). (b) MnFe,0,4 nanocrystals are
confirmed to be single crystalline by HRTEM observation. (c) The narrow size distribution
of MnFe,04 nanocrystals. (d) EDX analysis of a nanocrystal detects both manganese and
iron.
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GC-MS analysis of the by-product, methyl acetate, in the sample extracted from the
supernatant after mixing MnFe,O,4 growth precursors and CP4 peptide. (a) The sample from
the supernatant, and (b) a standard methyl acetate. Molecular weight for methyl acetate is

74.08.
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Figure 3.
SQUID studies for the MnFe,O4 nanocrystals prepared with the CP4 peptide in MeOH/BA.

(a) ZFC and FC magnetizations of MnFe,0O,4 nanocrystals measured in applied field of 100
Oe. (b) Hysteresis loop measurement of MnFe,O4 nanocrystals at 2 K.
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