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Chiral inorganic nanomaterials have revealed
opportunities in various fields owing to their strong light—
matter interactions. In particular, chiral metal oxide nanoma-
terials that can control light and biochemical reactions have Peptide ligand
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been highlighted due to their catalytic activity and biocompat- | §’
ibility. In this study, we present the synthesis of chiral cobalt 3 § 0
oxide nanoparticles with a g-factor of 0.01 in the UV—visible i o
region using L- and p-Tyr-Tyr-Cys ligands. The conformation of PO
3 q =¢§~Q§x >
the Tyr-Tyr-Cys peptide on the nanoparticle surfaces was ¢TI e
identified by 2D NMR spectroscopy analysis. In addition, the Chiralitygexglution Wavelength (nm)

sequence effect of Tyr-Tyr-Cys developing chiral nanoparticles

was analyzed. The revealed peptide structure, along with the

experimental results, demonstrate the important role of the thiol group and carboxyl group of the Tyr-Tyr-Cys ligand in
chirality evolution. Importantly, due to the magnetic properties of chiral cobalt oxide nanoparticles and their strong
absorption in the UV region, the circular dichroism (CD) responses can be dramatically modulated under an external
magnetic field.

chirality, cobalt oxide nanoparticle, Tyr-Tyr-Cys, peptide ligand, magnetic circular dichroism, NMR

hiral inorganic nanomaterials have been in the Over the past two decades, controllable and scalable
limelight of a fundamental understanding of the methods of synthesizing chiral inorganic nanoparticles have
relationship between chirality and physical properties been actively pursued using biomolecules including amino
since the discovery of the different rotations of linearly acids,'*™'® peptides,"”™*" and DNA.**"** In biological
polarized light in quartz crystals in 1811." Due to the strong systems, chiral structures develop utilizing chirality transfer
light—matter interaction, there has been an increasing demand from molecules to crystals, and beautiful examples of this can
for chiral inorganic nanomaterials in various fields such as be found in snails, gastropods, and butterfly ‘Afiﬂgs-26’27 By
optics, biosensing, and displays. In recent years, the develop- mimicking the chirality transferzgf nature, variogg nanor{lfteri—
ment of such chiral inorganic nanomaterials has been als such as chiral gold clusters,™ CdS,™ CdTe,™ ZnO, " and

Co030,"" have been developed using peptides and biomole-
cules, typically cysteine and glutathione. These nanocrystals
with a chirally distorted lattice exhibited a chiroptic signal even
in the visible light range. Recently, we developed a synthesis

expanding to the realization of exceptional abilities to
manipulate light with a negative refractive index,”” holographic
displays,” and control of the angular momentum of light.*”®
Although the fundamental studies and technological fabrica-
tion of chiral nanomaterials have been mainly focused on

metals, chiral metal oxide nanomaterials that can control the September 11, 2020
light and biochemical reactions have triggered huge interest December 10, 2020
owing to their applicabilities.” "> Considering the catalytic December 17, 2020

activity and biocompatibility,"* development of chiral metal
oxide nanomaterials could reveal versatile applications for
biomimetic catalysts and medical devices.
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Figure 1. Synthesis of chiral cobalt oxide nanoparticles using Tyr-Tyr-Cys. (a) Ilustration of a solution-based method for developing chiral
cobalt oxide nanoparticles using a peptide ligand and reducing agent. Tyr-Tyr-Cys was injected into the growth solution as a chiral ligand.
(b) Circular dichroism spectra of L- (black line) and p-Tyr-Tyr-Cys-directed nanoparticles (red line). The nanoparticles synthesized using
enantiomers showed mirror-symmetric CD responses. (c) TEM image of synthesized chiral cobalt oxide nanoparticles. Scale bar is 50 nm.

platform for chiral gold nanoparticles using cysteine and
cysteine-containin§ peptides that strongly interact with
inorganic surfaces.”’ "> Utilizing the enantioselective inter-
action of the peptides, synthesized nanoparticles showed
mirror-imaged structural chirality and resulting chiroptic
responses according to the handedness of the chiral ligand
used during synthesis.

To understand and design the mechanism by which the
peptide evolves chirality in nanocrystals, it is important to
understand the binding and configuration of the peptide on the
crystal surface. The exceptional ability of peptides that interact
with inorganic surfaces results in the reconstruction of local
atomic conformation and evolves a macroscopic chiral
structure.”* The functional groups of peptides, including
amine groups, thiol groups, and carboxylic groups, interact
with the inorganic surface to form strong and weak bonds.
These interactions cause local distortion of the inorganic
materials to develop a chiral structure, generating chiroptic
responses even in the visible light range. Considering the role
of the peptide as a chirality inducer, the configuration and
binding properties of peptides are highly important in chirality
evolution using the peptide—inorganic interaction.*>*® In this
context, many efforts have been made to analyze the surface
state of the ligand using density functional theory (DFT) and
molecular dynamics simulation.'”"""* Yeom et al. fabricated a
chirally distorted Co;0, crystal using L- and D-cysteine
molecules and analyzed the circular dichroism (CD) response
through a computational study using a model nanoparticle."’
In addition, Le et al. analyzed the orbital couplings between the
chiral ligands and cysteine-decorated molybdenum oxide
nanoparticles utilizing time-dependent density functional
theory (TDDFT) simulation,"" and Jiang et al. demonstrated
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that the packing of the WO; lattice was distorted after L- and p-
aspartic acid were adsorbed on the surface through molecular
dynamics simulation."” Despite these efforts, experimental and
direct evidence showing the configuration of the peptide on
the surface is lacking.

Existing studies on chiral metal oxides have focused on the
expression of chirality using a single amino acid. However, to
understand the mechanism of chirality development and to
achieve scalable chiroptic responses, sequence expansion to
peptides is an essential step. In this regard, peptides including
tyrosine and cysteine, which have received significant attention
recently due to their versatile applicability as self-assembled
structures and peptide—inorganic hybrid materials,>” ™" are
suitable candidates for the development of chiral functional
peptide-based materials. Tyrosine with a phenolic functional
group is an important amino acid in controlling the structural
conformation of proteins, and its redox-active properties
promote charge transport by proton-coupled electron-transfer
reactions in natural systems.*”** The thiol side chain in
cysteine also serves an important structural role in many
proteins.” Inspired by the fascinating properties of tyrosine
and cysteine, our group developed assembling motifs
composed of short peptides with tyrosine and cysteine to
investigate their structure and potential applications.”* The
detailed structure of the YYACAYY dimer, which was
assembled into macroscopic 2D nanosheets, was revealed by
2D NMR spectroscopy. In the revealed structure, the phenolic
groups of tyrosine were facing toward the solvent to form an a-
helical secondary structure, and cysteine provided folding
stability through disulfide bridges, which are essential for
assembly. Based on the tremendous potential of tyrosine and
cysteine as structural and functional materials, we believe that a

https://dx.doi.org/10.1021/acsnano.0c07655
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Figure 2. Effect of synthetic parameters on chirality evolution of chiral cobalt oxide nanoparticles. The molar concentrations of Tyr-Tyr-Cys,
sodium borohydride (NaBH,), and citrate were adjusted, while the concentration of cobalt ion in the growth solution was fixed at S mM. (a)
Absorbance spectra and (b) CD spectra of nanoparticles synthesized using Tyr-Tyr-Cys at various concentrations from 0 to 10 mM. (c)
Absorbance spectra and (d) CD spectra of nanoparticles synthesized at various NaBH, concentrations from 0 to 20 mM. (e) Absorbance
spectra and (f) CD spectra of nanoparticles synthesized at various citrate concentrations from 0 to 10 mM. The images of the synthesized

nanoparticle solutions are shown in the inset.

peptide composed of tyrosine and cysteine can be applied to
the development of chiral functional peptide-based materials.
Furthermore, we intend to discuss the structure of peptides
that impart different characteristics to materials through 2D
NMR studies.

Here, we report the synthesis of chiral cobalt oxide
nanoparticles using a Tyr-Tyr-Cys peptide ligand. The L- and
D-Tyr-Tyr-Cys-directed cobalt oxide nanoparticles exhibited
mirror-symmetric chiroptic responses with a dis-symmetry
factor (g-factor) of 0.01 in the UV and visible light regions.
Through the control of synthetic parameters of Tyr-Tyr-Cys,
citrate, and NaBH,, the mechanism of particle formation was
analyzed, and the synthetic conditions were optimized. In
addition, the 3D structure of the Tyr-Tyr-Cys ligand on the
surface of the nanoparticle was determined by 2D NMR. This
result indicates that the thiol and carboxylic groups of Tyr-Tyr-
Cys were aligned in a single direction and strongly interacted
with the nanoparticle surfaces, thereby providing an in-depth
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understanding of the configuration and binding of the peptide
ligand. Furthermore, the pivotal role of the C-terminal
carboxylic group of Tyr-Tyr-Cys to develop nanoparticles
was analyzed through sequence effect studies. In addition, the
use of peptide ligands of different sequences produced
dissimilar chiroptic responses, suggesting the important role
of the peptide functional group as well as the scalability of
chiral nanomaterial synthesis using peptides. Owing to the
intrinsic chirality and magnetic properties of the chiral cobalt
oxide nanoparticles, the chiroptic properties, which are
considered a permanent feature of the material, could be
modulated by an external magnetic field.

RESULTS AND DISCUSSION

Chiral cobalt oxide nanoparticles were synthesized through a
solution-based growth method, exploiting the structure-guiding
properties of the peptide ligand (Figure 1a). Cobalt chloride,

sodium citrate, and Tyr-Tyr-Cys were used as cobalt ion

https://dx.doi.org/10.1021/acsnano.0c07655
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sources, cobalt ion stabilizers, and chirality inducers,
respectively. Possessing cysteine, which provides high-affinity
metal binding due to its thiol group, and tyrosine with a redox-
active phenolic group that facilitates proton-mediated electron
transport, Tyr-Tyr-Cys is a suitable candidate for a peptide
ligand. To synthesize chiral cobalt oxide nanoparticles, a
growth solution was prepared by mixing cobalt chloride and
sodium citrate to stabilize the Co(II) ion. The color of the
solution was pink because of the cobalt divalent ion. To
encode chirality, Tyr-Tyr-Cys was added to the growth
solution and stirred for 30 min. The reaction started with
the addition of sodium borohydride (NaBH,) as the reducing
agent. As the reaction proceeded, the pink color of the growth
solution gradually turned brown. The reaction was continued
for 2 h at room temperature under stirring. The thiol and
carboxylic groups of Tyr-Tyr-Cys strongly bind to the cobalt
oxide surface to develop nanoparticles. During nanoparticle
formation, the interaction between Tyr-Tyr-Cys and the
surface chirally distorts the local atomic conformation of the
nanoparticle surfaces, generating chirality.

Using the Tyr-Tyr-Cys ligand, chiral cobalt oxide nano-
particles with chiroptic properties were synthesized. The
transmission electron microscopy (TEM) image in Figure lc
further confirmed that nanoparticles of about S nm in size were
synthesized using a peptide ligand. When observed through
high-resolution transmission electron microscopy (HRTEM)
and Raman analysis, the cobalt oxide is close to the amorphous
structures probably due to the surface distortion by the peptide
ligand (Figure S1). X-ray photoelectron spectroscopy (XPS)
data showed the coexistence of Co(II) and Co(III), and in
accordance with XPS, the UV-—visible spectrum exhibited
typical peaks at 500 and 660 nm, which can be assigned as
O(II) - Co(III) transition and Co(III) d—d transition, which
are similarly observed in previously reported Co;0, (Figures
S1 and $2).**® Thus, we think that the composition and
valency of the synthesized nanoparticles are close to the spinel
Co;0,, while the structure is distorted. CD and absorbance
spectra of the chiral cobalt oxide nanoparticles were evaluated
in the UV—visible region. Chiral cobalt oxide nanoparticles
showed clear chiroptic responses with five positive and
negative peaks, as shown in Figure 1b. This distinct optical
spectrum showed clear differences from previously reported
chiral cobalt oxide synthesized using a single amino acid."
Nanoparticles synthesized using L- and p-Tyr-Tyr-Cys ligands
showed perfect mirror-symmetric CD signal with coincident
peak positions and zero crossing points. In detail, CD peaks at
260, 290, and 350 nm in the UV region and peaks at 550 and
640 nm in the visible region originating from ligand to metal
charge transfer (LMCT) with a small fraction of intraparticle
Co(II) = Co(IlI) d—d transitions were observed.'” When
converted to Kuhn'’s dis-symmetry value, g-factor, chiral cobalt
oxide nanoparticles showed a maximum g-value of 0.01 at a
wavelength of 640 nm (Figure S3). - and p-Tyr-Tyr-Cys-
directed nanoparticles showed almost the same absorbance
spectra with a strong absorbance peak at 274 nm and a
shoulder at 280 nm from the absorption of the Tyr-Tyr-Cys
tyrosine residue with a small fraction of the O(II) — Co(II)
transition (Figures S2 and $4)."’~* In addition, chiral cobalt
oxide nanoparticles had characteristic peaks at 303 and 363 nm
by ligand to cobalt charge transfer.*>*"'

To understand the underlying mechanism of chiral nano-
particle formation and optimize the synthesis conditions, the
synthesis parameters were controlled during growth. The
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molar concentrations of sodium citrate, Tyr-Tyr-Cys peptide
ligand, and NaBH, were adjusted, while the concentration of
cobalt ions in the growth solution was fixed at S mM (Figure
2). The Tyr-Tyr-Cys ligand, which imparts chirality to the
nanoparticles, plays an important role in nanoparticle
formation. In the absence of Tyr-Tyr-Cys, the solution
appeared pinkish, indicating that no cobalt oxide nanoparticles
were produced (Figure 2a). At 3.75 mM, the growth solution
exhibited a light brown color, and above 5 mM, characteristic
absorption peaks at 303 and 363 nm of cobalt oxide
nanoparticles were observed, indicating that the cobalt oxide
nanoparticles were successfully synthesized. The color of the
solution became light at higher concentrations, suggesting that
the yield of nanoparticles decreased. The CD response
increased as the concentration increased, showing the highest
value with distinct peaks at S mM Tyr-Tyr-Cys (Figure 2b). At
higher concentrations, the CD value decreased as the particle
yield decreased. The highest g-factor of 0.011 was achieved at a
Tyr-Tyr-Cys concentration of 6.25 mM. At higher concen-
trations, the g-factor was saturated, and the yield was reduced.
The concentration of the reducing agent NaBH, also greatly
influences the yield and synthesis kinetics of the chiral cobalt
oxide nanoparticles. At low concentrations of less than 3.75
mM, particles are hardly formed, resulting in a transparent
solution with a CD signal close to zero (Figure 2c,d). As the
NaBH, concentration increased to 7.5 mM, the particle yield
increased and the characteristic absorption peaks of cobalt
oxide nanoparticles at 303 and 363 nm appeared and
increased. The CD signal in Figure 2d increased with
increasing NaBH, concentration and produced the highest
value at 7.5 mM. At 10 mM NaBH,, the yield of the
nanoparticles increased but the chirality of the particles
decreased. Further increase in concentration largely changed
the kinetics for particle formation. Notably, at high NaBH,
concentrations above 20 mM, the characteristic absorption of
cobalt oxide nanoparticles at 303 and 363 nm disappeared and
a divergent CD signal was generated, suggesting that
nanoparticles with different properties were synthesized.
Citrate is not essential for the formation of nanoparticles,
but it modulates the yield and g-factor of the nanoparticles by
affecting the reduction of cobalt cations during synthesis. As
shown in Figure 2e, the particle solution turned dark brown,
showing the characteristic absorption spectrum even at low
citrate concentrations. When citrate is in the growth solution, it
affects the reduction of cobalt cations, reducing the yield of the
nanoparticles. It was observed that as the concentration of
citrate increased, the color of the solution changed from dark
brown to light brown, and the absorption peaks in the UV—
visible region were reduced. The overall shape of the CD
spectrum remained similar in the 0—10 mM citrate
concentration range (Figure 2f). The CD response decreased
slightly as the citrate concentration increased to 5 mM and
slightly increased when the concentration was further increased
to 10 mM. The chirality index, g-factor, showed the highest
value when the citrate concentration was 7.5 mM. Higher
concentrations are expected to interfere with particle
formation, decreasing the g-value. Taken together, in chiral
cobalt oxide nanoparticle synthesis, Tyr-Tyr-Cys peptide and
NaBH, initiate the synthesis and generate nanoparticles.
Citrate affects the reduction of cobalt cations to control the
particle yield and g-factor. The optimized synthesis conditions
for the highest chiroptic properties with a g-factor above 0.01
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Figure 3. NMR structural analysis of Tyr-Tyr-Cys (Y1-Y2-C3) on chiral cobalt oxide nanoparticles. (a) 2D proton—proton correlation
spectra of TOCSY (Ha- and HS-NH region) and NOESY (NH-NH region). The NMR spectra of Tyr-Tyr-Cys in the presence (black) and in
the absence (magenta in dashed boxes) of cobalt oxide nanoparticle are overlapped. (b) Superimposition of the 20 lowest energy structures
of the four representative conformation sets. The assigned resonances in (a) and structures in (b) are colored by each conformation set (set
1: cyan, set 2: orange, set 3: green, and set 4: purple). The colors of the elements C, N, O, H, and S in the structures are green, blue, red,
white, and yellow, respectively. (c) Superimposition of the lowest energy structures of each conformation set, which are aligned for the

carbon of backbone.

was found under 5 mM cobalt ion, 7.5 mM citrate, 6.25 mM
Tyr-Tyr-Cys, and 6.25 mM NaBH, (Figure S5).

The tertiary interaction between Tyr-Tyr-Cys (or Y1-Y2-
C3) peptides and cobalt oxide nanoparticles was investigated
by NMR analysis. The intact peptides showed only one set of
correlation peaks in the Ha-NH, HS-NH, and NH-NH regions
of the 2D total correlation spectroscopy (TOCSY) and nuclear
Overhauser effect spectroscopy (NOESY) spectrum (Figure
3a, magenta in dashed boxes), suggesting that intact peptides
have dynamic random structures. However, after treatment
with cobalt oxide nanoparticles, the NMR spectra of the
peptides showed dramatic changes. First, a large number of
new cross-peaks appeared. In addition, at least seven
unambiguously distinguishable sets of Tyr-Tyr-Cys cross-
peaks were identified (Figure 3a, other colors). Second, the
proton resonances showed sizable pseudocontact shifts, which
are well known as the changes in chemical shifts due to their
close contact with the paramagnetic center, in this case,
Co(11).>* This observation clearly demonstrated that the
peptides directly interacted with cobalt oxide nanoparticles,
and as a result, the peptide structures were stabilized, forming
several different conformers.

Next, to examine the structural characteristics of Tyr-Tyr-
Cys peptides and the binding interaction mode to cobalt oxide
nanoparticles, we determined the solution structures of the
peptides. Among the more than seven sets of identified Tyr-
Tyr-Cys nuclear Overhauser enhancement (NOE) peaks, the
four sets that showed a distinct pseudocontact shift with clear
NOE peaks were used for 3D structural calculations. The 20
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lowest energy structures of all four conformers converged well
with a backbone root-mean-square deviation (rmsd) of <0.2 A
(Figure 3b and Table S1). The Y1 of structure 4 was relatively
less converged owing to the lack of NOE restraints. Although it
is a short peptide composed of Tyr-Tyr-Cys, all four sets of
peptides were predicted to have right-handed helical structures
based on the distribution of dihedral angles in the
Ramachandran plot (Figure $6).>> To determine how Tyr-
Tyr-Cys interacts with cobalt oxide nanoparticles, the lowest
energy structures of each conformation set were aligned
through the & carbon atoms of each residue (Figure 3c). All
amide nitrogens and carboxylic oxygens of the backbone as
well as the thiol of Cys faced the same direction (Figure 3c).
Since cobalt has a great affinity for nitrogen, it is strongly
suggested that the tertiary interaction of the peptide with
cobalt oxide nanoparticles is through the backbone interface,
including the thiol of Cys. The side chains of Y1 and Y2
pointed toward the upper direction, but the directions of the
phenol ring of Y1 are different. The angle of the aromatic ring
of Tyr1 between sets 3 and 4 was measured to be ~90° (Figure
3c); therefore, we suggest that the slightly different peptide
structures might play a role as a building block of cobalt oxide
nanoparticles.

Based on our understanding of the configuration of Tyr-Tyr-
Cys decorating nanoparticles, the sequence effect was explored
to investigate the role of Tyr-Tyr-Cys in developing nano-
particles. First, to explore the role of the N- and C-terminals of
Tyr-Tyr-Cys in developing chiral nanoparticles, L-Tyr-Tyr-Cys
ethyl ester with a blocked carboxylic acid group and N-acetyl-L-
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Figure 4. Sequence effect of the Tyr-Tyr-Cys ligand in chiral cobalt oxide nanoparticle evolution. (a) CD spectra and (b) absorbance spectra
of the nanoparticles synthesized with Tyr-Tyr-Cys (YYC, black line), C-blocked (red line), and N-blocked Tyr-Tyr-Cys (blue line). For the
C- and N-blocking experiments, L-Tyr-Tyr-Cys ethyl ester and N-acetyl-L-Tyr-Tyr-Cys were used for synthesis, respectively. (c) CD spectra
and (d) absorbance spectra of nanoparticles synthesized with Tyr-Tyr-Cys (YYC, black line), Cys-Tyr-Tyr (CYY, red line), and cysteine (C,

blue line).

Tyr-Tyr-Cys with a blocked amine group were used for
synthesis. Along with the NMR data presented above, the
terminal blocking experiment suggests that the thiol group and
the carboxylic group of Tyr-Tyr-Cys play an important role in
chiral nanoparticle evolution (Figure 4). As shown in Figure
4a, blocking the C-terminal of the peptide prevented the
formation of the chiral cobalt oxide nanoparticles, resulting in
the disappearance of the CD response. The absorbance
spectrum of the C-terminal-blocked case showed that the
characteristic LMCT peak disappeared due to low nanoparticle
yield with a large scattering in the visible—IR region by peptide
aggregates (Figure 4b). When the N-terminal of the peptide
was blocked, a CD response similar to Tyr-Tyr-Cys-directed
nanoparticles was obtained (Figure 4a), while chirality was not
observed when the C-terminal was blocked. N-Blocked Tyr-
Tyr-Cys-directed nanoparticles showed a similar absorbance
spectrum to Tyr-Tyr-Cys-directed nanoparticles, matching the
characteristic peaks at 274, 303, and 363 nm (Figure 4b).
Detailed observations revealed that the CD peaks in the UV
region of the N-blocking coincided with Tyr-Tyr-Cys-directed
nanoparticles, but the CD peaks in the visible region were
blue-shifted. This result indicates that the N-terminal amine
group of Tyr-Tyr-Cys is not dominant in developing chiral
nanoparticles, but appears to participate in chirality evolution,
altering the CD spectrum.

To provide an in-depth understanding of the role of the Tyr-
Tyr-Cys peptide in chiral nanoparticle development, Cys-Tyr-
Tyr and cysteine ligands were used for the synthesis and
compared to Tyr-Tyr-Cys. Tyr-Tyr-Cys-directed cobalt oxide
exhibited a characteristic CD spectrum in the UV—visible

984

region, as depicted in Figures 1 and 4. However, when Cys-
Tyr-Tyr and cysteine were involved as chirality inducers, CD
responses different from Tyr-Tyr-Cys were obtained. When
Cys-Tyr-Tyr was added instead of Tyr-Tyr-Cys, a CD
spectrum with similar peak positions at 260, 290, and 350
nm, but different shapes was obtained in the UV region
(Figure 4c). In addition, it exhibited a distinct spectrum with a
positive CD peak at 480 nm and a negative peak at 560 nm in
the visible region. In the case of cysteine, a continuous
spectrum of negative peaks near 290 nm, positive peaks at 350
nm and near 500 nm, and negative peaks near 550 nm were
observed, which is considered to be similar to the Cys-Tyr-Tyr
case. In addition, nanoparticles synthesized using Cys-Tyr-Tyr
and cysteine had distinct absorption spectra from Tyr-Tyr-Cys
(Figure 4d). When Cys-Tyr-Tyr was used, a different
absorbance spectrum appeared with a peak at 274 nm, with
a 280 nm shoulder corresponding to the absorption of tyrosine
residues, and a peak at 340 nm originating from LMCT."”*%!
For cysteine-directed nanoparticles, absorption peaks at 260
nm corresponding to the absorption of cysteine and a peak at
340 nm derived from LMCT were observed.”* The thiol,
amine, and carboxyl groups of the peptide interacted with the
inorganic surfaces. Therefore, it is expected that the
configuration of the ligand on the interface will be different,
depending on the spatial location of the functional groups. We
suppose that in the case of cysteine and Cys-Tyr-Tyr, where
both amine groups are exposed, thiol and amine groups bind to
the NP surface, by order of binding affinity, resulting in
different chiroptic properties from Tyr-Tyr-Cys. To further
demonstrate the effect of the peptide sequence on the
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Figure S. Magnetic circular dichroism (MCD) in chiral cobalt oxide nanoparticles. (a) Total CD spectra and (b) MCD spectra of L-Tyr-Tyr-
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from the total CD spectrum.

chiroptical properties of nanoparticles, various cysteine-
containing short peptides were demonstrated in the synthesis
of chiral cobalt oxide (Figure S7). All of the investigated
sequences resulted in different chiroptic responses, which
indicates that peptide sequence has a crucial effect on deciding
chirality of cobalt oxide nanoparticles.

The chiroptic response of the synthesized cobalt oxide
nanoparticles, which are paramagnetic at room temperature,
can be modulated by an external magnetic field (Figures Sa
and S8a). CD and magnetic circular dichroism (MCD) of
chiral cobalt oxide nanoparticles were analyzed according to
the presence and direction of a magnetic field and compared
with achiral cobalt oxide nanoparticles. Natural CD (NCD),
commonly referred to as CD, originates from the different
response of the chiral distribution of electric charges toward
LCP and RCP light and appears in materials without mirror
symmetry. On the other hand, MCD is caused by magnetic
field induced Zeeman interaction of electronic structure and is
a universal property that arises in any material under a
magnetic field.> In chiral materials under a magnetic field,
total CD is the sum of NCD, which is dependent upon the
chirality of the material, and MCD, which is not, total CD =
NCD(B = 0) + MCD.*® Total CD spectra of chiral cobalt
oxide nanoparticles synthesized with Tyr-Tyr-Cys were
measured in the presence of a magnetic field of 1.6 T in
parallel (forward) and antiparallel (backward) directions of
light propagation. To evaluate a pure magnetic contribution on
circular dichroism, MCD spectra except natural CD obtained
without an external magnetic field to total CD are depicted in
Figures Sb and S8b. The MCD of the chiral cobalt oxide
nanoparticles showed a strong negative peak at a position of
the absorption maximum of 274 nm. It also exhibited a
relatively small positive peak at 390 nm and a negative peak at
508 nm, which are expected to originate from ligand to cobalt
transfer and d—d transition of Co(II) and Co(III),
respectively.””*® When the direction of the magnetic field
was reversed, the signs of these three peaks were also reversed,
showing a symmetrical spectrum.

The strong MCD signal in the UV region of the peptide-
directed nanoparticles was achieved by utilizing the absorption
of tyrosine residues through peptide—inorganic hybridization.
To further analyze this, achiral cobalt oxide nanoparticles were
synthesized through a hydrothermal method (Figure S9).
MCD spectra of achiral cobalt oxide nanoparticles were
measured and compared with chiral cobalt oxide nanoparticles
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(Figure S10). Achiral nanoparticles showed broad absorbance
peaks from UV to 300 nm corresponding to an O(II) —
Co(II) transition and at 340 to 600 nm and around 700 nm,
which originated from the O(II) » Co(IIl) transition (Figure
$10a).>”°° The achiral nanoparticles did not exhibit a natural
CD response in the absence of a magnetic field. When an
external magnetic field was applied, it showed broad MCD
peaks that were symmetric according to the magnetic field
direction due to the intrinsic magnetic properties of cobalt
oxide (Figure S10b). Due to the absence of strong absorption
of the tyrosine residue in the UV region, the magnitude of the
MCD signal was approximately 10 times smaller than that of
chiral cobalt oxide nanoparticles, demonstrating that the MCD
signal can be improved via peptide—inorganic hybridization.
Chiral cobalt oxide nanoparticles synthesized using Tyr-Tyr-
Cys are optical materials that combine chirality and magnetism
and show the versatile potential of chiral nanomaterials for
industrial applications by controlling the optical activity that is
considered permanent after fabrication or synthesis.

CONCLUSION

In summary, chiral cobalt oxide nanoparticles with a g-factor of
0.01 in the visible range were synthesized using the Tyr-Tyr-
Cys ligand. Since chiral nanoparticles were evolved through the
interaction between the peptide and the inorganic surfaces, the
synthesized nanoparticles exhibited mirror-symmetric chiroptic
responses depending on the handedness of the peptides. The
role of the chemical parameters that can determine the
chirality evolution in the nanoparticles was elucidated, and the
synthetic conditions were optimized for a large chiroptic
response through experimental demonstration. In the synthesis
of chiral cobalt oxide nanoparticles, peptides imparted chirality
to nanoparticles and initiated particle formation. NaBH,
affected the kinetics of particle formation and final yield of
the nanoparticles, and citrate adjusted the particle yield and g-
factor. In addition, 2D NMR analysis revealed that the thiol
and carboxylic groups of the Tyr-Tyr-Cys ligand were aligned
in a single direction on the nanoparticle, indicating their strong
interaction with the nanoparticle surfaces. Furthermore, the
sequence eftect of Tyr-Tyr-Cys developing chiral nanoparticles
was analyzed. The C-terminal carboxylic group of the peptide
exhibited a dominant effect on the chirality expression of the
nanoparticles. The use of Cys-Tyr-Tyr and cysteine instead of
Tyr-Tyr-Cys generated different chiroptic responses, which are
expected to be the effect of exposed amine groups. Given the
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diversity of peptides, this suggests the infinite expandability of
the synthesis method utilizing peptide ligands. Due to the
magnetic properties of chiral cobalt oxide nanoparticles, the
chiroptic properties could be modulated by an external
magnetic field. The MCD measurements demonstrated that
the CD response in the UV and visible regions of the
nanoparticles dramatically changed under a magnetic field of
1.6 T. Tyr-Tyr-Cys-directed chiral cobalt oxide nanoparticles
exhibit chiroptic properties that can be controlled by an
external magnetic field, which is not only important for
fundamental studies on spintronics and magneto-optics but
can also be widely applied in optoelectronic devices and active
displays. Furthermore, chiral cobalt oxide is a peptide—
inorganic hybrid metamaterial that combines the redox activity
properties of a peptide and the catalytic properties of a metal
oxide and is expected to be applied as a proton conductor, an
antenna for photoluminescence, and a chiral catalyst.

EXPERIMENTAL METHODS

Chemicals. All peptides (98%) were purchased from BeadTech
Inc. (Korea) and used without further purification. Cobalt(II)
chloride hexahydrate (97%) was purchased from Junsei (Japan).
Sodium citrate tribasic dehydrate (99%) and sodium borohydride
(NaBH,, 98%) were purchased from Sigma-Aldrich. All aqueous
solutions were prepared using high-purity deionized water (DI) (18.2
MQ cm™).

Synthesis of Chiral Cobalt Oxide Nanoparticles. Chiral cobalt
oxide nanoparticles were synthesized using a solution-based growth
method. For typical synthesis, 0.5 mL of 0.1 M cobalt(II) chloride,
0.75 mL of 0.1 M sodium citrate, and 6.25 mL of a 0.01 M Tyr-Tyr-
Cys aqueous solution were added to 1.875 mL of DI. After stirring at
room temperature (RT) for 30 min, 0.625 mL of 0.1 M NaBH, was
injected, followed by aging under stirring for 2 h at RT. The
synthesized nanoparticles were analyzed after dialysis using a 1 kDa
MWCO membrane.

Synthesis of Achiral Cobalt Oxide Nanoparticles. Achiral
cobalt oxide nanoparticles were synthesized using a hydrothermal
method. Cobalt(II) acetate tetrahydrate (1 g) was dissolved in S0 mL
of ethanol under stirring at 45 °C for 10 min, followed by dropwise
addition of 6.6 mL of ammonia solution (25%). The mixture was
transferred into a Teflon-lined autoclave and maintained at 150 °C for
3 h. After synthesis, the crude solution was mixed with 200 mL of
acetone and centrifuged twice at 135 000 rpm for 20 min. The final
product of the nanoparticles was dispersed in DI water for further
analysis.

Characterization. Circular dichroism and absorbance spectra of
chiral cobalt oxide nanoparticles were obtained using a J-815
spectropolarimeter instrument (JASCO). Kuhn’s dis-symmetry factor
(g-factor) was calculated from the measured CD value and extinction
using the following equation:

A — A
g-factor = - L ‘R
Ap + Ag

Magnetic circular dichroism spectra were measured with a J-815
spectropolarimeter instrument (JASCO) equipped with a 1.6 T
(tesla) permanent magnet using both the parallel and antiparallel
fields. HRTEM images were acquired using a JEM-2100F system
(JEOL, Tokyo, Japan) and a Cs-corrected monochromated TEM
(Themis Z, Thermo Fisher). The HRTEM images were taken under
the acceleration voltage of 200 kV. Raman spectra of cobalt oxide
nanoparticles were recorded by a Raman spectrometer (LabRAM HR
Evolution, Horiba) using a 50X long working distance visible
objective. The wavenumber of the excitation light source was 532
nm. XPS spectra of cobalt oxide nanoparticles were carried out by a
photoelectron spectrometer (K-alpha+, ThermoFisher Scientific) with
a pass energy of 40 eV.
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NMR Spectroscopy. NMR spectra were collected at 298 K on a
Bruker Avance III HD 800 MHz spectrometer equipped with a z-
gradient triple-resonance cryoprobe. The NMR samples were
prepared in DI water with 10% (v/v) D,0. NMR data were
processed using the TopSpin3.5pl7 (Bruker) program and analyzed
using the NMRFAM-SPARKY program.’' Two-dimensional TOCSY
and NOESY correlation experiments were used to assign the amide,
alpha, and beta protons of the Tyr-Tyr-Cys peptides. Interproton
distance restraints were obtained from the NOE spectra, and the
classified distance ranges by the NOE peak intensities were used for
structure calculation. The structures were calculated by simulated
annealing using the program CYANA 3.0.> The final 20 lowest-
energy structures were visualized using PyMOL (Schrodinger, LLC).
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