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Antibacterial nanoparticles: enhanced antibacterial
efficiency of coral-like crystalline rhodium
nanoplatest
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This paper deals with the newly found antibacterial efficiency of coral-like crystalline Rh nanoplates. Rh
nanoplates with rough surface morphology synthesized by inverse-directional galvanic replacement
exhibited highly enhanced antibacterial efficiency compared to Rh*" ion and Rh nanospheres. The
observed antibacterial efficiency was comparable to Ag nanoplates, a well-known anticancer nano-
agent. Results clearly demonstrate that the composition and morphology of a nanostructure play
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Bacteria live everywhere, covering most of where we live.
Although some bacteria such as lactobacilli are beneficial to
humans, the risks of chronic infection and sepsis caused by
a bacterial infection also exist." Although the use of antibiotics
is widely accepted as a general countermeasure against infec-
tions, drug overuse has brought about the emergence of super
bacteria, multidrug-resistant bacterial strains that can be
considered as a major crisis.” As a new direction in developing
antibiotics, approaches using antibacterial nanoparticles have
attracted much attention.® Typical examples include Gram-
positive antibacterial metal oxides such as zinc oxide (ZnO)
and titanium dioxide (TiO,),** and Gram-negative antibacterial
metal nanoparticles such as silver (Ag) nanoparticles.® Anti-
bacterial effects of nanoparticles are known to rely on bacterial
cell membrane disruption,” reactive oxygen species generation,®
and intracellular antibacterial effects.® For nanoparticles have
such abilities, small dimensions and positive surface charge
tend to be more favorable, but the exact features of inorganic
nanostructures responsible for antibacterial effect remain to be
elucidated. Therefore, the discovery of antibacterial nano-
particles based on new elements, morphology, composition,
and physicochemical properties still merits efforts.

Synthesis via surface control or post-synthetic treatments are
generally utilized to manufacture fascinating nanostructures
with various shapes and elemental compositions.' Among
them, galvanic replacement based on spontaneous redox
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significant roles in antibacterial effects.

reactions between oxidation-prone nanotemplates and
reduction-prone replacing metal cations is generally used, since
it is environment-friendly and convenient to perform.* In
typically such galvanic replacement setups, Ag or copper (Cu)
for nanotemplates, and gold (Au), platinum (Pt), and palladium
(Pd) for replacing cations, many of which are closely related to
antibacterial properties.”> Therefore, we expected galvanic
replacement can be a promising way to develop new antibac-
terial nanoparticles.

In this study, we identified the antibacterial property of
coral-like crystalline rhodium nanoplates (RhNPs), which
recently emerged for its new possibilities in biomedical appli-
cations.” To verify the enhanced antibacterial activity of RhNPs
based on the morphology and composition, a comparative
experiment was performed using Ag nanoplates (AgNPs),
conventionally small Rh nanospheres (RhNSs; 5 nm diameter),
and Rh*' ions (Fig. 1)."* Quantitative analysis showed that
RhNPs exhibited a slightly improved effect when compared to
AgNPs (typically used as an antibacterial nanomaterial),"® and
free Rh ions and Rh nanospheres were not effective. The results
not only demonstrate a new possibility of using metal elements
beyond Ag for antibacterial nanostructures, but also show that
structural properties play an important role.

RhNP preparation was accomplished using a two-step
procedure: seed-mediated synthesis of sacrificial Ag nanoplate
templates, followed by inverse-directional galvanic replacement
with Rh**. The high-temperature (190 °C) reaction along with
the reducing agent and ethylene glycol (EG) co-solvent condi-
tion, which caused galvanic replacement depending on the
shape of the AgNPs. A subsequent outward surface growth
resulted in the formation of coral-like RhNPs. Similarly, control
RhNS synthesis was accomplished via reductant-based
synthesis under the same conditions without Ag
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Fig. 1 Schematic illustration of the antibacterial effect of Rh nano-
particles in spherical and coral-like plate morphologies.

nanotemplates. According to the transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
images, approximately 120 nm long (transverse length) RhNPs
with rough surface morphologies were produced successfully
(Fig. 2a and S17). The formation of RhNPs was accomplished by
rapid galvanic replacement of AgNPs template with Rh*" ions by
spontaneous redox reaction at high temperature. The manu-
factured nanostructures showed a nanoplatelet structure
caused by rapid galvanic replacement of template and outward-
grown coral-like morphology by subsequent secondary growth.
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Fig. 2 Characterization of prepared RhNPs. (a) TEM, (b) UV-Vis
spectrometer, (c) DLS and zeta-potential, and (d) XRD pattern
exhibited the successful synthesis of crystalline monodisperse RhNPs.
The scale bar is 200 nm.
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Coral-like nanoplates with high surface-to-volume ratio and
many surface irregularities have a high potential for intimate
interactions with bacterial or mammalian cell membranes.

The extinction spectrum of RhNP identified through UV-
visible-near infrared spectroscopy showed a weak UV-localized
plasmon resonance peak at 273 nm and uniformly high
optical density over the whole wavelength region with weak and
broad bands at around 320-1100 nm, which probably origi-
nated from the coral-like two-dimensional interconnected
complex structure (Fig. 2b). The hydrodynamic diameter of
RhNP was observed to be 68.1 nm for maximum number
distribution, which is smaller than that measured using the
TEM images, because calculations carried out using the Stocks-
Einstein equation assume a spherical shape. Although the
polydispersity index (PDI) was excellent (0.146 + 0.016), it did
not satisfy the recommended parameters for antibacterial
nanoparticle efficacy due to the highly negative surface charge
(¢-potential: —27.1 £+ 0.3) and relatively large sizes (120 nm;
Fig. 2c).

High-resolution (HR)}-TEM observations and fast Fourier
transforms of the images provided highly crystalline face-
centered cubic (fce) structures (Fig. S21). Moreover, a slight
shift from the X-ray diffraction pattern was observed possibly
due to the partially-presenting Rh-Ag alloy composition
(Fig. 2d).

To investigate the antibacterial effect of RhNP further, three
additional control materials were prepared and their antibac-
terial properties against Escherichia coli were tested. AgNPs,
a well-known antibacterial material and a template for galvanic
replacement, were prepared using the same particle count as
RhNPs to identify constituent element-based differences. In
addition, Rh*" ions and RhNS were prepared with the same Rh
content via inductively-coupled plasma mass spectroscopy. All
nanoparticles were prepared at a similar degree of surface
negative charge, which excluded the antibacterial effect from
the charge property (Fig. S3 and S47).

Compared to untreated control (negative), RhNPs showed
remarkable inhibition of E. coli growth; the inhibition was even
slightly better than AgNPs (positive) when treated at the same
concentration. Contrastingly, free Rh®* ions and RhNSs did not
show noticeable effects even though they had the same Rh
contents. From these results, both the constituent element and
morphological characteristics were confirmed to be crucial
factors (Fig. 3a). Similar results were also obtained for the dose-
dependent antibacterial effects of RhNPs (Fig. 3b).

SEM images of RhNP-treated E. coli provided more detailed
information regarding the observed antibacterial effects.
Surface adsorption of a large number of nanoplates was
observed in E. coli treated with RhNPs when compared to
control (Fig. 4a and b). Magnified SEM images (Fig. 4c and d)
show that RhNPs were adsorbed in a form of clusters on the
surfaces of E. coli. The results also indicated that RhNPs bigger
than a certain size were required for interaction with E. coli
surfaces, and that relatively small RhNPs were ineffective due to
difficulties in accessing and interacting with the E. coli surface.
Negatively-charged particles may seem hard to adhere to cells
due to the negatively-charged cell membrane, so the adhesion
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Fig. 3 Growth curve of E. coli as an optical density (ODggo) plot.
Comparison against (a) nanomaterials and (b) RhNP concentrations
exhibited significant antibacterial efficiency.

Fig. 4 SEM images of (a) control- and (b) RhNP-treated E. coli clearly
exhibiting surface adsorption of the nanoplates. The red (c) and blue
(d) boxes are enlarged images of the red- and blue-boxed regions in
(b). Red arrows indicate the surface interaction between E. coli and
RhNPs, and the yellow arrow indicates a ruptured E. coli cell. The scale
bar is 500 nm.

presumably occurred between RhNPs and protein corona clus-
ters. Such adsorption of RhNPs resulted in cell membrane
weakening (Fig. 4c and d; red arrows) or disruption (Fig. 4d;
yellow arrow), which account for the observed antibacterial

property.
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Conclusion

In this study, we reported the antibacterial effect of RhNPs that
varies depending on their chemical composition and
morphology. Recent studies based on RhNPs with contact
lengths of 100 nm or more showed interesting results. Notably,
previous studies reported difficulties in synthesizing Rh nano-
particles above 5 nm. Although the actual antibacterial effects
and partial mechanisms of RhNP were identified in the present
study, specific factors for the RhNP antibacterial properties
were not elucidated. However, it is important to continue
exploring the biological applications of Rh, because the anti-
bacterial effects of nanomaterials still remain unclear.
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