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[20_TD$DIFF]A B S T R A C T

Se/C as a novel carbon-based biomaterial was prepared by using cheap and abundant glucose as the
carbon source. It was highly active and could well restrain Xanthomonas campestris pv. campestris
(EC50 = 4.7403mg/mL), a very harmful germ causing the devastating cabbage black rot disease and
resulting in huge economic losses. As a type of carbonmaterial insoluble inwater, Se/C is bio-compatible
and can adhere onto the leaves of the plants to allowa slowand sustained release of its efficacy, affording
an efficient method for the cabbage black rot disease prevention and cure. This work as the first report on
the bioactivity studies of Se/C significantly expands the application scopes of the selenium-containing
materials and may draw continuous attentions from a broad field.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Chalcogen element-containing compounds and materials have
very wide application scopes [1–3]. In the field, the selenium
chemistry attracts comprehensive attention for the unique
chemical- and bio-activities of the element. Selenium-containing
compounds and materials are comprehensively employed as bio-
active reagents in medicinal chemistry [4], as building blocks in
organic synthesis [5–8], as catalysts in fine chemical production
[9–14] and as the distinctive components in materials science [15–
19]. Selenium is a necessary trace element for human beings and
can be metabolized by organisms [20]. Moreover, China is rich in
selenium resources, endowing a relatively low cost for the large-
scale applications of selenium-containing compounds and materi-
als (e.g., the price of [21_TD$DIFF]99.99% pure Se powder is only ca. $26/kg at
present).

On the other hand, nano materials have been focused on for
years owing to their advanced performances over traditional
materials [21,22]. In comparison with the noble metal nano-
particles [23–31], carbon-based nano-materials may be more
practical for their easily available starting materials resulting in
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very low cost, as well as their bio-compatible features, which is an
important key factor in industry for the environment-protection
concern of people since the new century [32–34]. During our
continuous investigations on selenium chemistry including the
organoselenium-catalyzed reactions, we started our project on the
recyclable heterogeneous selenium catalysts for industrial appli-
cation purposes and the carbon-supported nano selenium (Se/C)
catalyst was invented in 2018 [35,36]. Interestingly, recent
investigations showed that, besides its catalytic activity, the Se/
C material was bio-active for restraining Xanthomonas campestris
pv. campestris (Xcc) and might be used as the key component in
related new biocide development for cabbage black rot disease
prevention and cure. Herein, we wish to report our findings.

The Se/C material was prepared by calcining the selenized
glucose at 550 �C under nitrogen atmosphere protection
(Scheme 1), while the starting selenized glucose could be
synthesized from glucose as the cheap and abundant carbon
source via the selenization reaction using in-situ generated NaHSe
as the selenization reagent (for experimental details, please see
Supporing information). The material was a black powder and the
inductively coupled plasma-mass spectrometry (ICP-MS) analysis
demonstrated that it contained ca. [22_TD$DIFF]1.14% of selenium (weight
content). X-ray photoelectron spectroscopy (XPS) analysis showed
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Scheme_1)TD$FIG]

Scheme 1. Synthesis of Se/C.
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Fig. 2. Composition analysis of Se/C: (a) HAADF-STEM image, and (b–d) elemental
mapping images.
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Scheme 2. Principle for the formation of C��Se bond in the materials.
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that Se was in Se4+ and Se0[23_TD$DIFF] form in the mateiral (Fig. S2 in
Supporting information). The Se4+ attributed to the SeOxHmoeties
anchored onto the mateirals via C��Se bond, other than SeO2

because the later easily lost during the calcination procosses via
sublimation and the subsequent blowing away by the N2 flow. Field
emission-scanning electron microscope (SEM) analysis indicated
that it was formed by a variety of curled fragments in micro-scale
(Fig. 1a). In further magnified image in nano-scale, the surface of
the fragments appealed to be very smooth (Fig. 1b). Transmission
electron microscope (TEM) image of the material demonstrated
that it was in an amorphous state (Fig. 1c), in accordance with the
result being reflected by the high resolution TEM image with 5 nm
scale bar, in which no crystal of selenium was detected (Fig. 1d).

Energy dispersive X-ray spectroscopy (EDX) analysis attested
the successful loading of selenium into the carbon materials (for
details, please see Supporting information). Composition of the
material was further analyzed by high-angle annular dark field
scanning transmission electron microscope (HAADF-STEM) and
elemental mapping (Fig. 2). HAADF-STEM images are highly
sensitive to variations in the atomic number of atoms in the sample
(Z-contrast images). Specifically, the Z-contrast intensity is
proportional to the square of the atomic number [37]. Thus, the
almost equal brightness of thematerial in selected zone in HAADF-
STEM image indicated the uniform disperse of the elements
(Fig. 2a). In elemental mapping images, the dispersion of selenium
was in good agreement with that of carbon (Fig. 2c vs. [24_TD$DIFF]Fig. 2b),
indicating that the selenium element was anchored into the
material via C��Se bond other than physical adsorption, and this
could be well explained by the principle of the selenization
reaction in material fabrication process, in which nucleophilic
attack of HSe－ anion to the carbon positive sites of glucose formed
the C��Se bond (Scheme 2, as the bond being marked in blue
color). The Se/C material also involved oxygen element (Fig. 2d),
which came from the starting glucose or was introduced from the
air via the oxidation of the selenium-containing groups in the
material.

Selenium-containing compounds andmaterials are usually bio-
active and have beenwidely used as biocides for both animals and
[(Fig._1)TD$FIG]

Fig. 1. Morphologies of Se/C in micro- and nano-scales: (a, b) SEM images, (c) TEM
image, (d) HR-TEM image.
plants [4]. Thus, wewondered whether the Se/C material might be
used as biocide and it was expected to be better than traditional
organoselenium compounds because the insoluble material might
well adhered onto the leaves of the plants to allow a slow and
sustained release of its efficacy. In addition, the carbon-based
materials are expected to be more bio-compatible than normal
chemical biocides. Xcc was chosen as the model object of study
because it is a typical and very harmful germ causing the
devastating cabbage black rot and resulting in huge economic
losses (Fig. 3), and developing newbacteriostat against Xcc is also a
highly demanded issue for the continuously increasing drug
resistances of the germ [38].
[(Fig._4)TD$FIG]

Fig. 4. Inhibitory effect of [11_TD$DIFF]10% Se/C at different concentrations (mg/L) on the growth
of Xcc in the experiments in vitro.

Fig. 3. Disease symptoms of cabbage caused by Xcc: (a) photo of the infected
cabbage, (b) photo of the leaves of the infected cabbage.
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The experiments in vitrowere initially performed in laboratory
for the conveniences of operation and high efficiency in biocide
screenings. As shown in Fig. 4, Se/Cwell restrained the Xcc samples
when reaching a certain concentration. The material with its
concentration less than 0.1mg/L poorly restrained the Xcc
[25_TD$DIFF](<12.96%). The bioactivity of the material rose with the increased
concentration. The restrain rate could be enhanced to [26_TD$DIFF]68.39% by
using Se/C with its concentration being increased to 10mg/L. The
regressive analysis of the data (for details, please see Supporting
information) demonstrated that the EC50 value of Se/C against Xcc
was 4.7403mg/L, attesting that it was an efficient material for the
cabbage black rot disease prevention and cure. The activity
mechanism of Se/C in restraining Xccwas probably via interruption
of bacteria cell membrane and increased generation of bacterial
intracellular reactive oxygen species (ROS) [39,40].

In conclusion, we found that, by dopingwith very small amount
of selenium into carbon, the resulted Se/C material was bioactive
and could restrain Xcc. In comparisonwith traditional biocides, this
material was prepared by using glucose as the abundant and cheap
starting material. It was majorly composed by carbon, which was
bio-compatible. As an insoluble material, it could adhere onto the
leaves of the plants to allow a slow and sustained release of its
efficacy, affording an efficient method for the cabbage black rot
disease prevention and cure. This work as the first report on the
bioactivity of Se/C is novel and may attract comprehensive
attention in the fields of both materials science and biochemistry.
The related field experiments and continuous investigations on the
applications of selenium-containing materials are ongoing in our
laboratory.
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