Experimental articles

UDC 577.175.8, 577.25, 621.002.3:661.66, 612.8 : 577 : 57.02 : 502/504: 620.3
https://doi.org/10.15407 /biotech17.031.051

NEUROTOXIC RISK AND ADSORPTION PROPERTIES
OF COARSE NON-FUNCTIONALIZED CARBON
PARTICLES DERIVED FROM APPLE WASTE

N.V. Krisanova®
0.0. Pariiska®
N.G. Pozdnyakova®
M.V. Dudarenko®
A.A. Borysov!
R.V. Sivko!

Y.I. Kurys®

D.O. Mazur?

A.V. Terebilenko?
V.G. Koshechko?
S.V. Kolotilov?
T.A. Borisova®

'Palladin Institute of Biochemistry
of the National Academy of Sciences of Ukraine

2Pisarzhevskii Institute of Physical Chemistry
of the National Academy of Sciences of Ukraine

E-mail: nataly.pozdniakova@gmail.com
Received 2024/08/26
Revised 2024,/08/30
Accepted 2024/08/30

Aim. Carbon particles have been widely used in different technologies and have great potential for new
biological application. Synthesis of carbon particles from agricultural waste using “green” principles is
in the mainstream of biotechnology area and attract a great attention in biomedical application. Here,
coarse carbon particles (CCPs) were synthesized using “green” principles from dry apple and used in the
biological experiments without preliminary functionalization.

Methods. Neurotoxic features of CCPs were analysed in isolated presynaptic cortex nerve terminals
(synaptosomes) monitoring the extracellular levels of excitatory neurotransmitter L-[14C] glutamate and
inhibitory one [PH]JGABA, as well as the membrane potential.

Results. Measuring the membrane potential of the nerve terminals, it was revealed an inadequate
decrease in the fluorescence intensity of the potential-dependent dye rhodamine 6G in the presence of
CCPs (1 mg/ml). This decrease was not due to membrane hyperpolarisation because CCPs did not change
the extracellular synaptosomal levels of L-['*C] glutamate and [°PH]JGABA. CCP-induced decrease in the
fluorescence intensity of the dye in nerve terminals can be due to its Interaction with CCPs. Indeed, the
ability of CCPs to Interact with rhodamine 6G was shown in synaptosome-free incubation media.

Conclusions. Therefore, CCPs did not possess neurotoxic signs, and so are biocompatible. In both
experiments, i.e. without bio object and in biological system, CCPs were able to to interact with fluores-
cent dye rhodamine 6G. In prospect, this feature of CCPs can be used in biotechnology after further inves-
tigation of dye Interaction conditions.

Key words: coarse non-functionalized carbon particles, apple, rhodamine, adsorption, neurotoxi-
city risk, glutamate, GABA, brain nerve terminals.

The conversion of biomass into useful
products is one of the best solutions for
waste managing. Synthesis of environmental
friendly carbon materials and, in particular,
carbon particles from agricultural waste
using “green” principles is in the mainstream
of technology area. Waste-derived carbon

materials are very promising in numerous
applications, e.g. environmental remediation,
energy, catalysts, sensorics, and biomedical
applications [1].

It is an increasing demand for porous
carbon nanomaterials because adsorption is one
of the most effective approaches for pollutant
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management and detoxication. Carbon
materials prepared from agricultural waste
possesses porous structures, and contains
functional groups, e.g. the carboxyl group and
hydroxyl group. Agricultural waste gets the
advantages of a wide range of sources, their
low cost, and renewability [2]. In addition,
important feature of the agricultural waste
as the source of sorbent is the absence or very
low content of toxic components (heavy metals,
tar, carcinogenic polycondensed aromatic
compounds, etc), ensuring, in many cases,
formation of the materials which do not require
further treatment for biomedical use. Biochar
can be obtained by pyrolysis of biomass in
different conditions. Porous carbons prepared
by pyrolysis and hydrothermal pyrolysis are
suitable for wastewater processing, such as
adsorption of heavy metal ions [3—5], fluoride
[6], ketamine [7], iodate [8], sulphide [9, 10].
For example, pomelo peel, rich in cellulose and
lignin, has been broadly used for synthesis of
porous carbon nanomaterials with large yield
and numerous applications. Porous carbon
nanomaterials derived from pomelo peel are
widely applied as absorbers due to their loose
and porous structure and stable chemical
properties [11]. Agricultural biomass was
shown to be effective in the remediation of
environmental pollutant pesticides. The
remediation effects of crop-derived waste,
e.g cereal crops and cash crops, on pesticide
pollution were shown [12].

Also, biochar attracts a great attention
and has been intensively investigated due to
its potential in biomedical application. Due to
porous architecture of biochar, such materials
are considered as suitable carriers for
nanoparticles with other functional properties.
The material, obtained by silver nanoparticles
deposition on biochar, facilitated application
and possessed antibacterial and anticancer
properties. Such silver nanoparticle on biochar
were suggested for treatment of bacteria and
colorectal cancer cells [13]. The effects of rice
straw biochar on cecal microbiome-related
metabolic changes in rats was assessed. It was
demonstrated that gut microbiome was altered
and could be critical for good performance
under rice straw biochar application through
interacting with metabolism [14]. A magnetic
solid-phase extraction materials on the basis of
modified biochar were investigated to extract
antiepileptic drugs from plasma. Biochar
was derived from Zizyphus jujuba seed shells
and was activated by phosphoric acid and
magnetized via coprecipitation. It was shown
that such material was appropriate for the
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assessment of antiepileptic drugs in plasma
and expanded the usage of such biochar as
the environmentally favorable matrix for the
analysis of biological samples [15].

Taking into account abovementioned facts
on perspective biomedical application of carbon
particles from agricultural biomass, the aims
of the present study were (*) to synthesize non-
functionalized coarse carbon particles from
dry apples (CCPs); (**) to analyse neurotoxic
properties of CCPs in isolated presynaptic
rat cortex nerve terminals (synaptosomes)
analysing the extracellular levels of key
excitatory and inhibitory neurotransmitters in
the central nervous system, L-[1*C] glutamate
and [*H]GABA, respectively; and (***) to
examine the membrane potential of CCPs using
florescent dye rhodamine 6 G and their ability
to interact with this dye.

Materials and Methods

Materials

HEPES, EGTA, EDTA, Ficoll 400, Sigma-
Fluor® High Performance LSC Cocktail, salts
of the analytical grade were obtained from
Sigma, USA; L-['C] glutamate; [*’H] GABA—
Perkin Elmer, Waltham, MA, USA.

Methods

Synthesis of CCPs from dry apples

CCPs from dry apples were synthesized
using green synthesis principles according to
[16]. In this study, coarse fraction of particles
without preliminary separation into fractions
by size and without any functionalisation was
used in the biological experiments.

Scanning and transmission eleciron
microscopy of CCPs

Transmission electron microscopy (TEM)
images of the synthesized carbon particles
were obtained using a microscope TEM125K
(Selmi) with an accelerating voltage 100 kV. A
suspension of the material in water was dropped
on a Cu grid (300 mesh), covered by a film of
amorphous carbon, and dried on air. Scanning
electronic microscopy (SEM) images were
obtained using the TESCAN MIRAS instrument
operating at 10 kV. A suspension of the material
was dropped on a conducting carbon film without
additional treatment and dried on air.

Animals and Ethics

Wistar rats, 3 months’ age males, were
kept in a quiet and temperature-controlled
vivarium room (22-23 °C) of the Palladin
Institute of Biochemistry, NAS of Ukraine.
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Animals were feed with dry food pellets
and water ad libitum. All animal-involving
procedures were performed in accordance with
the guidelines of the European Community
(2010/63/EU); “Scientific Requirements
and Research Protocols”; “Research Ethics
Committees” of Declaration of Helsinki; and
“ARRIVE guidelines for reporting experiments
involving animal” [17, 18]; and also local
Ukrainian laws and policies. The experimental
protocols were approved by the Animal Care
and Use Committee of Palladin Institute of
Biochemistry (Protocol # 1 from 10/01/2024).
The total number of animals was 9.

Isolation of the synaptosomes from the rat
cortex

The synaptosomes represented ~87% of the
particles in preparations, and did not contain
nerve cell bodies and functional glial fragments
[19-21]. Presynaptic nerve terminals were
isolated from the cortex regions of rat brains.
Isolation procedures were conducted at +
4°C, the cortex regions were removed and
homogenized in the following ice-cold solution:
sucrose 0.32 M; HEPES-NaOH 5 mM, pH 7.4;
EDTA 0.2 mM. One synaptosome preparation
was obtained from one rat. The synaptosomes
were isolated according to Cotman method
with minor modifications [22-25] using
differential and Ficoll-400 density gradient
centrifugation. The synaptosomes were
fitting for 2—4 hours after isolation. The
standard saline solution contained: NaCl
126 mM; KC1 5 mM; MgCl, 2.0 mM; NaH,PO,
1.0 mM; HEPES 20 mM, pH 7.4; and D-glucose
10 mM. Protein concentrations were recorded
according to Larson [26].

The extracellular synaptosomal level of
L-["*C] glutamate

The synaptosomes were diluted up to a
concentration of 2 mg of protein/ml, and then
the synaptosomes were pre-incubated at 37 °C
for 10 min, and loaded with L-[**C] glutamate,
1 nmol per mg of protein, 238 mCi/mmol, at
37 °C for 10 min. The synaptosomes after
loading were washed with 10 vol of the ice-
cold standard saline solution, and then
centrifuged (10,000xg, 20 s) at +4 °C; the
pellets were re-suspended in the standard
saline solution up to 1 mg protein/ml. The
extracellular L-['C] glutamate level was
assessed in the synaptosome aliquots (125 ul,
0.5 mg of protein/ml). The synaptosome
aliquots were preincubated for 8 min in
order to restore the ion gradients, and then
CCPs were added to the synaptosomes, and

this mixture were further incubated at 37 °C
during 0 and 6 min; centrifuged at 10,000 x g
for 20 s at room temperature. The values of
L-['*C] glutamate release were monitored
in the supernatant aliquots (100 nl), and
the pellets (preliminary treated with SDS,
100 pl of 10% SDS stock solution) by liquid
scintillation counting using Sigma-Fluor®
High Performance LSC Cocktail (1.5 ml) and
liquid scintillation counter Hidex 600SL
(Finland) [27]. The experimental data were
collected from “n” independent experiments
carried out in triplicate using different
synaptosome preparations.

The extracellular synaptosomal level of
[’H] GABA

The synaptosomes were diluted up to 2 mg
of protein/ml; and after pre-incubation at
37 °C for 10 min, the synaptosomes were pre-
loaded with [P H]JGABA (50 nM, 4.7 nCi/ml)
in the standard saline solution at 37 °C for
10 min. Aminooxyacetic acid (100 uM) was
added to the incubation media throughout all
[>H] GABA experiments. After pre-loading,
the suspension was washed with 10 volumes
of the ice-cold standard saline solution. The
pellets were re-suspended in the standard
saline solution up to 1 mg of protein/ml. The
synaptosome aliquots were pre-incubated for
8 min, and then CCPs were added and further
incubated at 37 °C during 0 and 5 min; and
then centrifuged at 10,000 x g for 20 s at
room temperature [28]. [’H] GABA content
was measured in the supernatant aliquots
(90 ul) by liquid scintillation counting with
Sigma-Fluor® High Performance LSC Cocktail
(1.5 ml) using liquid scintillation counter
Hidex 600SL (Finland), and the extracellular
level was expressed as the percentage of
total accumulated [*’H] GABA. The data were
collected from “n” independent experiments
performed in triplicate with different
synaptosome preparations.

The synaptosomal membrane potential

The membrane potential was monitored
using 0.5 pyM rhodamine 6G, the fluorescent
potentiometric dye, based on potential-
depended binding of the dye to the synaptosome
membranes. The synaptosomes, 0.2 mg of
protein/ml, were pre-incubated at 37 °C in
a thermostated cuvette with continuous
stirring for 10 min. The synaptosomes were
equilibrated with the dye, and after that CCPs
were applied. The ratio F, an index of the
membrane potential, was calculated according
to the following equation:
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F=F,/F,,

where F;, and F, were the fluorescence
intensity of rhodamin 6 G in the absence and
presence of the synaptosomes, respectively.
F, was assessed by the extrapolation of
exponential decay function to t = 0. The
fluorescence measurements were performed
using a fluorescence spectrofluorimeter
(QuantaMaster™ 40, PTI Inc., Canada), as well
as Hitachi 650-10S at 528 nm excitation and
551 nm emission wavelengths.

Statistical analysis

The experimental data were expressed
as the mean = S.E.M. of n independent
experiments. One-way ANOVA were applied;
the accepted significance level was P < 0.05.

Results and Discussion

Electron microscopy of CCPs

According to SEM studies, the sample
of CCPs contains particles with size from
1x1 to 20x20 nm (Fig. 1). All particles have
irregular shape; the majority of particles
have comparable dimensions in all directions
and resemble bulky carboneous material,
however several species looking like 2D sheets
(implying that the size in one of the directions
is significantly lower than the size in two other
directions) can be distinguished. These results
are consistent with images obtained by TEM.
Several separate particles, which dimensions
range from ca. 0.9x2.3 pm to 3.5x3.5 pum, are
shown on Fig. 1. Notably, some of the particles
on this TEM image have semi-transparent
edges in contrast to non-transparent “main
bodies” (these places are shown by arrows on
Fig. 1, b). Different transparency of edge and

center of the same particle can be indication
of its non-uniform thickness, which precludes
formation of thin graphene-like structure in
this case. Thus, carbonization of dry apple
resulted in formation of bulky carboneous
material, which appearance is typical for
disperse activated carbon.

Effect of CCPs on the membrane potential
of nerve terminals

The membrane potential of nerve terminals
is a driving force for the transporter-
mediated turnover (uptake/release) of
neurotransmitters, and also reproduces the
synaptosome membrane integrity [29]. As
shown in Fig. 2, the steady state level of
the dye fluorescence was achieved in 6 min.
The addition of the dye to the synaptosomes
resulted in the decreased fluorescence signal of
the dye that reflected its accumulation in the
negative charge area of the membranes of the
nerve terminals.

In calculations, the membrane potential
index, Fg, at the steady state level was used
as 100% . The standard saline buffer applied
to the incubation media of the synaptosomes
showed weak insignificant depolarizing effect
(appx 1.0%) that was considered as a control.

As shown in Fig. 2, the addition of CCPs
to the nerve terminals resulted in further
decrease in fluorescence of the dye by 10% that
can reflect inadequate significant membrane
hyperpolarisation.

A CCP-induced decrease in the dye
fluorescence may result from both (*) CCP-
induced changes in functional state of the
nerve terminals; and (**) interaction of
rhodamine 6G with CCPs that bring inaccuracy
to the membrane potential measurements.

Fig. 1. Images of CCPs obtained by scanning (a) and transmission (b) electron microscopy
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Fig. 2. The membrane potential of synaptosomes and a decrease in the fluorescence
of rhodamine 6 G after the addition of CCPs to nerve terminals
Synaptosomes were equilibrated with rhodamine 6G (0.5 nM); when the steady level of the fluorescence was
reached, the standard saline buffer (control) or CCPs were added to the synaptosomes (marked with arrow).
The trace represents 9 experiments carried out using different preparations

In this context, the next series of the ex-
periments were directed on accessment of the
key synaptic characteristics, extracellular
levels of excitatory neurotransmitter L-['C]
glutamate and inhibitory one [*(H]JGABA that
in turn reflected the functional state of the
nerve terminals.

Effect of CCPs on the extracellular levels
of L-['*C] glutamate and [P H]GABA in the
nerve terminals

The extracellular levels of neurotrans-
mitters glutamate and GABA are essential
synaptic characteristics which show a balance of
transporter-mediated uptake and unstimulated
release of neurotransmitters [30, 31].

The effects of CCPs on the extracellular
levels of neurotransmitters L-['*C] glutamate
and [?’H]GABA were assessed in the nerve
terminals. It was revealed that CCPs did not
affect the extracellular levels of both L-[}*C]
glutamate and [*’H]GABA at a concentration of
1.0 mg/ml (Fig. 3).

Therefore, CCPs did not possess neurotoxic
signs and was biocompatible at a concentration
of 1.0 mg/ml. This results showed that a CCP-
induced decrease in the dye fluorescence shown
in the previous subsection (Fig. 2) was not a
result of CCP-induced changes in functional
state of the nerve terminals.

Effect of CCPs on the rhodamine 6G
fluorescence

Interaction of rhodamine 6G with CCPs was
investigated in the next set of the experiments.

It was revealed that CCPs were able to decrease
to zero the fluorescence signal of rhodamine
6G in the synaptosome-free incubation
media (Fig. 4). This feature may result from
interaction of the dye with CCPs in the
synaptosome-free incubation media.

So, the changes in dye fluorescence during
the membrane potential measurements
(Fig. 2) were associated with interaction of
the dye with CCPs but not with changes in
the membrane potential value and membrane
hyperpolarisation.

Here, we showed that CCPs did not affect
the extracellular synaptosomal levels of L-[1‘C]
glutamate and [*’H]GABA at a concentration of
1.0 mg/ml. Therefore, CCPs can be applied in
different neurotechnologies because they did not
possess neurotoxic signs and is biocompatible at
this concentration. Comparing changes in the
extracellular levels of L-['*C] glutamate and
[*H]GABA in nerve terminals, CCPs were less
neurotoxic as compared to carbon dots [32],
nanodiamonds [27], fullerene Cg, [33], plastic
and wood smoke particulate matter [34—36].

In perspective, the ability of CCPs to ito
interact with rhodamine 6G should be further
investigated in details. Acquired knowledge
on a interaction conditions of the dye, e.g. pH-
dependence, ionic strength-dependence, can be
useful for perspective usage of CCPs in bio sensing.

CCP-induced decrease in the rhodamine 6G
fluorescence may be due to the changes in the
fluorescent properties of the dye in the presence
of CCPs but not due to adsorption of the dye by
the particles.
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Fig. 3. The extracellular levels of neurotransmitters L-[MC] glutamate (a) and [3H]GABA )
in the nerve terminals in the presence of CCPs (1.0 mg/ml)
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Fig. 4. A complete elimination of rhodamin 6G fluorescence by CCPs
When the steady level of the rhodamine 6G (0.5 n1M) fluorescence was reached, the standard saline buffer
(control) or CCPs were added to the incubation media (marked with arrow).
The trace represents 9 experiments carried out using different preparations

Conclusions

CCPs were synthesized using “green”
principles from non-toxic agricultural waste,
and so they are environmentally friendly
throughout the synthesis process. CCPs
did not influence the extracellular levels of
L-['*C] glutamate and [*H] GABA in the nerve
terminals. Therefore, CCPs did not possess
neurotoxic signs and is neurocompatible.

CCPs were able to adsorb or change the
fluorescent properties of the dye rhodamine
6G in both biological system and without
biological objects, and this feature of CCPs
can be used in biotechnology in prospect after
further investigation.
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Mema. Byrienesi yaCTUHKHY IMIUPOKO BUKOPUCTOBYIOThA ¥ PIBHUX TeXHOJIOTifAX i MAalOTh BeIUKUI
TMOTeHIias A HOBUX OiosoriuHmX 3acTocyBaHb. CUHTE3 ByTJIelleBUX YaCTUHOK i3 BiAX0IiB CiIbChbKO-
ro roCI0apCTBa 3 BUKOPUCTAHHAM «3€JeHNX» NIPUHIUIIIB € IIOMYJSIPHUM i IPUBEPTAE BEJIUKY yBary
B ranyasi 6iorexHoJsoriii. I'py6i Byraenesi vactuaku (CCP) 6ynu cuHTE30BaHi 3 BUKOPUCTAHHAM «3€-
JeHUX» IPUHIIUIMIB i3 cyxXuX S0JYK Ta BUKOPHCTAHi B 6i0JIOTiUHUX eKcIepuMeHTaXx 0e3 ImomepeaHboi
dyuKIioHamisamii.

Memodu. Heiiporokcuuni BiaactuBocti CCP amajisyBasu B i301bOBaHUX NPECUHAITUUYHUX HeE-
PBOBUX 3aKiHUEHHAX KOPHU TOJOBHOTO MO3KYy (CMHAIITOCOMAX), KOHTPOJIOIOUN IMO3aKJITUHHI piBHIi
30yaauBOTO HeiipoMmemiaTopa L-[14C] riayraMaTry Ta iHridéiTopHOTrO [3H]PAMR, a TaKOYK MeMOpaHHUNA
HOTeHIliaa.

Pesyavmamu. Ilix yac BumiproBaHHA MeMOpPaHHOI'O IIOTeHIliaNly HePBOBUX 3aKiHUEHb BUABJIEHO
HeaJleKBaTHe BHUKEHHA iHTeHCUBHOCTI )IyopecIieHIii moTeHIliai3aaekHOT0 6apBHUKA pogaminy 6G
y npucytHocti CCP (1 mr/mu). Ile 3HM:KeHHA He OyJI0 3yMOBJIEHO Timeprojdapusalieio Mmem6paHu,
ockinpku CCP He sMiHOBaIM mosakIiTHHHI cuHanTocomansHi piBai L-[1*C] rayramary Ta [PHITAMK.
CCP-imgyKoBaHe 3HUKEHHS iHTEHCUBHOCTI (hIyopeciieHIIii 6apBHIUKA B HEPBOBUX 3aKiHUEHHAX MOJKe
O0yTu HacaigkoMm Horo npsamoi agcop6bitii CCP. [lificHo, 3matHicTs CCP amcopbyBatu pomamin 6G Oyaa
moKasaHa B iHKyOaIiiHOMY cepemgoBUIIli 0e3 CHHAIITOCOM.

BucHosrxu. CCP He Maiu HEHPOTOKCUUYHUX O3HAK, TOMY € Oiocymicuumu. B 060x cxemax, ToOTO
0e3 0ioo0’ekTa i B Giosoriuniii cucremi, CCP 3morsu 3B’a3atu (uyopecieHTHHUI OGapBHUK pogaMiH
6G. Y mepcunexkTusi ma BiractuBicts CCP mMoixe 6yTu BUKOpuUcTaHa B 0i0T€XHOJIOTil Ta €KOJIOTiUHUX
TeXHOJIOTifAX IMicJA MOJANBINOTO AOCTiAKeHHa yMOB abcop0b11ii/mecop0biiii 6apBHUKA.

Knarouosicnosa: HeobpobaeHi He)yHKITIOHATi30BaHi ByTIJIelieBi YacTuUHKY, S0J1yKO0, pogaMiH, agcopoIris,
PUBUK HEHPOTOKCUUHOCTI, riryramar, TAMEK, HepBoBi 3aKiHUEHHS MO3KY.
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