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Abstract

Boron doping of biochar leads to the formation of activated oxygen species and pores and defects in the carbon structure
Therefore, boron-containing biochar was prepared by treating boric acid (H;BO;) solutions in different concentrations of
hazelnut shells before pyrolysis. DSC results showed that treatment of biomass with solutions containing a low concentra-
tion (0.1 wt. %) of H;BO; increased the degradation of cellulose and hemicellulose, but also increased char formation.
However, treatment with solutions containing 2% and 5% H;BO; increased biochar oxidation with the formation of boron
oxide (B,03). The FT-IR and XPS results showed the presence of B-B, B-O, and B-O-B in the H;BO; treatment, which is
due to the formation of B,0O;. The examination of the proliferation of L.929 mouse fibroblast cells in response to different
concentrations of boron-containing biochars using the MTT assay revealed that biochar treated with 2% H,BO, promoted
cell growth (100.32 +1.93). However, above this concentration, the formation of polycrystalline B,O5 species exhibited an
inhibitory effect on cell proliferation (81.98 +1.26) in the samples of H;BO;-doped biochar with 5% concentration. The
results of the in vitro hemolysis tests for undoped biochar and high boron-containing (% 5) biochar sample showed mild
hemolytic activity, with percentages of 2.46 +0.02 and 3.08 + 0.04, respectively, according to the reported standards. Anti-
microbial studies have shown that Candida albicans (a yeast, ATCC 10231) is more sensitive to H;BO; than Staphylococcus
aureus (Gram-positive bacteria, ATCC 29213). Boron-containing biochar can be used in a variety of applications, including
biosensing, drug delivery, biological scaffolds, and biological imaging, as well as an adsorbent in the removal of pollutants
and a catalyst in oxidation and electrochemical reactions.
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1 Introduction

Biochar has attractive properties, such as low cost, abun-
dant sources, simple processing techniques, and a promising
future as a carbon-based material for various purposes. How-
ever, the lack of sufficient active sites and active ingredients
in pristine biochar limits its use. It has been reported that the
surface chemical bonding and chemical environment are sig-
nificantly improved by the addition of non-metallic elements
(e.g., N, P, and S) to biochar [1-3]. However, heteroatoms
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can destroy the physical and chemical structure of biochar.
For this purpose, the element boron (B), the neighbor of
carbon (C) in the periodic table, offers great advantages as
it easily forms covalent molecules between C and O atoms
during charring, along with its green, safe, low price, and
extreme similarity to carbon in atomic groups [4—6]. This
changes the electron transfer rate in the structure, forming
defects and active centers [7]. In fact, the oxygen species
generated by boron addition can also modulate the elec-
tronic structure and chemical structure of carbon surface
[8]. Zhang et. al discovered that lignin can be modified with
boric acid to increase its mechanical and thermal stability
[9]. Hung et al. reported that boric acid treatment resulted in
a significant reduction of total polycyclic aromatic hydrocar-
bons (PAHs), 61% in pineapple leaves biochar [10] and 85%
in lignin biochar [11], which have significant mutagenic and
carcinogenic potential for human and environmental health.
This is due to oxidation of PAH precursors by boric acid.
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Due to its high oxidation stability and advantageous gra-
phitization of carbon, boric acid has also been described
as a dopant for the preparation of carbonaceous materials
and for improving their physicochemical properties [12] by
creating active sites for adsorption and catalysis through the
incorporation of electron-deficient Lewis acids (B atoms)
into the carbon structure [13, 14]. According to Wang et al.
(2004), the complexation of wood with boric acid can lead to
the formation of hydrogen ions, which enhances the conver-
sion of wood into biochar [15]. In addition, it was reported
that the yield of biochar increased significantly when bio-
mass was pyrolyzed in the presence of boric acid [16, 17].
Therefore, boric acid can be considered a good chemical
activator for forming the pore structure of biochar, producing
biochar with high yield and suppressing PAHs’ formation for
biocompatible material.

Biochar modified with boric acid is mainly used for elec-
trochemical catalysis [18], or the degradation of pollutants
[19-21]. Due to the physical and chemical properties of
biochar activated with boric acid, the functional material
can also be used in many other fields, including biosensing,
drug release, biological scaffolds, and biological imaging.
In the field of biosensing, biochar activated with boric acid
can be employed as a sensing platform to detect and analyze
biological substances or chemical markers. Its high surface
area and porosity make it an ideal substrate for immobiliz-
ing biomolecules, enabling sensitive and selective detec-
tion of target analysts. Furthermore, biochar activated with
boric acid can be utilized in drug release systems. Its porous
structure allows for efficient loading and controlled release
of pharmaceutical agents. By incorporating drugs into the
biochar matrix, it is possible to design delivery systems that
ensure sustained and targeted release, improving therapeu-
tic outcomes and reducing side effects. Additionally, this
functional material holds promise in the realm of biologi-
cal scaffolds. Due to its biocompatibility and porous nature,
biochar activated with boric acid can serve as a scaffold for
tissue engineering and regenerative medicine. It provides
a three-dimensional structure that supports cell adhesion,
proliferation, and differentiation, facilitating the growth of
new tissues and organs.

Its unique properties make it suitable for use as a contrast
agent in imaging techniques such as magnetic resonance
imaging (MRI) or computed tomography (CT). By enhanc-
ing the contrast between different tissues or structures, bio-
char activated with boric acid aids in visualizing and diag-
nosing various biological processes or abnormalities. Its
versatility and potential for customization make it a valuable
functional material in advancing research and applications in
these domains compared to the traditional materials.

Based on the above findings, a detailed study was con-
ducted to investigate the physicochemical and biological
properties of hazelnut shell biochar treated with boric acid.
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To accomplish this, boron-doped biochar was prepared
using various concentrations of boric acid solutions and
thoroughly characterized.

Cytocompatibility, hemocompatibility, and antibacterial
activity tests were performed against both Gram-positive
Staphylococcus aureus and Candida albicans to enable the
use of boric acid-activated biochar samples in many other
fields, especially biotechnology.

2 Experimental studies
2.1 Preparation of raw materials

Hazelnut shells (HS) were used as raw material for the pro-
duction of biochar. The HS was obtained from the hazelnuts
harvested in the 2019 harvest season in Cavuslar district of
Ordu. HS was ground into powder in the mill. The ground
HS biomass was passed through sieves with particle sizes
of 355-250 um. Boric acid (H;BO;) was purchased from
Merck (Darmstadt, Germany) and used without purification.

2.2 Preparation of biochar and boron-doped
biochar

First, 5 g of HS was placed in a crucible, sealed with a lid,
and pyrolyzed in a muffle furnace at 500 °C with a heating
rate of 10 °C/min for 1 h. After washing and drying, the
sample was denoted as BC. For comparison with the bio-
char, the pyrolysis of HS treated with boric acid was carried
out. For this purpose, 0.1, 2, and 5 wt. % H;BO; solutions
were prepared. For this purpose, 0.1, 2, and 5 g of H;BO;
were weighed and each amount was dissolved in 100 mL
of distilled water. 9 mL of the H;BO; solutions was treated
with 3 g of HS (355-250 um) and kept for 1 day. Then, the
mixtures were placed in a crucible, sealed with a lid, and
pyrolyzed under the same condition of BC. The samples
prepared were designated as Bx-BC, where x indicates the
weight percentage of H;BO;

2.3 Characterization of samples

While the composition of the biochar was determined using
an elemental analyzer (CHNS/O) and EDS, the boron con-
tent of the boron-doped biochar samples was determined
using ICP-MS (Thermo Scientific, iCAP Q Series ICP-MS).
The elemental composition (C, H, N, and S) of the HS and
biochar samples was measured using an elemental analyzer
(Thermo Scientific’s Flash 2000/MAS 200R, USA) and the
oxygen (O) content of the samples was determined using
mass balance. The elemental composition of the boron-
doped biochar samples was determined using an energy
dispersive X-ray spectroscopy instrument (EDS, Oxford
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Instruments Inca, X-Act/51-ADDO0013) connected to the
Tescan Mira3 XMU FESEM.

The surface area and pore size distribution (micro-
mesopore structure) of the prepared biochar were deter-
mined using Quantachrome AutosorblC analyzer (FL,
USA). Nitrogen with a purity of 99.99% was used as
the adsorption gas. The surface area, pore volume, and
micropore volume were calculated using the multipoint
Brunauer-Emmett-Teller (BET) techniques, t-plot, and DR
(Dubinin-Radushkevic) techniques, respectively. Using the
Barrett, Joyner, Halenda (BJH) approach based on the Kel-
vin equation, the distribution of pore sizes was determined.
With P/P°=0.99, the total pore volume (V) was considered
the adsorbed volume, with adsorption and desorption occur-
ring simultaneously. All samples were analyzed using the
same methods for comparison. The Autosorb 1C package
program was used for the calculations.

FT-IR (Fourier transform infrared) analysis was applied
to the samples to determine the functional groups of the
biochar. Samples were analyzed using a BrukerAplha FT-IR
instrument. For the analysis, each sample of 0.15 g KBr
and 0.0015 g sample was weighed and prepared in tablet
form and analyzed for their functional groups. Spectra were
recorded in the wavelength range of 400-4000 cm™".

Field emission scanning electron microscopy (FESEM)
analyses of particle size and distribution were visualized
with the TescanMira3 XMU (Brno, Czech Republic) instru-
ment using the SE detector with a 5-nm gold plating result.
Energy-dispersive X-ray spectroscopy (EDS) for elements
corresponding to each sample was determined by EDS anal-
ysis using TESCAN image processing software.

Differential scanning calorimeter (DSC) measurements
of the raw material and a mixture of boric acid and bio-
mass were performed under conditions of pyrolysis using
the DSC-60 Plus/60A (Schimadzu Corporation, Japan)
instrument.

X-Ray diffraction (XRD) analyses of the biochar samples
were performed using a D/tex Ultra 250 odetector and Cu-Kj
radiation with a wavelength of A=1.5 A at 40 kW 30 mA
conditions ranging from 5 to 90 of 26°.

Thermo Scientific K-Alpha has been used as the subject
of X-ray photoelectron spectroscopy (XPS), using Al K
X-rays as the excitation source.

2.4 Invitro cytocompatibility

ISO 10993-5 standard test method was used to evaluate the
cytotoxicity of the biochar samples in vitro. A total of 4 differ-
ent compositions of synthesized biochar samples in a 10-mm
circular dish were sterilized at 120 °C and 2 bar for 20 min.
Then, the biochar samples were placed in a 24-well plate and
immersed in a cell culture medium for 12 h prior to the cell
culture experiment. All experiments were carried out using an

929 mouse fibroblast cell line purchased from ATCC (USA,
VA) and maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Sigma-Aldrich, USA, MO) containing 1% (v/v) of
pre-made penicillin (100 units/mL) and streptomycin solu-
tion (100 units/mL), and 10% (v/v) fetal bovine serum (FBS,
HyClone, US, UT). Cells were grown at 37 °C in a humidified
incubator containing 5% CO, and the culture medium was
refreshed every 2 to 3 days. Cell viability was determined by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. L929 mouse fibroblast cells were seeded in
a 96-well plate with growth media, then treated with biochar
samples and incubated for 24 h.

After incubation, MTT assays were conducted by adding 10
uL of MTT reagent to each well and incubating at 37 °C and
5% CO, for 2 h. Absorbance was measured spectrophotometri-
cally using a Thermo Scientific Multiskan FC Microplate Pho-
tometer Reader (Thermo Scientific, U.S.A.) at a wavelength
of 450 nm. Cell viability was determined by calculating the
percentage of viability in the control sample, which was con-
sidered 100% [22, 23].

2.5 Hemolysis test

In vitro hemocompatibility studies of biochar samples were
performed according to ISO 10993-5:1992 and Standard Prac-
tice for Assessment of Hemolytic Properties of Materials from
the American Society for Testing and Materials (ASTM F756-
00, 2000) [24, 25]. Three blood samples were collected from
healthy sheep at a slaughterhouse and then stabilized with
ethylenediaminetetraacetic acid (EDTA, 1.8 mg/mL). After
centrifugation of the blood at 3000 rpm for 15 min, the plasma
(supernatant) was removed. After centrifugation, 1 mL of red
blood cells (RBCs) was rinsed 3 times with sterile PBS solu-
tion (pH 7.2+0.2) and diluted 10 times with sterile 1 X PBS.
Sterile biochar samples were placed in sterile polypropylene
test tubes; then, 2 mL. RBCs were added to the biochar samples
and incubated at 37 °C for 2 h. During the incubation period,
the test tubes were gently shaken for every 60 min. After incu-
bation, the tubes were centrifuged at 3000 rpm for 5 min, and
the supernatant solution was collected. Optical density values
of the supernatants were then recorded at 541 nm using the
SPECTROstar Nano (Germany) equipped with the ultra-fast
UV/vis spectrometer from BMG LABTECH.

A positive control was set with 0.2 mL of RBCs and 0.8 mL
of distilled water, whereas a negative control was set with PBS.
The percentage of hemolysis was determined using the fol-
lowing formula:

ODg — ODy-

H lysis(%) = ———
emolysis(%) 0D — OD,¢

x100 (1)

where ODy is the absorbance value of the biochar sample
tested, ODy is the absorbance value of the negative control,
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and ODy is the absorbance value of the positive control.
Experiments were performed three times to ensure consist-
ency [26].

2.6 Antibacterial activity

The antibacterial properties of the biochar samples were evalu-
ated according to the literature with some modifications [27, 28].
The antimicrobial assay of the biochar samples against Staphy-
lococcus aureus (Gram positive bacteria, ATCC 29213) and
Candida albicans (yeast, ATCC 10231) was performed using
a viable cell count protocol. The selected colonies (S. aureus:
prokaryotic microorganisms; C. albicans: eukaryotic micro-
organisms) were inoculated and cultured in Mueller—Hinton
Broth (MHB) medium until mid-log growth phase. Indicator
microorganisms were collected via centrifugation (at 1000 x g
for 15 min) and subjected to three washes with a PBS solution.
Subsequently, the concentrations of the microorganisms were
adjusted to correspond to McFarland No. 0.5 (107 colony form-
ing units (CFU) mL™" for bacteria and yeasts). They were then
diluted at 1/100 and 1000 pL of the bacterial/yeast suspension
was mixed with 50 mg of biochar samples and incubated for 4 h
at 37 °C (30 °C for C. albicans) under a relative humidity atmos-
phere (90% RH). Prior to testing, the entire biochar samples were
washed with sterilized PBS and irradiated with UV light for 1 h
for disinfection. For enumeration of microorganisms, a series of
tenfold diluted suspensions were prepared in buffered peptone
water and 1000 pL of each suspension dilution was spread onto
MHA plates. Plates were then placed in an incubator set at 37 °C
for 24 h for S. aureus and 30 °C for 48 h for C. albicans and
CFUs (colony forming units) were counted on Mueller—Hinton
agar plates at the end of the incubation period. All antibacterial
tests were performed twice, and the average of the two replicates
was used for calculations. Results were expressed as CFU/ml for
each indicator microorganism.

2.7 Statistical analyses

Data collected were presented as means + standard deviations
of the mean SD based on at least six independent measure-
ments. Data were subjected to statistical analysis using the
one-way method ANOVA, followed by application of Dun-
nett’s and Tukey’s test methods. Significance was reached
at *p <0.05 using Origin Pro 9.0 software (OriginLab Co.,
Northampton, USA).

3 Results and discussion
3.1 Characterization of biochar samples

The hazelnut shell biomass consists of cellulose, hemi-
cellulose, and lignin, and its elemental composition
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involves 47.8% C, 45.4% 0O, 0.3% N, and 6.5% H. The
DSC result for pyrolysis of HS under inert atmosphere
at 500 °C for 1 h is shown in Fig. 1. The endothermic
peak occurring in the range of 80—130 °C is related to the
removal of moisture in HS. A broad peak in the range of
180-290 °C associated with the moister peak is related to
the decomposition of hemicellulose and the peak between
360 and 420 °C shows the decomposition of cellulose.
At temperatures above 425 °C, decomposition of lignin
begins and continues until 900 °C. The decomposition
peaks are consistent with the results in [29, 30]: in the
range of 220-315 °C for hemicellulose, 315-400 °C for
cellulose, and 160-900 °C for lignin. The biochar pro-
duced under similar conditions contains 78.9% C, 17.4%
0, 3.2% H, and 0.5% N. Comparison with the raw biochar
material confirms the DSC results by increasing carboni-
zation and decreasing oxygen and hydrogen content by
dehydroxylation.

When HS was treated with a boric acid solution,
the decomposition temperatures for HS and boric acid
changed significantly, as shown in Fig. 1. The DSC curve
of pure boric acid is shown in Fig. S1. The main peak
of boric acid at 155 °C is related to the first dehydration
of boric acid (2H;BO;—2HBO, + 2H,0) as reported in
[31, 32]. The undissociated pair of peaks in the range
160-180 °C is the second dehydration peak of boric
acid via HBO,—1/4H,B,0, + 1/4H,0. The decomposi-
tion peaks between 180 and 360 °C are assigned to the
decomposition of pyroboric acid into boron trioxide [33],
1/4H,B,0,—1/2B,05 + 3/2H,0.

The assignments of the peaks are consistent with the
results in the literature [34]. However, due to the heating
rate as stated by Huber et al., there is a slight difference
between the actual results and those that were published
[34]. Boric acid treatment shifted the occurrence of peaks at

DSC [mwW]

-25 4

=30 4

-35 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500

Temperature [°C]

Fig. 1 DSC results of HS and boric acid-hazelnut shell mixture
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about 375 °C in the pyrolysis of HS to lower temperatures:
340 °C for 0.1% boric acid and 320 °C for 2% boric acid.
Comparison of the DSC results of HS and boric acid with
those reported in [15, 35] indicates that the depolymeriza-
tion of cellulose was particularly favored by the hydrogen
ions generated during the complexation process between the
hydroxyl and boric acid groups at low temperatures (about
100-300 °C).

The content of raw and pyrolyzed biochar is displayed in
Table 1. The biochar’s boron content increased with increas-
ing boric acid concentration. Moreover, the highest carbon
content (76.7%) was obtained with a 0.1% boron solution,
since increasing boric acid concentration could lead to par-
tial oxidation of the carbonaceous compounds. Boron cannot
penetrate the structure of the biochar when the boric acid
concentration is above 2% because it is removed when the
biochar is washed after pyrolysis.

Figure 2 displays the XRD patterns of HS, biochar, and
boric acid—activated biochar samples. The HS showed three
peaks at 15.5°, 22.1°, and 35.0° of 26°, which was due to
amorphous cellulose [36]. Regardless of the presence of
boric acid, the cellulosic peaks disappeared upon pyrolysis.
The amorphous peak at about 25° of 26° is related to the
stable lignin content of the hazelnut shell. The intensity of
amorphous carbon decreased via decomposition of unstable
carbon with increasing boric acid concentration [11].

The FESEM images of raw and pyrolyzed samples are
shown in Fig. 3. This can be clearly seen in the hazelnut
shell samples, which have an inhomogeneous shape and sur-
face area of the particles. When HS was pyrolyzed under the
conventional conditions, the particles charred and formed a
denser structure, and the surface became rougher. When the
boric acid—treated HS was pyrolyzed, the surface morphol-
ogy of the samples changed. In 0.1% of boric acid solution,
the particles were distributed in layers on the surface, and
in 2% of boric acid solution, the pores were open while the
particles had a uniform shape. Treatment with a 5% boric
acid solution of HS causes the formation of material consist-
ing of thin layers and a smooth surface.

Figure 4 depicts N, adsorption—desorption isotherm
and pore size distribution of the raw and pyrolyzed materi-
als. According to the IUPAC classification, the isotherms
of samples correspond to the type II [37], indicating that
the samples are microporous and mesoporous, allowing the

formation of multiple adsorption layers with increasing P/P°.
The surface properties of the samples were calculated from
the isotherms of N, adsorption and desorption and are listed
in Table 2. Conventional and boric acid—assisted pyrolysis
of HS increased the specific surface area and total pore vol-
ume due to the formation of micropores and mesopores.
Increasing the boric acid concentration leads to an increase
in micropores and mesopores, as shown in Fig. 4. This can
be explained by the catalytic effect of boric acid on the dehy-
dration and depolymerization reactions of biochar. The high-
est surface area and pore volume were found to be 420.5
m?/g and 0.26 cm®/g, respectively, for B5-BC.

The FT-IR spectra of HS and biochar samples are
shown in Fig. 5. The broad peak with a peak center of
3419 cm™! in HS belongs to —OH groups [38], and its
intensity decreases significantly as a result of dehydration
reactions during pyrolysis at 500 °C. The peak pair in the
range 2790-3000 cm™" [38] is associated with aliphatic C—-H
groups and is removed from the structure by pyrolysis. The
peak at about 2360 cm™! that occurs during pyrolysis is the
CO, peak [39].

The C =0 stretching bond in ester groups and in noncon-
jugated ketones and carbonyls appears at 1738 cm™" and dis-
appears by pyrolysis [40]. The peak at 1618 cm™! indicates
the presence of COOH groups [41] and the center of the peak
shifts to 1590 cm™" upon pyrolysis. C=C at 1514 cm™! is

8000
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Intensity [a.u]

2000 -

5 10 15 20 25 30 35 40 45 50 55 60 65 70
2917

Fig.2 XRD pattern of the HS, BC, boron containing biochar samples

Table 1 Composition of

. Sample B? B C O Mg Cl K Ca Al
samples determined by ICP-MS 9 9 9 9 9 9 % % %
and FE-SEM-EDS

B0O1-BC 11.1 13.2 76.7 9.4 0.1 - - 0.51 0.05
B2-BC 17.2 13.7 72.6 12.8 0.08 - - 0.67 0.03
B5-BC 18.3 23.6 70.6 52 0.01 0.02 0.03 0.08 0.02

“Boron was determined by ICP-MS
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Fig.3 FE-SEM photos of HS,
BC, and boron-doped biochar
samples

SEM HV: 15.0 kV SEM HV: 15.0 KV
View field: 207 pm

SEM MAG: 1.00 kx Det: SE
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wo: 1040mm | | |
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View field: 208 ym

Performance In nanospace SEM MAG: 1.00 kx

assigned to the stretching vibration of lignin [42]. Two peaks
at 1458 and 1370 cm™' indicate the presence of CH, groups
in biopolymers [43]. The bands at 1258 and 1097 cm™! are
attributed to the vC—O of lignin [44], and are largely retained
due to the stability of lignin during pyrolysis. The band at
1041 cm™! can be assigned to the C—O—C of cellulose and
mostly disappears due to pyrolysis, as seen in DSC results
[45]. A large peak at about 575 cm™! is found that can be
attributed to O—C-O bending in esters [46] and its intensity
decreases with pyrolysis due to decomposition of the esters.
The peaks at 752, 820, and 872 cm™!, which appear in HS
with low intensity and are present in the biomass, indicate
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SEM HV: 15.0 KV WD: 10.34 mm_ MIRA3 TESCAN
View field: 208 ym 50 ym
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aromatic C—H bonds [47]. This can be attributed to the stabil-
ity of the aromatic structure.

The FT-IR spectrum of the boron containing biochar
samples shows the presence of functional groups with —CH,
C=0, B-0, B-O-B, and —-OH. The peak at 1703 cm~!is due
to the C=0 stretching of ester [48], which increases slightly
at a pyrolysis temperature of 500 °C. The band at about
1600 cm™! is related to the C=0O groups in the aromatic
rings of lignin [49], showing that pyrolysis at 500 °C did
not decompose this functional group. The peak at 1258 cm™
shows the presence of acetyl groups in hemicellulose [50]
and the weak peak at 1390 cm™! is related to the B—O bond
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Fig.4 N, adsorption—desorption isotherm and pore size distribution
of samples

Table 2 Surface area and pore characteristics of raw and pyrolyzed
biochar samples

Sample  Sppr* Mm% g™ VP (em®g™) Vy, (em® g7 Dpd (nm)
HS 16.9 0.017 nd 2.1
BC 474 0.057 nd 24
BO1-BC 307.5 0.18 0.11 1.2
B2-BC  350.7 0.20 0.14 1.1
B5-BC 4205 0.26 0.16 12

*Multipoint BET surface area; btotal pore volume calculated at P/
P°=0.99; “micropore volume determined with DR method; dmean
pore diameter determined by DR. n.d, not detected

[51], which increases slightly with increasing boron concen-
tration as more B is introduced into the carbon structure.
The bending vibrations of the B-O-B bonds in [BO,] units
are responsible for the bands at about 752 cm™! [52]. The
absorption band at 895 cm™! corresponds to the aromatic
C-H vibrations [53], which are not affected by the boron
concentration. The presence of the O-H stretching frequency

of hydroxyl groups and the remaining adsorbed water were
assumed to cause a broad band at 3370 cm™! [54]. Moreo-
ver, the weak peaks at 2924 cm™! are due to C-H stretching
vibrations [55].

The XPS survey of the B5-BC is displayed in Fig. 6. The
atomic content determined of the sample by XPS survey
is 8.5% B, 54.5% C, 1.3% N, 19.4% O, and 4.6% P. Three
peaks in Cls can be determined; C=C at 284.5 eV, C-N at
285.6 eV [56] and COO- and carboxyl group/ester groups at
289.1 eV [57]. Two oxygen peaks at 532.8 and 530.8 eV are
assigned to C—-O and —OH peaks [58]. The peaks matched
for B1 s are identified as B-O at 191.6 eV and B,0; at
194.1 eV [59] and B-B at 186. 8 eV [60]. XPS results show
that the biochar prepared by treating boric acid solutions
contains oxygenated carbonaceous compounds and B,0;.

3.2 Biocompatibility results

The MTT assay was used to investigate the effect of different
biochar concentrations on the growth of 1.929 mouse fibro-
blast cells. The viability of cells in the biochar samples was
expressed as a percentage of cell viability. Figure 7 shows
the MTT assay protocol, photos of cell morphology of cells
treated with different compositions of biochar samples, and
the graph of cell viability (%) by MTT assay. From Fig. 7, it
can be seen that cell proliferation was supported by all bio-
char groups as their cell viability values were above ~ 82%.
In the experimental study conducted with different biochar
samples, it was found that both materials were not cytotoxic.

When the cell viability of the biochar samples exceeds
70%, it indicates non-cytotoxicity according to the guide-
lines of the standard ISO 10993-5 [61, 62]. As shown in
Fig. 7, a significant difference in cell activity was observed
for the B2-BC group (100.32 +1.93), and it was found to
support cell growth. However, cell viability was slightly
reduced in the BS-BC group. Compared with the other bio-
char groups, the B5-BC media had a statistically significant
lower value, suggesting that high boron dose may have an
antiproliferative effect on cell proliferation. These reasons
are attributed to the presence of a mixed polycrystalline
boron oxide (B,0;) layer on the surfaces of the biochar
samples. The biocompatibility results proved that the boron-
doped biochar samples were highly biocompatible and non-
toxic compared with the control group.

A significant concern related to the in vivo delivery of
bioactive ions from biomaterials is whether the quantity
of released ions falls within the therapeutic range to yield
a beneficial impact [63]. Boron and its compounds have
been found to promote cell proliferation and growth. The
mechanism behind this phenomenon involves the dissolution
products of boron compounds, particularly B,05, which are
formed during phase transformation. These dissolution prod-
ucts act as cell receptors, stimulating cell proliferation and
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Fig.5 FT-IR spectra of HS, BC, 1.0
and boron containing bio- — HS
char samples — BC
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growth [64, 65]. To understand why boron compounds have
this effect, we need to delve into the interaction between
cells and these compounds at a molecular level. When boron
compounds such as B,0; dissolve in aqueous solutions, they
release borate ions (B(OH),) into the surrounding medium.
Borate ions have a unique chemical structure that allows
them to interact with certain biomolecules and cell receptors.

Borate ions can form reversible complexes with cis-diol
groups present in various biomolecules, such as sugars,
nucleic acids, and glycoproteins. This interaction is known
as boronate ester formation. The formation of boronate
esters with biomolecules can trigger specific signaling
pathways within the cells, leading to enhanced cell prolif-
eration and growth [66, 67]. The activation of a particular
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phenomenon exhibits a direct correlation with the concentra-
tions of boron in the biochar samples, showcasing an upward
trend as the concentration increases. However, it is note-
worthy that once the boron concentration surpasses a cer-
tain threshold, a reversal occurs, leading to inhibition rather
than further activation. While lower concentrations of boron
facilitate the activation process, higher concentrations seem
to exert an inhibitory effect, potentially indicating a satura-
tion or overload of the system. Understanding the underlying
mechanisms responsible for this dual behavior is essential
to determine the optimal concentration range for achieving
desired outcomes in various applications.

Research indicates that when boron compounds bind
to cis-diol groups, they have the potential to traverse the



Biomass Conversion and Biorefinery

2.0E+05

B5.0-BC Cls

1.8E+05 -

O1s
1.6E+05 -
1.4E+05 -

& 1.2E+05 -

[22]

€ 1.0E+05 -

=}

(e}

O 8.0E+04

6.0E+04

4.0E+04 - M

2.0E+04

Bis

0.0E+00

T T T T T
1200 1000 800 600 400 200 0

Binding energy [eV]

30000
28000
26000
24000
22000 4
20000 +
18000
16000
14000
12000
10000

8000 ~

6000 ~

4000 ~

Counts [s]

L engmmme =

T T T T T
540 538 536 534 532 530 528
Binding Energy [eV]

Fig.6 XPS results of HS, BC, and boron containing biochar samples

cellular membrane and form associations with intracellular
sugars [68]. Moreover, this binding interaction with sugars
or oligosaccharides, which might display selectivity under
specific conditions, could provide an explanation for boron’s
impact on RNA and protein synthesis. This is due to the
occurrence of cis-diol groups in the ribose moieties of RNA
[69]. Therefore, the binding of boron compounds to cis-diol
groups could facilitate their entry into cells and potentially
influence vital cellular processes, such as RNA and protein
synthesis, leading to notable physiological effects.
Additionally, BC production through pyrolysis in the
absence of oxygen is preferred. However, this method can
result in the creation of highly toxic aromatic compounds
known as PAHs [10]. PAHs are of great concern due to
their high carcinogenic and mutagenic properties, which can
negatively impact both human health and the environment.
Recently, the introduction of heteroatom doping (such as
N, B, O, P, and S) has emerged as a promising approach to
impede the generation of toxic aromatic compounds, including
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PAHSs, during BC formation [11, 21]. Furthermore, this dop-
ing method enhances biocompatibility. By incorporating
heteroatoms, the surface properties of BC can be modified,
resulting in enhanced interactions with biological entities such
as cells, tissues, and biomolecules. This improved biocom-
patibility holds tremendous potential for various biomedical
applications. It is crucial to emphasize that although boron and
its compounds have exhibited promising effects in stimulat-
ing cell proliferation, there is still ongoing research aimed at
unraveling the precise underlying mechanisms and determin-
ing the optimal concentrations for diverse tissue types. While
the positive outcomes of boron’s influence on cell growth have
been observed, a comprehensive understanding of the molecu-
lar pathways and cellular interactions involved is necessary to
fully harness its potential in the field of bioengineering. Conse-
quently, further studies are imperative to elucidate the intricate
workings of boron compounds and their specific effects on var-
ious tissues, enabling the development of targeted and effec-
tive strategies for utilizing boron in chemical and biomedical
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Fig.7 (a) MTT assay protocol of biochar samples, (b) optical micros-
copy images and cell morphology of fibroblast cells treated with
various compositions of biochar samples. Representative microscopic
images (X 20 magnification) of control groups before and after expo-

engineering applications. By continuing to investigate these
aspects, scientists can optimize the use of boron and its com-
pounds, advancing the field and potentially unlocking novel
therapeutic approaches for biologic effect.

3.3 Hemocompatibility results

To assess the hemocompatibility of the biochar samples, an
in vitro hemolysis assay was performed. Figure 8 shows the

@ Springer

sure to biochar samples for 24 h. The corresponding cell viability is
plotted in (c¢), in which (*) denotes that a significant difference was
observed (p<0.05) when compared to the control group, and the
error bar means the standard deviation (+ SD)

schematic representation of in vitro hemolysis test steps and
hemolysis ratio (%) results of the biochar samples using fresh
blood samples. The macroscopic color of all four biochar sam-
ple groups and the positive control group (RBCs/dH,0 =%
mL) was examined after incubating for 2 h at 37 °C. All bio-
char groups were pale yellow, whereas the positive control
group was bright red. The hemolysis ratio was % 2.46+0.02,
% 2.35+0.06, %3.45+0.18, and %3.08 +0.04 for the BC,
B01-BC, B2-BC, and B5-BC biochar groups, respectively
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(Fig. 8b). This indicates that hemolysis rates increase slightly
with higher boron content.

It is well known that the external surface area of materials
affects hemolysis by either modulating the number of red
blood cells bound to nanoparticles or affecting the energy
of cell membranes to encapsulate nanoparticles [70]. It is
hypothesized that the B2-BC biochar group, which has the
highest hemolysis ratio (%) value, is directly related to this
phenomenon based on the experimental data obtained.

Furthermore, the external surface area of materials can
also influence the adsorption and presentation of bioactive
molecules or functional groups that may directly interact
with red blood cells. This interaction can trigger biochemical

B01-BC B2-BC B5-BC

Biochar Samples

responses, leading to changes in cell membrane integrity and
subsequent hemolysis rates. Moreover, the morphology and
surface topography of the materials can play a significant
role in hemolysis. Materials with a larger external surface
area often exhibit increased roughness or irregularities, pro-
viding more sites for potential interactions with red blood
cells. These surface features can induce physical stress on
the cell membrane, promoting hemolysis [71].

When considering the effect of boron content on hemoly-
sis rates, it is crucial to account for the multifaceted nature
of the materials external surface area, including its mor-
phology, topography, and chemical composition [72]. These
factors collectively contribute to the observed changes in
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hemolysis, highlighting the complexity of the underlying
mechanisms involved in the interaction between biochar
samples and red blood cells.

In the determination and classification of the hemolytic
activity of various materials to be used in healthcare, the
American Society for Testing and Materials (ASTM) stand-
ards are generally accepted. The ASTM standards (ASTM
F756-00) and ISO 10 993-51, 992 specify that a sample is
considered non-hemolytic if the range of its hemolytic index
is less than 2%, while a range between 2 and 5% is considered
slightly hemolytic, and a range exceeding 5% is classified as
hemolytic [73].

3.4 Antimicrobial activity

The antibacterial activity of the biochar samples against the
growth of S. aureus and C. albicans was evaluated. A schematic
illustration of the antibacterial assay steps, representative images
of colony forming units for S. aureus and C. albicans, and the
data of CFUs/mL ™! values of bacteria and yeast are summarized
in Fig. 9. As can be seen in Fig. 9, it was found that the antibacte-
rial activity against microorganism S. aureus showed no effect
compared to the control group for all biochar samples with dif-
ferent amounts of boron oxides. Nevertheless, it is clear that the
number of yeast colonies in the MHB plates of all biochar groups
decreased significantly when the amount of boron oxides was
increased to C. albicans. Previous studies have demonstrated the

o

S. Aureus

C. Albicans

BC B01-BC B2-BC

Fig.9 (a) A schematic illustration of the antibacterial assay. (b)
Optical images of survival bacterial colonies on MHA plates after
contacting with biochar samples. (¢) Antibacterial properties of the
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B5-BC

broad-spectrum of antimicrobial properties of boron compounds
against various bacterial, fungal, and yeast species. In particular,
studies have demonstrated the efficacy of boric acid and sodium
borate against microorganisms such as S. aureus, K. pneumoniae,
C. albicans, and A. niger [74, 75]. The inhibitory effect increases
with increasing concentrations. Therefore, inhibition rates are
strongly dependent on the level of boric oxide concentration.
Based on these results, Candida albicans (a yeast, ATCC 10231)
is more sensitive to boron oxides than Staphylococcus aureus
(Gram positive bacteria, ATCC 29213).

Antimicrobial activity studies have shown that boron com-
pounds can inhibit the growth of C. albicans by interfering
with the cell wall and membrane of the yeast cells. The gen-
eration of oxygen-free radicals by boron oxide can harm cells
and inhibit the growth of microorganisms. Boron compounds
can also interfere with the production of enzymes and other
proteins that are necessary for the growth and survival of the
yeast cells. Boron compounds have the ability to stimulate
the production of extracellular matrix glycoproteins and pro-
teoglycans, which activate signaling and secretion pathways,
even at lower concentrations. In addition, boron compounds
can affect energy production in yeast cells, and all biochar
samples with varying boron oxide content exhibited antibacte-
rial properties compared to S. aureus, even at low concentra-
tions. These results demonstrate that biochar samples doped
with boron inhibit mycelial growth and the growth of Candida
albicans yeasts [76, 77].
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4 Conclusions

Biochar samples containing boron were successfully pre-
pared by pyrolysis after treatment of hazelnut hell with boric
acid solutions. Boric acid treatment increases the charring of
cellulose, hemicellulose, and lignin. All boron-doped bio-
char samples contain B-O, B-B, B-O-B, -OH, C-H, C=0,
and COO- functional groups. Increasing the boric acid
concentration increases the specific surface area and pore
formation. Cytotoxicity evaluation shows that the boron-
containing material is highly biocompatible and non-toxic.
According to in vitro hemolysis tests, biochar and boron-
containing biochar materials have low hemolytic activity.
Based on the in vitro antibacterial activity of all samples,
Candida albicans yeasts were significantly inhibited by
increasing the boron content of biochar. The results suggest
that boron-containing biochar possesses unique biological
properties that make it a suitable option for use as a bioma-
terial in biomedical engineering. For this purpose, future
works can address the following key aspects:

— Future research can focus on understanding the influence
of different biochar production methods on boron toxic-
ity. Exploring variations in pyrolysis temperature, dura-
tion, and feedstock composition can help optimize the
manufacturing process to boron doped biochar samples.

— Evaluating the leaching potential of boron from biochar
in diverse environmental conditions is crucial. Investigat-
ing factors such as environment pH, moisture levels, and
organic matter content can enhance our understanding of
boron mobility and its availability to other organisms.

— Detailed studies on the biochemical damages caused
by boron-containing biochar are essential to assess its
toxicity. Future research should explore the impact of
biochar on growth, development, reproduction, and
overall ecosystem health in various organisms. Investi-
gating the cellular and molecular mechanisms of boron
toxicity can provide valuable insights.
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