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Abstract

Carbon nanotubes (CNTSs) have been employed alone or in composites with other substances to generate highly useful materials
in a variety of industries. They are especially promising as scaffolds for bone tissue regeneration. To the best of our knowledge,
no studies have been published on the usage of lysine (Lys) or histidine (His) for functionalizing oxidised Multiwalled carbon
nanotubes (0x-MWCNTS) using the sol-gel process. The goal of this research is to create innovative hybrid composites for
biomedical applications based on ox-MWCNTSs incorporating tetra ethyl orthosilicate (TEOS) and various amino acids (Lys or
His). Fourier transform infrared spectroscopy (FTIR), dynamic light scattering technique (DLS), X-ray diffraction (XRD),
thermogravimetric analysis (TGA), scanning and transmission electron microscopes (SEM and TEM) were used to characterise
the physicochemical properties.. In vitro bone bioactivity was tested after 7 days of soaking in simulated body fluid (SBF) at 37
°C, as well as cytotoxicity against mice bone marrow stromal cells using the MTT assay. The results showed that both
functionalized MWCNTSs had particle sizes of 1332 and 1329 nm and are colloidal stable. After soaking the composites in SBF,
SEM npictures revealed aggregated ca-apatite layers on the surface. After soaking for 7 days, the calcium element and the
liberated free amino acids concentrations in the residual SBF were approximately (2.1 and 0.9) and (2.6 and 2.0) mg/L in the
case of both amino acids, respectively. It can be concluded that both covalent attached amino acids play enhancement role for
the ca-apatite formation and lowering the toxicity in the hybrid composites relative to the ox-MWCNTSs especially in the case
of His.
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1. Introduction

Hybrid composites have attracted increased
attention in biomedical sciences and other scientific
areas in recent years. One cause for this is the growing
demand for regenerative or replacement tissues. It is
not unexpected, then, that research into organic-
inorganic composites has contributed to the
advancement of materials science as a highly
interdisciplinary field that employs novel methods to
previously exhausted synthesis processes. The
utilization of sol-gel technology for biomedical
applications is one significant discovery that best
exemplifies this point. As a result, this study focuses
on developments and prospective applications of
research in this sector.

In order to create intelligent nanoscale vehicles, a
brand-new multidisciplinary study area called
nanobiotechnology combines nanoscience with the
biological environment. These vectors may be loaded
with more medication and released under the right
circumstances [1-5]. With the incorporation of

biological substitutes like living cells, biomolecules,
biocompatible and biodegradable synthetic materials,
or natural materials that can restore, maintain, and
improve the function of tissues or organs, tissue
engineering aims to restore, repair, and replace
damaged and diseased tissues [6-8]. At the moment,
therapies for tissue regeneration use isolated cells or
cell substrates, the introduction of tissue-induced
biomolecules like proteins, medicines, and
oligonucleotides, and lastly artificial constructs with
or without bio-macromolecules [9, 10]. The designed
constructs approach is the most often employed tissue
engineering technique. Among these, the development
of biocompatible and bioactive biomaterials is vital for
tissue engineering. Carbon nanotubes (CNTSs) have
been widely used in electronic applications, energy
storage and photovoltaics, and more recently,
medicinal applications due to their outstanding
physical features, which include mechanical, thermal,
and electrical capabilities. CNTs are often
functionalized with different functional groups (such
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as -OH and -COOH) using covalent and non-covalent
methods to increase dispersity in aqueous media and
minimize toxicity [11-14]. Nonetheless, the toxicity of
carbon nanotubes remains an unsettled question, with
various research indicating opposing patterns [15-29].
CNTs have mostly been employed as reinforcement
filler in polymer-based scaffolds in the field of tissue
engineering, increasing mechanical and electrical
properties and permitting the production of scaffolds
for neural, cardiac, and bone tissue engineering. Non-
toxic, safer, and greener carbon nanotubes and
polymeric composites are still predicted, and research
into the mechanisms by which CNTSs generate toxicity
is still needed to better utilize the potential components
that cause cytotoxicity and genotoxicity [30].
Histidine is an important amino acid with unique
biochemical and physiological properties that plays a
variety of roles in all living creatures and acts as a
crucial modulator of biomolecule interactions with
inorganic substances [31]. Poly (L-histidine) is a pH-
responsive polypeptide that, when combined with
CNTs, can provide a smart nano-vehicle for intelligent
drug delivery [32]. Although effective exfoliation of
graphite to graphene has previously been described
[33], understanding of their interactions with the sp?
carbon network is lacking. Much shorter amino acid
sequences, on the other hand, can be employed to
exfoliate graphite. Previously, cavitational chemistry
was used to demonstrate the utilization of a shorter
amphiphilic pyren-hexahistidine peptide for one-stage
exfoliation and functionalization of carbon
nanomaterials [34]. Cell-penetrating peptides (CPPs)
are a type of tiny molecule with high membrane
permeability that can transport peptides, proteins, and
other macromolecules into cells, hence creating a new
avenue for exogenous chemicals to enter cells. The
inclusion of basic amino acids such as lysine (Lys) and
histidine (His) distinguishes the cationic peptide as a
type of CPP [35]. Because essential amino acids are
positively charged in physiological pH, they can
interact non-covalently with negatively charged drug
molecules and cell membranes [36]. MTT (3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium

bromide) assay is based on the ability of living cells'
active mitochondrial dehydrogenase enzyme to cleave
the tetrazolium rings of the yellow MTT and form dark
blue insoluble formazan crystals that are largely
impermeable to cell membranes, resulting in their
accumulation within healthy cells. Cell solubilization
leads in crystal liberation, which is then solubilized.
The amount of live cells is proportional to the
concentration of soluble formazan dark blue colour.
The degree of MTT decrease was determined by
measuring absorbance at 570 nm [37]. Because most
research investigations focus on the early stages of cell
development in vitro, long-term in vivo studies,
including the degradation of polymeric materials
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leading to the release of CNTs, must be examined.
Current studies look into the low content of CNTSs in
scaffolds due to fabrication constraints and toxicity, as
well as how it trades off scaffold qualities like
electrical, mechanical, and biological capabilities.
Hence, this work deals with preparation of hybrid
composites based on oxidized multi-walled carbon
nanotubes (ox-MWCNTSs) containing  tetraethyl
orthosilicate (TEOS) and lysine (Lys) or histidine
(His) amino acids using sol-gel technique. The
physicochemical characterization by FTIR, DLS,
XRD, TGA, SEM and TEM were investigated. In-
vitro bone bioactivity, after soaking in SBF at 37°C for
7 days, and cytotoxicity against mice bone marrow
stromal cells, using MTT assay, were also carried out.
Experimental
2.1 Materials

Multi-walled carbon nanotubes (MWCNTS),
carbon content 95%, diameters 6-9 nmx5 pm and tetra
ethyl orthosilicate (TEOS) were obtained by Sigma-
Aldrich. L(+) lysine (Ly), Mw and L(+) histidine
(His), Mw were purchased from Biobasic Canada Inc.
and Merck Eurolab, respectively. The cell culture
materials were obtained from Cambrex BioScience
(Copenhagen, Denmark). All other chemicals and
reagents were used as received. The chemical
structures were illustrated in Fig 1.

T N, N

(a) (b) (c)
Fig 1. Chemical structures of (a) MWCNTSs,(b) L-lysine
and (c) L-histidine amino acids.

2.2 Methods
2.2.1. Oxidation and purification of MWCNTSs
Olive oil was used to create oxidized MWCNTSs
(0x-MWCNTSs). In a 500 mL flask, 1 g of crude
MWCNTSs was spread in a mixture of 30% nitric acid
and olive oil (3:2 v/v). The flask was then refluxed for
2 h at 110 °C with continuous stirring to produce ox-
MWCNTSs. The resultant material was filtered under
vacuum and extensively washed with 500 mL of
chloroform to eliminate any leftover oil [38]. The
recovered material was washed with ultrapure water
until the filtrate was neutralized (pH 7.0). The obtained
substance was vacuum dried for 12 h at 70 °C and
stored for later study.
Functionalization of ox-MWCNTSs
The sol-gel approach was used to functionalize ox-
MWCNTs by hydrolysis and polycondensation of
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tetraethyl orthosilicate (TEOS) as a source of SiO;
with HCI as a catalyst [39] in the presence of various
amino acids (Lys or His) as follows: For 1 h, the
silicate solutions were agitated with the molar ratios
TEOS:C;Hs0H:H,0:HCI (1:6:8:0.6). After 2 h, 100
mg of ox-MWCNTSs and 100 mg of Lys or His were
added and sonicated. Ox-MWCNTSs and amino acid
moieties were crosslinked in the sol-gel cycle. The sol
was poured into plastic moulds and gelled at room
temperature for three days. The collected prepared
scaffolds have been saved for further research (Table
1).

Table 1 Chemical composition of the prepared
scaffolds using sol-gel technique

Sample Chemical composition (wt/ratio)
OX-MWCNTs | Lys | His | TEOS
(Ox-MWCNTs- 1 0 0 1
TEOS)
Scaffold 1 1 1 0 1
Scaffold 2 1 0 1 1
1.2.2. Characterization

The as-prepared scaffolds were characterised
using the following analytical tools: Bruker Fourier
Transform Infrared Spectroscopy fitted with
Attenuated Total Reflectance (FTIR-ATR) was used
to explore chemical interactions under the following
conditions: scan resolution: 4 cm?, scan rate: 2
mm/sec, number of scans: 32, range: 400- 4000 cm™?,
and mode: transmission. The particle size distribution
analysis was performed using dynamic light scattering
(DLS) technique by Malvern zetasizer equipment at
run time: 2 min, temperature: 25 °C, solvent: water,
concentration: 1 mg/mL. The particle forms and
morphologies were studied using a Transmission
Electron Microscope (TEM) in Tokyo, Japan. Drops
of the diluted formulations were placed on a carbon-
coated copper grid and allowed to dry at room
temperature for 10 minutes before testing.
Thermogravimetric analysis (TGA) was used by
SETaran- Instrumentation, France, to determine
thermal stability. SEM images were captured using the
JXA-840A Electron Probe Micro Analyzer JEOL-
SEM, Japan, and elemental analysis at the surface was
performed using energy dispersive X-ray equipment
linked to the SEM. Before being studied with the
Polaron SEM Coating Instrument, the substrate was
mounted on metal stubs and coated with gold-
palladium with a deposit thickness of around 75 at
vacuum 710-2 millibar and 2.4 kV cathodic voltage.
The crushed powder sample was subjected to strong
X-rays of wavelength 1.54060 A° (CuK) in a 20 range
4°- 80° at a scan rate of 2°/min and in step size [2°Th.]
utilizing  PAnalytica  Diffractometer ~ System
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Empyrean, Netherland. The (20) values were
immediately recorded, and the relative intensities of
the diffraction peaks were determined using X-ray
diffraction spectra. Agilent 200 series AA Flam
Atomic Absorption Spectroscopy was used to
determine the calcium element concentration. The
liberated free amino acids (Lys and His) in the
remaining SBF was investigated using HPLC, after
soaking the as-prepared scaffolds for 7 days at 37 °C
and pH 7.4, in comparison with the standard amino
acids, as previously reported by Zeid AA et al. [40].
The HPLC conditions were adjusted as follows: HPLC
column: Zorbax Eclipse, detector: diode array, flow
rate:  0.75 mL/min, and mobile phases:
acetonitrile/methanol (70:30) and (20 mM sodium
acetate + 2 mg EDTA + 0.018 mg triethylamine at pH
7.2) in the case of Lys and His, respectively.

1.2.3. In vitro bone bioactivity study

In order to replicate the production of apatite on
bioactive materials in vitro, Kokubo and his colleagues
[41] created an acellular simulated body fluid (SBF)
with inorganic ion concentrations similar to those of
human extracellular fluid. This fluid can be used to
assess the bioactivity of artificial materials in vitro, as
well as to coat apatite on diverse surfaces under
biomimetic circumstances. SBF is a metastable
solution that contains calcium and phosphate ions that
are already supersaturated in relation to apatite. As a
result, SBF is prepared as follows: Fill a 1000 mL
beaker halfway with ultra-pure water, Stir the water
and keep it at 36.5 degrees Celsius. After each reagent
has been thoroughly dissolved, add each chemical in
the order listed in Table 2. The as-prepared scaffolds
were immersed in SBF for 7 days at 37 °C and pH 7.4
before being removed, rinsed with de-ionized water,
and dried for further examination. After soaking, the
surface of the sample was investigated using SEM and
EDX to confirm the production of ca-apatite layers. To
guarantee the bioactivity behaviour of the material, the
bioactivity test was performed three times [42].

Table 2 Reagents for preparation of SBF (pH 7.25, 1

L).

Order | Reagent Amount ()
1 NaCl 7.996

2 NaHCO3 0.350

3 KCI 0.224

4 K2HPO4 = 3H20 0.228

5 MgCl: - 6H20 0.305

6 1 kmol/m3 HCI 40 cm3

7 CaClz 0.278

8 Na2S04 0.071

9 (CH20H)sCNH; 6.057
10 1 kmol/m3 HCI Appropriate amount for

adjusting pH
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1.2.4, In vitro cytotoxicity study
Cells and culture

The cytotoxic effect of the examined substances
was assessed using mouse bone marrow stromal cells.
The RPMI-1640 medium was prepared according to
Maridas et al. methodology [43], with minor changes.
10% foetal bovine serum (FBS), 2 mM L-glutamine,
100 units/mL penicillin G sodium, 100 units/mL
streptomycin sulphate, and 250 ng/ml amphotericin B
were added to the medium. At 37 °C, cells were kept
sub-confluent in humidified air containing 5% CO..
When confluence reached 75%, cells were used.
Samples were suspended/dissolved in sterile dimethyl
sulfoxide (DMSO) and then diluted in media before
being added to cells at the desired concentration in the
experiment.  All experiments were repeated four
times. The MTT Cell Viability Assay was used to
assess the cytotoxicity of the tested substances against
mice bone marrow stromal cells. Cells (0.5X105
cells/90 pl/well) in serum-free media were plated on a
flat bottom 96-well microplate and treated for 48 h at
37 °C in a humidified 5% CO; atmosphere with 10 pl
of different concentrations (200, 100, 50, 25, 12.5 and
6.25, 3.12 pg/mL) of the investigated compounds.
Following incubation, the MTT solution was added to
the medium at a final concentration of 0.5 mg/mL and
incubated for another 4 h. MTT crystals were
solubilized by adding (DMSO 90 pl / SDS 60 pl) /
well, and the plates were shacked at room temperature
before being photometrical determined at 570 nm
using a microplate ELISA reader (FLUOstar
OPTIMA, BMG LABTECH GmbH, Ortenberg,
Germany) [44]. For each concentration, three times
were conducted, and the average was obtained. Data
were represented as a percentage of relative viability
compared to untreated cells compared to the vehicle
control, with 100% relative viability indicating
cytotoxicity. The percentage of relative viability was
calculated as follows:
Absorbance of treated cells/Absorbance of control

Absorbanceoftreatedcells

cells x100
Absorbanceofcontrolcells
Then the half maximal inhibitory concentration (ICsp)

was calculated from the equation of the dose response
curve.
Mode of Cell Death

Cells were dispersed in each well of an 8-well cell
culture slide (SPL, Seol, South Korea) so that a
volume of 250 pl media contained 1X10* cells and left
overnight. The following day, a volume of each
sample was added to the labelled wells until the final
volume for each sample was 50ug/mL, and the
mixture was allowed for another 48 h. After incubation
with the materials, the cell sample was stained ina 1:1
ratio with acridine orange/ethidium bromide stain
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(Sigma Aldrich, Darmstadt, Germany). After 10 min,
the slides were photographed using the Zeiss
Axiolmager Z2 fluorescence microscope (Jenna,
Germany).

3. Results and Discussion
3.1. Physicochemical characterization
FTIR-ATR spectroscopy was used to confirm the
interaction of ox-MWCNTs with both amino acids
(Lys and His). The spectral data are shown in Fig. 2.
Unlike oX-MWCNTSs, the scaffolds 1
(MWCNTS/TEOS/Lys) and 2 (MWCNTS/TEOS/His)
exhibited the expected functional groups. The unique
absorption bands emerged at 1640, 1772, and (1533-
1605) cm? in response to C=0O, N-H carbonyl
stretching, and N-H binding vibrations, respectively.
These peaks are clearly the product of interactions
between Lys and His groups and ox-MWCNTSs.
Furthermore, the existence of amide groups at (1303-
1374) cm? shows that amidation interactions may
have happened between the carboxyl groups of the ox-
MWCNTSs and the amino groups of Lys or His. The
amino acids (Lys or His) have successfully been linked
to the ox-MWCNTS, as seen by the broad bands at
(3075-3449) cm that correspond to the stretching
vibration bonds of O-H groups. The salinized ox-
MWCNTs (ox-MWCNTS/TEOS) revealed unique
peaks around (2853-2945) and (1415-1433) cm*
during sol-gel synthesis, which were attributed to the
stretching and in-plane bending vibrations of the C-H
bonds (alkyl groups), respectively. However, the
aliphatic sp® of ox-MWCNTSs is reflected by small
peaks at 2920 cm?® [45]. Following sol-gel
manufacturing, additional differentiating wear peaks
appeared around (1075-1165) and (808-890) cm™,
which correspond to the functional groups Si-O-Si and
Si-C (Si-CHy), respectively. Minor peaks at (663-750)
cm? ascribed to Si-OH groups also emerged, as
predicted by the TEOS hydrolysis process [46, 47].
The aforementioned findings, which are consistent
with previous work, reveal that both Lys and His
amino acids can interact covalently with ox-MWCNTSs
utilizing the sol-gel approach.
Fig 3 depicts the XRD patterns of the constructed
scaffolds 1 (MWCNTS/TEOS/Lys) and 2
(MWCNTSs/TEOS/His). Both pure amino acids (Lys
and His), which have a high amount of hydrogen
bonding, have crystalline structures, as predicted by
previous studies [48, 49]. Furthermore, due to its
amorphous nature, pure TEOS produced XRD patterns
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in the 20 = 10- 17 range. In the case of ox- MWCNTSs,
two peaks at 20 = 25.4 and 42.5 were found as the
interlayer spacing d(002) and d(100) reflection peaks,
respectively [50]. The scaffolds' phase structure was
assumed to be identical to that of the salinized ox-
MWCNTSs, with the exception that the Lys and His
amino acids exhibit unique patterns.

= MWCNTs-TEOS =—Scaffold 1 Scaffold 2

Ri
§16401772 2853-2945 !

i. |

= ‘663-750 i1
“ |

1075-1165 |

T
1303-1344

~v~— M=

350 1350 2350 3350
Wavenumber [cm-1]

Fig 2. FTIR spectra of the scaffolds 1 (MWCNTSs/Lys)

and 2 (MWCNTSs/His) in comparison with o0x-
MWCNTSs/TEOS.

ox-MWCNTs/TEOS

(100)
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Fig 3. XRD patterns of the scaffolds 1

(MWCNTs/Lys) and 2 (MWCNTSs/His) in
comparisone with ox-MWCNTS/TEOS.

Table 3 shows the particle size distribution study of
the scaffolds as-prepared using the DLS approach. The
particle size of salinized ox-MWCNTSs grows to 1332
nm and 1329 nm, respectively, with a polydispersity
index (PDI) of around 0.62-0.98. The average size of
the ox-MWCNTS/TEOS was 413 nm, with a PDI of
0.79. This is most likely attributable to the creation of
the core-shell structures. It may also be deduced that
the covalent coating of the CNTs network occurred
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during the interaction of both amino acids with the
salinized MWCNTSs utilizing the sol-gel process. This
is consistent with a previous study of ours that looked
at how ox-MWCNTs altered the size of the
immobilized enzyme L-asparaginase [51].

Table 3. Particle size measurements of the prepared
scaffolds using the DLS technique

Sample Particle size Variance
(d/nm) (PDI)
(Ox-MWCNTSs-TEOS) 413462 0.79
Scaffold 1 1332+168 0.618
Scaffold 2 1329+25 0.98

Fig. 4 shows TEM images of the scaffolds (c) 1
(MWCNTs/Lys) and (d) 2 (MWCNTSs/His) in
compared with (@) TEOS and (b) ox-
MWCNTS/TEOS. When TEOS was used as a silica
precursor, the sol-gel preparation produced spherical
particles, as expected. While following the
incorporation of amino acids, the aggregation of
particles with spherical-like morphology may also be
noticed. Both amino acids clearly coated the network
of salinized ox-MWCNTSs.

5 00 nm -
Fig 4. TEM images of the scaffolds 1 (MWCNTS/ Lys,
c) and 2 (MWCNTSs/ His, d) in comparison with (a)
TEOS and (b) ox-MWCNTS/TEOS, at scale bar 500
and 200 nm.

TGA curves for the as-prepared scaffolds are
depicted in Fig. 5 (a) for scaffold 1 (MWCNTSs/Lys)
and (b) for scaffold 2 (MWCNTSs/His) in comparison
with the pure Lys and His, respectively. Table 4 also
includes TGA data (weight loss percentage at various
temperatures). In general, all scaffolds (1 and 2) were
discovered to have a unique thermal behaviour when
compared to pure amino acids. The inclusion of ox-
MWCNTSs increased the thermal stability of the
generated scaffolds 1 and 2 when compared to pure
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amino acids, as demonstrated. The weight loss (%) of
the generated scaffolds up to 700°C was around 6.64
and 7.57% in scaffolds 1 and 2, respectively, when
compared to the pure amino acid samples (1.56%).
The marginal increase in thermal stability of the as-
prepared scaffold matrices (1 and 2) following the
incorporation of ox-MWCNTS can be attributed to the
higher thermal conductivity of CNTs, which
facilitated heat dissipation within the composites,
preventing heat accumulation at certain points for
degradation [52].

The liberated free amino acids (Lys and His) in the
remaining SBF solution after soaking the scaffolds 1
and 2 for 7 days using HPLC analysis were about 2.6
and 2.0 mg/L, respectively, in comparison with the
standards (6.5 and 6.4 mg/L, respectively). This
proved that both amino acids were covalently attached
with the salinized ox-MWCNTs during sol-gel
preparation confirming their high stability in the stored
SBF.

——Lys . —— Scaffold 1

30 130 230 330 <430
Temperature (degree centigrade)

— Hiis Scaffold 2

10

30 130 230 330 430 530
Temperature (degree centigrade)

3.2. Invitro bone bioactivity evaluation

In order to verify the arrangement of the apatite
layer on the composite surface, the scaffolds were
examined by SEM for a period of 7 days following
their withdrawal from the SBF (Figs 6 and 7). The
nucleation of apatite may be attributable to the
relationship that exists between the surface of
composites  and the calcium phosphate
arrangement. SEM observation at high amplification
suggests a close connection between apatite and
composites' surfaces, supporting this hypothesis. The
particle edifices further associate with (PO4)3
particles due to the supersaturation impacts, framing
basic size cores and ensuing development of apatite
particles occurs [53]. The interaction between the
composites and the SBF solution may produce apatite
growth. In other words, the apatite nucleation on the
coating after the scaffolds were submerged in SBF for
7 days shows an obvious thick ca-apatite layer
aggregation on the whole surface for scaffolds 1 and
2. The apatite layer network is formed into a spherical-
like layer, illustrating the effect of the amino acids Lys
and His on apatite arrangement enhancement. It was
also feasible to witness how apatite, which resembles
bone, grew and multiplied on the surface of the
composites. SEM images revealed the formation of
huge crystal-like formations with microscopic pores
crowded together, which aided in the formation of
bone. After immersion in SBF, the surfaces of the
composites produced assemblies of tiny crystals that
looked as island-like highlights. The presence of
amino acids clearly increased the amount of apatite
islands. The in vitro test revealed that the different
amino acids (Lys and His) in scaffolds 1 and 2,
respectively, demonstrated substantial chemical
bioactivity in SBF, whereas the absence of the amino
acids in the scaffolds demonstrated weak chemical
bioactivity post immersion, as confirmed by SEM. The
addition of certain amounts of Lys or His to salinized
ox-MWCNTs may be significantly effective, as

Fig 5. TGA diagrams of the scaffolds 1 (MWCNTSs/ Lys) assessed by their improved bioactivity, according to
and 2 (MWCNTS/ His) in comparison with the pure amino our findings. Furthermore, the bioactive mechanisms

acids.

Table 4. TGA data of the as-prepared scaffolds at
different temperatures in comparison with the Lys and
His amino acids.

Sample Weight Loss (%) at different temperatures
/temp. | 35-100 | 100-220 220 - 400 -700
°C °C 400 °C °C
His 55.5 5.34 4.58 1.56
Lys 72.4 3.56 3.05 -
Scaffold 15.46 10.02 11.58 6.64
1
Scaffold 6.78 9.83 10.79 7.57
2
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of scaffolds are rapidly improved, with positive
effects. When exposed to SBF, an apatite layer
resembling bone is claimed to form on the surfaces of
the majority of bioactive materials. This calcium
phosphate phase resembles the calcium-deficient
apatite layer found in living organisms. This process is
known as "biomimetic generation of apatite layer
producing new materials,” and it can provide
information about the chemical characteristics of
biomaterials [54-56]. Haroun et al. [57] discovered a
strong relationship between in vitro bone-like apatite
production from SBF at scaffold surfaces and the
various types of amino acids utilized for MWCNTS
functionalization. In other words, the uptake of
calcium and phosphate from the buffer solution by the
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surface of the scaffolds containing distinct amino acids
(Lys or His) could trigger bone-like apatite deposition 120 - 1

on the surface. As a result, chemical interaction =
between the surfaces of those composites and bone is
expected to occur via apatite in the same way as
bioactive materials bond with bone. Using atomic

100 - |
yd AW -y
T T T
Pure SBF SBF after SBF after
Scaffold 1 Scaffold 2
soaking soaking

original SBF. The calcium level in the residual SBF
was substantially lower for both scaffolds (2.1-0.9
mg/L) as compared to the original SBF (105.3 mg/L).
This could be because the scaffolds had both amino
acid moieties, which increased Ca absorption from
SBF during incubation. Furthermore, the scaffold
made according to His amino acid design accelerated
the ca-uptake faster than the alternative. This could be
due to a decrease in the fluid's supersaturation in
relation to the apatite. This result was consistent with

revious findinas by Mivazaki et al.[581. 3.3. In vitro cytotoxicity evaluation
P gs by My [58] In this study, we functionalized ox-MWCNTSs with

two amino acids, Lys and His, and tested their
cytotoxicity on a bone marrow stromal cell line. To
achieve this goal, we have tracked cell shape, viability,
and growth as vital indicators of the cells'
physiological state. We chose mice bone marrow cells
to investigate the bone toxicity of ox-MWCNTSs
because they are well characterized cellular models
and stable cell lines appropriate for examining
nanomaterials' in vitro cytotoxic potential. The goal
here was to see if these scaffolds were cytotoxic
regardless of cell line type or origin. Following a 48-
hour exposure to the scaffolds, cell viability,
apoptosis, and necrosis were assessed using the MTTA

, b won . A test, and the findings are presented in Fig 9. Cell
X15000 X40000 viability was reduced in cells treated with varied

Fig 6. SEM micrographs of the scaffold 1 (MWCNTSs/Lys) duantities (25, 50, and 100 pg/mL) of as-prepared
and before and after soaking in SBF for 7 days at 37°C (20 Scaffolds 1 and 2 compared to salinized ox-MWCNTs.

Kv and magnifications X15000 and X40000). Concentrations ranging from 1 to 100 pg/mL often
promoted cell viability, as seen by the higher number

of viable cells compared to the untreated control.
Table 5 shows that after 48 h of incubation, there was
a substantial difference in cell proliferation rates
between scaffolds 1 and 2 with varied doses. In the
case of scaffolds 1 and 2, the viable cell percentages
were 45 and 65%, respectively, compared to 90% for
the control. It may be inferred that as-prepared
scaffold 2 has a beneficial influence on cell
proliferation, showing that scaffold containing His has
relatively good biocompatibility. Previous research on
cellular and molecular mechanisms revealed that the
configuration of positively charged essential amino
acids improves direct uptake through negatively
charged cell membranes via non-covalent contact [59].

80 -
absorption spectroscopy, Fig 8 illustrates the calcium % 60 -
content analysis in the remaining SBF solution after E 4.
immersing the scaffolds (1 and 2) and the pure amino w
acids (Lys and His), respectively, relative to the B 20

0+

Calcium content in the remaining

Fig 8. Calcium content determination in the remaining SBF,
after soaking the scaffolds 1 (MWCNTSs/ Lys) and 2
(MWCNTSs/His) for 7 days at 37°C, in comparison with th
the pure amino acids and the original SBF.

Before

Fig 7. SEM micrographs of scaffold 2 (MWCNTs/His) In other words, the cytotoxicity results of mice bone
before and after soaking in SBF for 7 days at 37°C (20 marrow cells demonstrated that salinized ox-
Kv and magnifications X15000 and X30000). MWCNTs and scaffold 1 including Lys had
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significantly more cytotoxic effects on the cells than
the control. Their I1Cso values were 45.39 and 67.92
pag/ml, respectively. At the studied concentrations, the
scaffold 2 containing His exhibited practically plateau
behaviour. To determine the mode of cell death, mice
bone marrow cells were seeded with scaffolds 1 and 2
at concentrations of 50 pg/ml in comparison to
salinized ox-MWCNTs for 48 h. The salinized ox-
MWCNTSs increased cell death via necrosis (25%)
when compared to the scaffold 1 (necrotic cells
reached 15%). Cell apoptosis rates were 10% and 20%
in cells treated with Scaffolds 1 and 2, respectively. In
contrast, the scaffold 2 did not cause cytotoxicity or
cell death, as determined by the method of cell death
approach.

Further examination of the overall cell morphology
reveals that as-prepared scaffolds at concentrations
ranging from 1-100 g/mL did not generate substantial
morphological alterations in mouse bone marrow
cells, as shown in Fig. 10. The cells had a normal

Ox-MWCNTS/TEOS

Viability (%4 of control)
Viability (%4 o fcontrol)
=
1

Scaffold 1

shape, spread and proliferated normally, and formed a
monolayer. Our findings contrast with those of Luo et
al. [60] who found no change in cell shape or loss in
cell viability in macrophages treated for 24 h to
salinized ox-MWCNTS at concentrations ranging from
0.2 to 200 pg/mL.

Table 5. The percentages (%) of cell viability,
apoptosis and necrosis after seeding mice bone

marrow cells with the as-prepared scaffolds for 48 h.
Viable
cells
90%

45%

65%
80%

Necrosis
7%
25%

15%
13%

Sample Apoptosis
3%
30%

20%
7%

Control
(OX-MWCNTs-
TEOS)
Scaffold 1
Scaffold 2

Scaffold 2

1284

3
1
—e—

e
o>
1

"
o>
1

Vebility (6 ofcontrol)
z
—-—

-
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Fig 9. The dose response curve of the scaffolds 1 (MWCNTSs/Lys) and 2 (MWCNTSs/His) on mice bone marrow
cells in comparison with ox-MWCNTS/TEOS using the MTT assay.
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Fig 10. Representativ hotomicrographs of bone marrow cells seeded for h with the scaffolds 1

(MWCNTSs/Lys) (c), and 2 (MWCNTSs/His) (d), in comparison with (a) control and (b) ox-MWCNTS/TEOS. The
cells were stained with ethidium bromide/ acridine orange dye, magnification power (10X).
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Conclusions

The functionalization of ox-MWCNTSs with L(+)
Lys or His amino acids was accomplished utilizing the
sol-gel approach. After soaking in SBF for 7 days at
37 °C, it was revealed that the different amino acids
can increase bone-bonding ability. The results of
FTIR-ATR, XRD, TGA, TEM, and particle size
distribution analyses are useful in understanding the
physicochemical properties of the scaffolds
developed. Using atomic absorption and HPLC
analysis, the calcium content and liberated free amino
acids in the remaining SBF were also demonstrated the
creation of the apatite layer at the surface of the
immersed scaffolds and the covalently bonded amino
acids to the ox-MWCNTSs. In general, regardless of the
amino acid utilized to modify ox-MWCNTSs (Lys or
His), functionalized ox-MWCNTSs were found to have
a favourable influence on the viability and
proliferation of mice bone marrow cells. In
comparison to Lys, His showed a minimal cytotoxic
effect. As a result, it is possible to conclude that the
functionalized ox-MWCNTSs produced by the sol-gel.
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