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Single-walled carbon nanotubes (SWCNTs) involving polyethylene glycol (PEG) and polyethyleneimine (PEI), which contain
amines, were produced and analyzed using X-ray diffraction (XRD), UV-vis spectroscopy, Raman spectroscopy (RS), and trans-
mission electron microscopy (TEM) for the spectral and structural analyses of PEG-PEI-SWCNTs. PEG-PEI-SWCNTs demon-
strated peaks using UV—vis spectroscopy at 300.98 nm, have a broad peak at 20 =23.51, linked to 002 with d-spacing (3.7816), and
have crystalline sizes of 8.48 nm. In PEG-PEI-SWCNTs, TEM images demonstrated the accumulation of SWCNTs with PEG-PEI
due to an increased main grain size with functionalization to 80.68 nm. The D and G bands in PEG-PEI-SWCNTs moved to 1,292
and 1,586 cm™", respectively. SWCNTs are observed as a bundle of inhomogeneous, long-curved accumulates containing multitudes
of tubes. The PEG-PEI-SWCNTs have a tubular structure that demonstrates particles scattered alongside the carbon nanotube
sidewalls, which indicate that PEG and PEI are conjugated to the SWCNTs. Cytotoxicity evaluation of PEG-PEI-SWCNTs
(6.25-100 ug/mL) in the breast cancer AMJ13 cell line was conducted for 24 and 72 hr, and the results showed enhanced toxicity
to the tumor cells and decreased cytotoxicity against rhabdomyosarcoma (RD) normal cells.

1. Introduction

Single-walled carbon nanotubes (SWCNTs), a novel polyaro-
matic chemical, are researched for probable drug delivery
because of their ultrahigh surface zones; high mechanical
strength and physical elasticity; and electrical, chemical, and
thermal stability [1]. SWCNTs have shown their role in intra-
cellular drug transport, diagnostic imaging agents, and treat-
ing tumor cells [2]. SWCNTs may be able to cross a variety
of cellular barriers while also carrying a substantial payload

of the agent to be administered [3]. Moreover, the inherent
spectroscopic characteristics of nanotubes, such as Raman
shift and photoluminescence, enable the tracking, detection,
and imaging of their transporting drugs [3]. Additionally,
they can alter the chemoresistance process in tumor cells
[4]. PEGylation (i.e., functionalization of carbon nanotubes
with polyethylene glycol (PEG) moieties) is used to enhance
the aqueous solubility, stability, and biocompatibility of CNT
conjugates. Additionally, the PEG’s “stealth” ability aids in
prolonging blood circulation time and overcoming the
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phagocytic activity of the reticuloendothelial system. The
template for modification, such as the conjugation of ligands
to physiological targets, is provided via PEGylation as well
[5]. Despite having a wide range of pharmacological applica-
tions, polyethyleneimine (PEI), an aqueous-soluble cationic
polymer (molecular weight (MW) 600—60,000 Daltons (Da)),
is constrained by its MW, charge density, structure, and
conformational flexibility [6]. Previous studies have dem-
onstrated that PEGylation of PEI can improve particle
dispersion at high concentrations, prevent particle aggre-
gation, prolong blood circulation, and reduce systemic
toxicity [7, 8]. We, therefore, developed SWCNT's for drug
administration, employing PEG-PEI-SWCNTs as hydro-
philic biocompatible block copolymers. SWCNTs and
PEG-PEI are coupled, increasing the ester contact between
them. Subsequently, this relationship was described via
X-ray diffraction (XRD), UV-vis spectroscopy, Raman
spectroscopy (RS), and transmission electron microscopy
(TEM).

2. Experimental Setup

2.1. Preparation of PEG 4000—PEI-Functionalized SWCNTs.
On the electromagnetic mixer, 0.4 g of SWCNTs (99%, 32%,
Sigma—Aldrich) was stirred in a 1:1 solution of sulfuric and
nitric acid for 2 hr without heat. After 2hr of mixing, the
product was filtered through filter paper, rinsed with ionic
water and methanol, and then precipitated to produce
the powder. Afterward, 120 mL of ionic water was added
into different beakers, 6.2g of EDC-HCI and 3.5g of
N-hydroxysuccinimide (NHS) (98.00%, Sigma-Aldrich) were
added, and the electromagnetic mixer was set for 30 min to
dissolve the substance in the ionic water; after half an hour,
SWCNTs were added at this stage (SWCNTs—COOH). The
solution was added into a Petri dish and placed in an electric
oven at a temperature of 80°C to dry after adding 96 g of
PEG 4000 (HiMedia, USA) and 8 g of PEI (Sigma—Aldrich)
progressively and turning on the electromagnetic mixer for
24hr. A paste-like substance with a sticky texture that was
obtained signified high viscosity and was stored in a glass
box for later use.

2.2. Characterization of PEG 4000—PEI-Functionalized SWCNTs.
By measuring the solution’s absorption spectrum using a
UV-vis spectroscopy (UV-vis, Seoul, Korea) in the range of
225-500 nm, PEG 4000—PEI-functionalized SWCNT's were
obtained. Rotational, vibrational, and low-frequency modes
were examined using RS. To identify molecules, RS was used to
analyze their structural fingerprint. To measure the samples,
a 532nm line, an argon laser, incident laser strength (5 mW),
and automatic software switching of excitation wavelength
with intensity calculation (Bruker Senterra Raman microscope)
were used. To confirm the crystal structure (crystal phases and
crystallite size) of the produced NPs, XRD analysis was carried
out using the XRD-6000, Shimadzu, Japan. The crystallite size
(D) of nanoparticles (NPs) and their conjugates were calculated
using Scherrer equation (Equation (1)):
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D= K1 (1)
" fcosf’

where 4 is the wavelength of X-rays, /3 is the full width at half
maximum of the diffraction peak, and 6 is Bragg’s angle.
In this study, the system was supplied with Cu Ko radiation
with a wavelength (1) of 1.5406 nm produced at 40kV.
To determine the morphological features of NPs, TEM
(Zeiss, Germany) was used. The infrared (IR) transmission
spectra were recorded by double-beam Fourier transform
infrared (FTIR) spectroscopy using an IRAffinity-1 Shimadzu
spectrophotometer (Columbia, MD, USA). The technique
operates in the wavenumber range of 4,000-400cm ™"
with a resolution of 0.5cm™'. Atomic force microscopy
(AFM) was measured by an SPM-AA3000 contact mode
spectrometer (Angstrom Advanced Inc., USA). This test
relies on producing an electron beam with high energy to
be passed through the targets to investigate the material’s
microstructure.

2.3. Bioactivity of PEG-PEI-SWCNTs

2.3.1. Cell Culture. Human breast cancer AMJ13 cells and
human rhabdomyosarcoma (RD) cells were cultured in tis-
sue culture flasks (T 25 cm?; Falcon, USA) containing RPMI-
1640 medium (Capricorn, Germany), supplemented with
10% fetal bovine serum (Capricorn, Germany), penicillin
(100 units/mL), and streptomycin (100 g/mL) [9, 10].

2.3.2. Cytotoxicity Assays. For PEG-PEI-SWCNTs, the cyto-
toxicity was evaluated in 96-well plates using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) test (BioWorld, USA). The cell lines (1 x 10*cells/
well) were incubated for 24 hr, followed by treatment with
various doses (6.25-100 ug/mL) of PEG-PEI-SWCNTs [11].
After 24 and 72 hr of incubation, MTT (2 mg/mL) solution
was added for 3 hr at 37°C, followed by washing and treat-
ment with dimethyl sulfoxide (DMSO) (Santa Cruz, USA).
The experiment was performed in triplicates, and the assay
was read at 492nm. The cytotoxicity (%) was evaluated
using Equation (2) [12, 13]:

B

Cytotoxicity (%) = A = ———,
ytotoxicity (%) A 100

(2)

where A and B are the optical densities of controls and sam-
ples, respectively.

For cell morphology visualization, the cells were incu-
bated in 24-well microtitration plates (1 X 10° cells/mL)
for 24 hr at 37°C [14], followed by 24 hr incubation with
PEG-PEI-SWCNTs at ICs,. At the end of incubation, cells
were stained with crystal violet dye for 10-15min [15, 16],
followed by washing, and images were obtained after visu-
alization under an inverted microscope (40x) [17, 18].

2.3.3. Statistical Analysis. To statistically analyze the data,
GraphPad Prism 8 and the unpaired t-test were used. The
results were calculated using the average standard deviation
of three different measurements [19, 20].
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Figure 1: UV-vis absorption spectra of PEG-PEI-SWCNTs. The
peak is located at 300.98 nm.

3. Results and Discussion

3.1. Physical Characterization of PEG-PEI-SWCNTs. PEGy-
lation (PEG-PEI-SWCNTs) was determined using UV-vis
spectroscopy, XRD, RS, and TEM. Figure 1 shows the syn-
thesized PEG-PEI-SWCNTS’ structural bonding scheme.

3.1.1. UV=Vis Analysis. The green line, as shown in Figure 1,
shows the spectra of PEG-PEI-SWCNTs at 300.98 nm and
SWCNTs at 289 nm, which were obtained using UV-vis
spectroscopy. These results were reported in a study by
Jwameer et al. [21], which are absorption bands caused by
electrons’ movement z—z* from C-C (aromatic rings) to
n—n* for C=0 for SWCNTs. Green line shifting indicates
PEG-PEI-SWCNTs synthesis [22, 23].

3.1.2. Raman Spectroscopy. Figure 2 depicts the Raman spec-
tra of SWCNTs-PEG. SWCNTS’ spectrum shows the follow-
ing: (1) vibration of all atoms in phase termed as radial
breathing mode (RBM) band (150.89 and 255.91 cm™Y);
(2) disorder or D band (1,291.60 cm™"), coupled to sp2 carbon
atoms breathing actions in the rings that become activated
due to nanotube surface defects; (3) the tangential mode or
G band (1,572.65cm™), encompassing subbands G+ and
G—, which correspond to axial and circumferential in-plane
pulsations in semiconducting nanotubes, respectively; and
(4) D or 2D bands of overtone (2D band), which are the
graphitic assembly’s impression, are seen at 2.566cm™ .
The D and G bands’ intensity disparities and width modifi-
cation depict functionalization extents that are estimated due
to the occurrence of organic fragments on the CNTSs’ side-
walls; this result has been published in the study [21]. The
Raman spectra of PEG-PEI-SWCNTs are shown in Figure 2,
where 1,292, 1,586, 156, and 257 cm™" denote the D band,
G band, and RBM, respectively. The ID/IG band intensity
ratios provide a quantitative estimate of the functionalization
extent. The ID/IG ratio of SWCNT is 0.82 before adding
PEG-PEI-SWCNTs but decreases to 0.81 after absorbing
PEG-PEI-SWCNTs. This trend indicates a weakening of
Raman activity in the case of functionalized materials.
We estimated an ID/IG ratio based on the fitting method,
which decreases as one progresses from pure SWCNTs to
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FIGURE 2: Raman spectra of functionalized PEG-PEI-SWCNTs. It
represents D, G, and RBM bands.

2,750
2,500
2,250
2,000 -
1,750
1,500
1,250 -
1,000 -
750 7 C(100)
500 -
250 ] T T T T T T T T T T T
20 25 30 35 40 45 50
20 (degree)

C(002)

Intensity (a.u.)

C(101)

—— PEG-PEI-SWCNTs

FIGURE 3: XRD patterns for PEG-PEI-SWCNTs. It was synthesized
using an organic chemical method. A sharper peak was recorded at
20=23.51. The diffraction patterns of the SWCNTSs remain the
same after conjugation with PEG and PEIL

functionalized materials. The G band is likewise expanding as
a result of this tendency. This increase is due to a breach in the
symmetry of the graphene sheet, due to functionality priming
on the nanotube’s surface, and is consistent with previous
PEGylated—PEI systems [24]. To determine the nanotube’s
diameter since its frequency is inversely proportional to the
reciprocal of the diameter, RBM may be used. The RBM also
offers information on chirality and, consequently, on the
nanotube’s electrical characteristics. Because our experiment
only used a single excitation energy, only nanotubes resonant
with that energy will show a peak at the RBM frequency.
Vrpm =248/@ [25], where Vgpy is the Raman frequency
shift of the RBM (in cm™), may be used to calculate the
nanotube’s diameter. The estimated SWCNT diameter is
based on the observed RBM (1.27) [26].

3.1.3. X-Ray Diffraction. The green line, as shown in Figure 3,
shows the XRD of PEG-PEI-SWCNTs with broad peaks
(20=23.51) and d-spacing (3.7816). PEG-PEI-SWCNTs dis-
rupted the crystallization order, which resulted in decreased
PEG crystallinity and paved the way for effective ester bonding



Fiure 4: TEM images of PEG-PEI-SWCNTs with a rough tubular
structure. Some particles appeared to be attached and distributed
along the SWCNT sidewalls, indicating that PEG and PEI are con-
jugated onto nanotube. Scale bar: 60 nm.

of PEG-PEI-SWCNTSs [27]. The orientation (002), with
8.48 nm for PEG-PEI-SWCNT’s crystalline size, was deter-
mined using the HighScore Plus program.

3.1.4. Morphological Properties of PEG-PEI-SWCNTs. To exam-
ine the morphology of PEG-PEI-SWCNTs, the truncated and
functionalized TEM images were employed (Figure 4).
Shorter SWCNTs that have been acid-treated had a smaller
tube dimension and a hollow lumen tubular structure that
are ideal for nanotube endocytosis. CNTs—COOH disperses
into single tubes with smooth surfaces, no accumulation,
and uniform morphological properties when produced
with various acids. The PEG-PEI-SWCNTs have a rough
tubular form scattered across SWCNT sidewalls, validating
their conjugation with PEG and PEI (Figure 4).

3.1.5. FTIR Analysis. In FTIR spectra of SWCNTs, the
stretching peaks at 3,431 cm™' were assigned for the OH
group, whereas peaks at 2,897 and 1,636cm™' were the
stretching of the C-H group and the C=0 carboxyl group,
respectively. These results have been published in the study
[21]. However, in the case of PEG-PEI-SWCNTs, as shown
in Figure 5, the peak at 3,431 cm ™" shifted to 3,432 cm™" and
also the appearance of C-H at 2,883 cm™ ', which proved that
SWCNTSs are in conjunction with PEG-PEL Additionally,
the appearance of C=C at 1,468 cm™' and C=0O at 1,716 cm ™"
was also identified, and the peaks at 1,616 and 1,344 cm™" are
related to N-H and C-N, respectively [28].

3.1.6. AFM Analysis. Figure 6 shows the AFM analysis of
SWCNTs, and PEG-PEI-SWCNTs in SWCNTSs image show
a carbon nanotube with a grain size of 60 nm; these results
have been published in a study [21]. Aggregation of SWCNT's
with PEG 4000-PEI increases grain size with functionalization
to 80.68 nm in PEG-PEI-SWCNTs.

3.2. Antiproliferative Activity of PEG-PEI-SWCNTs on Breast
Cells. PEG-PEI-SWCNT’s cytotoxicity evaluation against
AM]J13 cells demonstrated increased cell toxicity with con-
centrations of 6.25-100 ug/mL (Figure 7). The results of the
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Figure 5: FTIR spectrum of functionalized PEG-PEI-SWCNTs. It
shows the appearance of C=C, C-N, C=0, and N-H, demonstrat-
ing the successful conjugation of amino groups onto the surface of
PEG-PEI-SWCNTs.

effect of SWCNTs on AM]J13 cells have been published in
the study [21], and PEG-PEI-SWCNTs demonstrated 60%
and 77.5% cytotoxicity at 100 ug/mL (Figure 7(a)). Apoptosis
characterization was evaluated using structural modifications
in the cells. The treated cells retained their original morphological
form, as seen in the control cells. AMJ13 cell lines that were
treated with PEG-PEI-SWCNTs exhibited morphological
alterations. Figure 7(c) demonstrates decreased cytotoxicity
owing to the decreased presence of cell colonies treated with
PEG-PEI-SWCNTs, due to increased cytotoxicity [29, 30].
Structural changes, lack of communication with neighboring
cells, and decreased number as concentration increases reflect
a synergistic effect at higher doses, resulting in a greater impact
than the lower dose [29]. The increased cytotoxicity observed
with PEG-PEI-SWCNTs (Figure 7(b)) could be attributed
to PEG grafting onto CNTs, which results in an efficient
electrostatic layer of PEG’s that increased SWCNT dispersion.
The SWCNTS’ antistatic potential helps in tackling gravitational
and van der Waals forces leading to an extensive aqueous solution,
resulting in increased aqueous dispersibility. Incorporating
PEG into SWCNT’s surface enhances biocompatibility,
which may be responsible for PEG’s nontoxic, nonantigenic,
and distinctive physicochemical properties. Because of their
increased positive charge NH; ion density, PEIs can improve
bioavailability [31], resulting in chemical modification of the
surface charge and cytotoxicity [32]. PEIs are used in coating
materials for inorganic nanoparticles and gene delivery. They
also reveal a crucial endosomal escape potential following
intracellular absorption through the “proton sponge” effect
[33] and neutral biocompatible polymers, as they prolong
the drug release time and improve the killing effect on cells
[34, 35].

3.3. Effect of PEG-PEI-SWCNTs on Normal Cells. The cyto-
toxic effect of PEG-PEI-SWCNTSs on a normal cell line (RD)
was studied to show the effectiveness of these substances in
killing infected cells at a range of concentrations ranging
between 6.26 and 100 ug/mL, as shown in Figure 8. These
substances show a low percentage of killing activity for
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the RD cells, with effectiveness increasing with increased =~ BEAS-2B cancer cells via various mechanisms with no toxic
concentration of the PEG-PEI-SWCNTs. We note that  effects or significant damage to normal cells. In a similar
almost 13% of the RD cells was killed with a concentration ~ work, a group of researchers tested the behavior of PEG-
of 100 ug/mL of PEG-PEI-SWCNTs. functionalized MWCNTs loaded with ABT-737, a nanodrug

The toxicity of MWOCNTs was demonstrated by  for treating lung cancer cells, against A549 cells. The findings
Santos et al. [36], with results showing that OH- and COOH-  showed 56% apoptosis for cancer cells, whereas normal cell
functionalized MWCNTs exert toxicity to both A549 and  apoptosis was reported to be 3% [37].
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SWCNT-PEG-10-10%PEI NPs modified with AS1411
were used for delivering Bcl-xL short hairpin RNA (shRNA)
and doxorubicin (DOX) to human gastric adenocarcinoma
cell line (AGS) gastric cancer cells and L929 normal fibro-
blastic cells. The potential cytotoxic synergy of DOX and Bcl-
xL shRNA toward AGS cells was evaluated using the MTT test
and showed that the combination of pBcl-xL shRNA/
SWCNT-PEG-10-10%PEI-Apt/DOX decreased cell viability
of AGS cells which was 77%. Bcl-xL expression did not change
in 1929 cells treated with SWCNT-PEG-PEI-Apt/pBcl-xL
shRNA assessing that the addition of AS1411 aptamer to
nanoparticles could not enhance the Bcl-xL expression and,
thus, the transfection efficiency, which is due to the absence of
cell surface nucleolin on the surface of L929 cells [38].

4. Conclusion

PEG-containing SWCNTs and PEI-containing amines were
described in this study. To improve aqueous solubility, the
SWCNTs were first shortened using ultrasonic scissors in a
variety of strong acids. The CNTs were then grafted using
PEG and PEL This functionalization was predicted to improve
tumor site targeting while also reducing premature nanocarrier
removal and loss. XRD, UV—-vis spectroscopy, RS, AFM, FTIR,
and TEM characterized the composite (PEG-PEI-SWCNTs).
The results obtained in this study revealed enhanced cytotox-
icity against AMJ13 cells and the effect was concentration

dependent with less cytotoxicity against normal cells. Further,
in vivo studies are now under investigation.
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