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Abstract
Multi-walled Carbon Nanotubes (MWCNTs) are inert structures with high aspect ratios that are widely used as vehicles for
targeted drug delivery in cancer and many other diseases. They are largely non-toxic in nature however, when cells are
exposed to these nanotubes for prolonged durations or at high concentrations, they show certain adverse effects. These
include cytotoxicity, inflammation, generation of oxidative stress, and genotoxicity among others. To combat such adverse
effects, various moieties can be attached to the surface of these nanotubes. Curcumin is a known anti-inflammatory,
antioxidant and cytoprotective compound derived from a medicinal plant called Curcuma longa. In this study, we have
synthesized and characterized Curcumin coated-lysine functionalized MWCNTs and further evaluated the cytoprotective,
anti-inflammatory, antioxidant and antiapoptotic effect of Curcumin coating on the surface of MWCNTs. The results show a
significant decrease in the level of inflammatory molecules like IL-6, IL-8, IL-1β, TNFα and NFκB in cells exposed to
Curcumin-coated MWCNTs as compared to the uncoated ones at both transcript and protein levels. Further, compared to the
uncoated samples, there is a reduction in ROS production and upregulation of antioxidant enzyme-Catalase in the cells
treated with Curcumin-coated MWCNTs. Curcumin coating also helped in recovery of mitochondrial membrane potential in
the cells exposed to MWCNTs. Lastly, cells exposed to Curcumin-coated MWCNTs showed reduced cell death as compared
to the ones exposed to uncoated MWCNTs. Our findings suggest that coating of Curcumin on the surface of MWCNTs
reduces its ability to cause inflammation, oxidative stress, and cell death.
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Graphical Abstract
(a) Synthesis of Curcumin-coated-Lysine-functionalized MWCNTs. (b) Flow of research depicting experimental groups and
studies performed along with the underlying techniques used.

1 Introduction

Nanotechnology has the potential to revolutionize many
fields, including medicine, electronics, energy, and envir-
onmental sciences. At the nanoscale, materials exhibit
extraordinary properties that differ significantly from their
bulk counterparts [1], making it feasible to design and
fabricate new materials with specific properties. Carbon
nanotubes (CNTs) are cylindrical structures made of carbon
atoms that exhibit unique mechanical, electrical, and ther-
mal properties [2]. Due to their remarkable properties,
CNTs have gained attention as promising nanomaterial for
use in research and medicine [3, 4]. CNTs display immense
potential as vehicles for targeted drug delivery in cancer and
many other diseases [5–7]. Studies have shown that drug
treatment provided by loading drugs onto such nanocarriers
is more effective than direct drug dose due to several dif-
ferent reasons like slower release of drug from the carrier
into the tissues and targeted delivery of drugs to cells
[8–10]. The high aspect ratio and surface area of CNTs can
enhance drug loading and delivery efficiency of therapeutics
[11, 12].

However, recent studies have shown that overexposure
of living systems to CNTs can lead to potential health
hazards like cytotoxicity, inflammation, oxidative stress,
genotoxicity, and others [13–16]. CNTs can also accumu-
late in various organs, including the lungs, liver, spleen, and
kidneys, which can lead to organ damage and toxicity [17].
There are also concerns about prolonged exposure to CNTs
that may increase the risk of developing cancer [18] or other
chronic diseases. Studies have shown that CNTs can induce
inflammation and fibrosis in the lungs, which can lead to
chronic lung disease [19]. The mechanisms of CNT-induced

inflammation involve the activation of immune cells, such
as macrophages, and the release of pro-inflammatory cyto-
kines, such as interleukin-1β (IL-1β), interleukin-6 (IL-6)
and tumor necrosis factor-alpha [20]. Furthermore, CNTs
can also activate the inflammasome, a multiprotein complex
that regulates the secretion of IL-1β, resulting in the
amplification of the inflammatory response [21].

Oxidative stress is a common mechanism of toxicity
associated with CNTs. The generation of reactive oxygen
species (ROS) is a major contributor to oxidative stress, and
several studies have shown that CNTs can induce ROS
production in various cell types and tissues [22]. Addi-
tionally, CNTs have been found to penetrate cell mem-
branes and interact with cellular components, which can
lead to oxidative stress and inflammation [23]. Studies have
also shown that CNTs can induce programmed cell death or
apoptosis in different cell lines upon prolonged exposures
[24].

Surface modification is an emerging field in nano-
technology which aims towards modifying the surface
functional groups of nanomaterials in such a way that it
mitigates their adverse effects. Studies have shown that
surface modification also helps in increasing the solubility
of CNTs [25]. Researchers around the globe are trying to
find biocompatible compounds which can be coated onto
such nanomaterials to enhance their properties. Curcumin
is a suitable candidate molecule for such endeavors as it
does not harm the cells and at the same time can poten-
tially mitigate the inflammatory, cytotoxic, and oxidative
stress generating activity of MWCNTs. Curcumin, the
bioactive ingredient of the medicinal plant Curcuma
longa, is known for its anti-inflammatory and anti-
oxidative properties [26]. Curcumin inhibits NFκB,
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which is the central mediator of inflammation [27]. Cur-
cumin has been reported to increase the production of
antioxidant enzymes and thereby display its antioxidant
activity [28]. Its anti-inflammatory activity has been well
established on different cell lines, prominently observed in
lung carcinoma cell line (A549) [29]. Moreover, the
adverse effects of CNTs have been largely reported on
pulmonary systems and the results have been established
on A549 cell [30, 31]. These two facts made this cell line
suitable for the in-vitro experiments in this study.

In this study, we coated lysine-functionalized multi-
walled carbon nanotube with Curcumin and performed a
comparative study between Curcumin-coated-lysine-
functionalized MWCNTs, denoted as Cur, and Lysine-
functionalized MWCNTs, denoted as Lys. We evaluated
and compared both these compounds at two different con-
centrations for their cytotoxic, inflammatory, oxidative
stress generating, and apoptotic effects on human lung
carcinoma cell line (A549). By using Curcumin-coated
nanotubes, we showed that these MWCNTs could be
potentially used as nanocarriers by efficiently reducing the
inflammatory attributes of uncoated CNTs.

2 Material and methods

2.1 Material

Pristine multiwalled carbon nanotube (P-MWCNTs), Boc-
Lysine was purchased from Sisco Research Laboratories,
Mumbai, India. Dimethylformamide (DMF) and Tri-
fluoroacetic acid (TFA) were supplied by M/s Molychem
(P) Ltd, India. Paraformaldehyde (PFA) and Curcumin
(CU) were procured from M/s Central Drug House (P)
Ltd, India. Dialysis membrane: 12 kDa molecular weight
cutoff, HiMedia Laboratories, India. For cell culture,
Dulbecco’s modified Eagle’s medium (DMEM) and
Penicillin-Streptomycin was purchased from Himedia,
Mumbai, India and FBS from south American origin;
Gibco, USA. TRIzol reagent was purchased from Sigma,
USA, TAKARA cDNA synthesis kit from Takara, Japan
and SYBR green real-time master mix from Thermo

Scientific, USA. Primers for qRT-PCR were procured
from IDT, Sweden, and antibodies for western blot from
Invitrogen, USA.

2.2 Methods

2.2.1 Lysine Functionalized P-MWCNTs by cycloaddition
methods

P-MWCNTs (100 mg) was dispersed in 100 ml of DMF
and Boc-Lysine and PFA (1:1 molar ratio) were added to
this suspension every 24 h for 5 days. The reaction sus-
pension was stirred for 5 days at 130 oC. Upon completion,
the unreacted MWCNTs which remained insoluble in
DMF was filtered out using Millipore polytetra-
fluoroethylene filter (0.22 µm pore size) and washed with
deionized water. The resulting brown filtrate was evapo-
rated and concentrated under reduced pressure to give a
dark brown oily liquid which was collected and then dia-
lyzed (dialysis membrane) in deionized water for 24 h. The
retentate was collected and acidified (pH= 4) with
hydrochloric acid, then washed once with ethyl acetate and
chloroform. Finally, the aqueous layer was collected and
basified with sodium hydroxide at 50 oC till it becomes
cloudy. The cloudy solution was then allowed to cool to
form a layer of brown powder. The powder layer was
separated by filtration and washed with water until it
became neutral, after which the solid materials were col-
lected and dried under vacuum. The obtained Boc-Lysine
functionalized MWCNTs were stirred for 2 h at 50oC in
TFA to remove the Boc group. The 1,3-lysine functiona-
lized MWCNTs recovered after evaporating the solvent
was washed with deionized water and dried using vacuum
desiccator [32, 33] (Fig. 1).

2.2.2 Curcumin coated 1,3-lysine functionalized MWCNTs

50 mg 1,3-lysine functionalized MWCNTs/ Pristine
MWCNTs and 100 mg Curcumin were dissolved in 50 mL
methanol and sonicated for 20 min before stirring overnight
at room temperature. To eliminate free Curcumin, the
Curcumin coated 1,3-lysine functionalized MWCNTs/

Fig. 1 Scheme for 1,3-dipolar
cycloaddition functionalization
of lysine with pristine MWCNTs
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Pristine MWCNTs were centrifuged at 10,000 rpm for
15 min [34, 35]. The amount of free Curcumin in the
supernatant was determined using UV spectrophotometry
and the drug coating efficiency was estimated (DCE). The
DCE for Curcumin was determined using the formula given
below:-

Drug coating efficency ð%Þ ¼ wt: of CU added � wt: of free CU

wt: of free CU added
� 100

2.3 Fourier Transform Infrared (FT-IR) spectroscopy

All the products such as P-MWCNTs and 1,3-lysine func-
tionalized MWCNTs were characterized by FT-IR spec-
troscopy (M/S Bruker, vertex 70, Optic GmbH, Germany)
using KBr (potassium bromide) pellet method. The samples
(2 mg) were mixed with 100 mg of KBr and triturated
properly, subsequently kept into a hydraulic press die, and
applied suitable pressure [36]. After this treatment, the
collected sample pellets were placed in a sample holder disc
of FT-IR spectroscopy for analysis and recorded the spectra
at a scanning range of 4000–600 cm−1.

2.4 Nuclear Magnetic Resonance (1H NMR)
spectroscopy

1H NMR spectra of 1,3-lysine functionalized MWCNTs
samples were recorded at Panjab University, Chandigarh,
India using Avance NEO 500MHz FT-NMR spectrometer,
M/S Bruker, Switzerland. The samples were dissolved in
d6-DMSO using a water-bath sonicator and a vortex shaker;
the samples were then placed in an NMR sample-tube and
the NMR spectra were recorded.

2.5 X-ray diffraction (XRD) analysis

Pristine MWCNTs, 1,3-lysine functionalized MWCNTs,
and Curcumin coated 1,3-lysine functionalized MWCNTs
were analyzed using a powder XRD Diffractometer (M/S
Malvern PANalytical, X Pert3 Powder, ALMELO, Neth-
erlands) and the diffraction values were measured at 2Ɵ
values between the range of 10-50 degree.

2.6 Scanning Electron Microscope (SEM) analysis

Scanning electron microscopy (JEOL, JSM7610F Plus) was
used to examine the surface morphology of pristine
MWCNTs, 1,3-lysine functionalized MWCNTs and Cur-
cumin coated 1,3-lysine functionalized MWCNTs. The
developed MWCNTs formulations were dripped into a
silicon-based grid and dried at room temperature. The gold-
coated MWCNTs formulation was evaluated by SEM for
surface morphological characterizations.

2.7 Particle size distribution and Zeta potential
studies

Pristine MWCNTs, 1,3-lysine functionalized MWCNTs,
and Curcumin coated 1,3-lysine functionalized MWCNTs
were dispersed in distilled water and analyzed using a
Dynamic Light Scattering instrument (Litesizer 500 from
Anton PAAR, Graz, Austrian, and USA) to determine
particle size, polydispersity index (PDI), and Zeta potential
values.

2.8 Cell culture

Animal cell culture was performed as stated previously [37].
Briefly, human lung carcinoma cell line, A549, was pro-
cured from the National Center for Cell Science, Pune,
India. The cells were cultured in complete cell culture media
containing Dulbecco’s modified Eagle’s medium (DMEM;
Himedia, Mumbai, India), 10% fetal bovine serum (FBS
south American origin; Gibco, USA) and 100 U/ml
penicillin-streptomycin (Himedia, Mumbai, India) under
specific conditions of 5% CO2 and humidified air at 37 °C
(Hera cell 160, Thermo, USA).

2.9 Drug treatment

Lysine functionalized MWCNTs and Curcumin coated
lysine functionalized MWCNTs were dissolved in DMSO
(5 mg/ml) and sonicated at 50 °C for 15 min in the bath
sonicator just prior to treatment. They were subsequently
dissolved in cDMEM to achieve a final concentration of
40 μg/ml and 20 μg/ml. Post treatment the cells were incu-
bated for desired time in CO2 incubator at 37 °C (Hera cell
160, Thermo, USA).

2.10 Cell survival assay

The MTT assay was performed as previously described
[38]. A549 cells were seeded in a 96-well plate at 50%
confluency and incubated for 24 h. Uncoated and Curcu-
min coated MWCNTs were diluted to form 5 concentra-
tions via serial dilution namely, 40 μg/ml, 20 μg/ml,
10 μg/ml, 5 μg/ml and 2.5 μg/ml. 0.8% v/v DMSO was
used as vehicle control with DMSO concentration
equivalent to that in highest MWCNTs concentration i.e.,
40 μg/ml. Cells were incubated with these dilutions for 24
and 48 h. Post incubation, media was aspirated and cells
were washed with PBS. Then, 50 μL of 0.5 mg/ml MTT
dye was added to each well and cells were incubated in
dark for 3 h at 37 °C. After incubation, MTT was removed
carefully, and formazan crystals were dissolved by the
addition 100 μL DMSO to each well. Cells were then
incubated for another 2 h in dark on an orbital shaker at
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220 rpm. Absorbance was measured using a microplate
reader at 570 nm.

2.11 RNA isolation and qRT-PCR

Cells were seeded in a 6-well plate at 50% confluency. At
80% confluency they were treated with Curcumin coated
and uncoated MWCNTs at 40 μg/ml and 20 μg/ml con-
centration. 0.8% DMSO treated cells were kept as vehicle
control as the DMSO concentration in 40 μg/ml is 0.8% v/v.
After 6 h of incubation, cell pellets were collected. RNA
isolation was performed using TRIzol reagent (Sigma,
USA) [39]. Two micrograms of RNA was used to prepare
cDNA by TAKARA cDNA synthesis kit (Takara, Japan).
qRT-PCR was performed using SYBR green real-time
master mix (Thermo Scientific, USA) on Agilent AriaMX
(Agilent, USA). Gene specific primers obtained from IDT
technologies (IDT, Sweden) were used for gene amplifica-
tion (Table 1).

2.12 Western blotting

Immunoblotting was performed as mentioned in the per-
vious manuscript [40]. Cells were seeded in 60 mm tissue
culture plates at 50% confluency. Treatment with MWCNTs
was given at 80% confluency. Cell pellet was collected after
6 h of incubation for inflammatory proteins and 12 h of
incubation for antioxidant enzyme. Protein isolation was
performed using RIPA (radioimmunoprecipitation assay)
lysis buffer. Protein concentration was estimated using
Bradford assay. SDS PAGE was performed by loading an
equal amount of total protein in each sample. Separated
proteins were transferred onto 0.22 μm nitrocellulose
membrane. Membrane blocking was performed using 4.5%
BSA. Target proteins were identified by incubation with the
following primary antibodies for 2 h in 1:1000 dilution—
anti-NF-κB, anti-TNFα, anti-Catalase, and anti-GAPDH.

(Invitrogen, USA) After washing, the membrane was
incubated for 1 h in horseradish peroxidase-conjugated
secondary antibodies against the respective primary anti-
bodies in 1:3000 dilution. Target proteins were detected
using chemiluminescence ECL Western blotting substrate
(Thermo Scientific, Rockford, IL). Image analysis and
quantification was performed using ImageJ software
(National Institutes of Health, Bethesda, MA, USA).

2.13 Cellular ROS estimation

Cellular ROS content was measured using DCFDA (2’-7’-
Dichlorodihydrofluorescein diacetate) dye as mentioned
previously [40]. In short 12 h post incubation with
MWCNTs. The live cells were stained with 10 μg/mL of the
dye in PBS and incubated for 20–25 min, followed by a
wash with PBS, and visualization was done under Olympus
IX83 fluorescent microscope (Olympus, Japan) aided with
cell Sens imaging software at 20× objective magnification.
The amount of intracellular ROS was proportional to DCF
fluorescence intensity and was quantified using ImageJ
software. Relative changes in DCF fluorescence were
expressed as fold increases over the control cells.

2.14 Mito tracker red-green assay

Changes in mitochondria membrane potential were assessed
using Mito tracker red-green staining as described [40].
Mito tracker red stains the cellular mitochondria in mem-
brane potential dependent manner, while Mito tracker green
binds to the mitochondria independent of their membrane
potential and represents the mitochondrial mass. 12 h post
exposure to MWCNTs, cells were treated with (200 nM) of
Mito tracker red in 500 μL of plain DMEM incubated for
40 min at 37 °C. After incubation cells were washed with
PBS followed by treatment of (100 nM) Mito tracker green
in 500 μL of serum-free media for 40 min. After incubation
cells were washed with PBS and images were taken under
Olympus IX83 fluorescent microscope aided with cell Sens
imaging software at 20× objective magnification.

2.15 Cell death assay

To measure the number of apoptotic and necrotic cells (NC)
in Curcumin-coated and uncoated samples, dual acridine
orange (AO): ethidium bromide (EB) (Sigma-Aldrich, St.
Louis, MO, USA) staining was carried out [41]. For AO:
EB staining cells were seeded at 50% confluency in a 6-well
plate. Subsequently, the cells were treated with 40ug/ml and
20ug/ml Curcumin-coated and uncoated MWCNTs. After
48 h of treatment, the cells were stained with 200 μl of dual
fluorescent staining solution containing 100 μg/ml of AO
and EB each (AO/EB, Sigma, St. Louis, MO). The

Table 1 List of primers

Sr. No. Gene Forward and Reverse primer

1 GAPDH FP: TGCACCACCAACTGCTTAG
RP: GATGCAGGGATGATGTTC

2 IL-6 FP: TACCCCCAGGAGAAGATTCC
RP: TTTTCTGCCAGTGCCTCTTT

3 IL-8 FP: GTGCAGTTTTGCCAAGGAGT
RP: CTCTGCACCCAGTTTTCCTT

4 IL-1β FP: GGGCCTCAAGGAAAAGAATC
RP: TTCTGCTTGAGAGGTGCTGA

5 NFκB FP: GAACAGCCTTGCATCTAGCC
RP: TCCGAGTCGCTATCAGAGGT

6 TNFα FP: CAGAGGGCCTGTACCTCATC
RP: GGAAGACCCCTCCCAGATAG
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percentage of the live (L), early (EAC), late apoptotic cells
(LAC), and NC was calculated by observing under a
fluorescence microscope (FluoView 1000, Olympus
America Inc., USA) using 480 and 535 nm excitation filters.

2.16 Statistical analysis

Data were statistically analyzed using a two-tailed Student
t-test. P values were estimated using GraphPad Prism ver-
sion 8, and P values of <0.05, <0.01, and <0.001 were
considered statistically significant and represented by *, **,
and ***, respectively.

3 Results

3.1 Curcumin coated 1,3-lysine
functionalized MWCNTs

The Curcumin coating efficiency of pristine MWCNTs and
1,3-lysine-functionalized MWCNTs (Cur-Lys-MWCNTs)
was determined as 90.72% and 98.77%, respectively
(Fig. 2). The results indicate that lysine functionalization of
MWCNTs enhanced the Curcumin coating efficiency
compared to pristine MWCNTs. This enhancement is
attributed to the facilitated surface adsorption of Curcumin
on MWCNTs through the π-π interaction of two benzene
rings in Curcumin and the formation of hydrogen bonds
between the lysine of the functionalized MWCNTs and the
phenolic hydroxyl group of Curcumin. Additionally,
increased van der Waals interactions between Curcumin and
MWCNTs contributed to enhanced Curcumin coating, as
both Curcumin and MWCNTs exhibit hydrophobic prop-
erties [34, 42, 43].

3.2 Fourier Transform Infrared (FT-IR) Spectroscopy

Figure 3 shows the FT-IR spectra of pristine MWCNTs and
1,3-lysine-functionalized MWCNTs. Pure MWCNTs exhi-
bit a peak corresponding to C-H stretching vibration at 2345
cm-1. Pristine MWCNTs exhibit a peak corresponding to

Fig. 3 FT-IR spectra of (a)
pristine MWCNTs and (b) 1,3-
lysine functionalized MWCNTs

Fig. 2 Curcumin coating efficiency
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C-H stretching vibration at 2345 cm−1. FT-IR spectra of
1,3-lysine functionalized MWCNTs, however, shows a
peak at 3132 cm−1 that is attributable to N-H stretching
vibration and the splitting is indicative of a primary amine.
Furthermore, the sharp peak at 1571 cm−1 is attributable to
N-H bending vibration. In addition, the peak at 1400 cm−1

corresponds to C-H and C-N vibrations, confirming the
successful conjugation of lysine to pure MWCNTs [32, 44].

3.3 Nuclear Magnetic Resonance (1H NMR)
spectroscopy

1H NMR spectra provided in Fig. 4 confirms the successful
synthesis of 1,3-lysine functionalized MWCNTs. The
multiple peaks between 1.15 and 2.64 ppm correspond to
the methylene protons of lysine, while the peak at 3.51 ppm
corresponds to the lysine “NH” proton, indicating that
lysine has been effectively conjugated in MWCNTs [32,
45].

3.4 X-ray diffraction (XRD) analysis

The XRD graph provides information on the crystal-
lographic structure and chemical composition of the com-
pounds. Figure 5 depicts an XRD graph of pristine
MWCNTs and 1,3-lysine- functionalized MWCNTs with
similar 2θ angles around 25–30, indicating a very similar
amorphous structure. Curcumin exhibited multiple sharp
peaks at 2θ angles in the range 10–40, indicating its crys-
talline nature. The 2θ angles peaks of Curcumin coated 1,3-
lysine functionalized MWCNTs exhibited a single broad
peak in the range of 25–30, illustrating its amorphous
structure and demonstrating that the Curcumin was dis-
persed on the surface of the MWCNTs [42, 46, 47].

3.5 Scanning Electron Microscope (SEM) analysis

Figure 6 depicts the SEM analysis of the surface mor-
phology of pristine MWCNTs, 1,3-lysine functionalized
MWCNTs, and 1,3-lysine functionalized MWCNTs coated
with Curcumin. Their surface morphologies were remark-
ably similar, indicating that the coating procedure with
Curcumin had little effect on the structures of 1,3-lysine
functionalized MWCNTs [34, 43].

3.6 Particle size distribution and Zeta potential
studies

Table 2 lists the particle size, PDI, and Zeta potential of
MWCNT formulations. The results obtained suggest that
the increase in size of P-MWCNTs may be indicative of the
successful conjugation of lysine and adsorption of Curcu-
min. The measured PDI values were less than 0.3, indi-
cating the reliability of the system. The measured Zeta
potential values of P-MWCNTs indicate that the surface
charge is negative (−11.8 mV); however, after lysine con-
jugation and Curcumin coating, the surface charge became
positive (0.6 mV and 0.8 mV, respectively). This may be
due to the presence of ε-amino groups that have been pro-
tonated. This is advantageous because the presence of a
positive charge in nanotubes increases their stability and
inhibits aggregation [34, 45].

3.7 Curcumin coating on the surface of MWCNTs
reduces its cytotoxic effects

MTT assay was used to compare the cytotoxic properties of
Curcumin-coated and uncoated MWCNTs in lung cell line.
After 24 h of incubation (Fig. 7a), both Curcumin coated

Fig. 4 1H NMR spectra of 1,3-
lysine functionalized MWCNTs

Journal of Materials Science: Materials in Medicine           (2024) 35:24 Page 7 of 17    24 



and uncoated MWCNTs showed no significant cytotoxicity
as the survival percentages in both groups remained above
90%. However, after 48 h of incubation, (Fig. 7b) it was
observed that the percentage cell survival in the Curcumin-
coated MWCNTs (66.4%) was significantly (p < 0.01)
higher than the uncoated ones (43.2%) at 40 μg/ml
concentration.

3.8 Curcumin coating reduced the expression of
inflammatory markers after 6 h of exposure to
MWCNTs at transcript and protein level

A panel of five inflammatory markers which play a major
role in inflammation caused via MWCNTs exposure as
previously reported [40] was selected. 6 h of exposure to
uncoated MWCNTs at 40 μg/ml significantly (p < 0.01)
increased the expression of pro-inflammatory cytokine
IL-6 while Curcumin-coating significantly (p < 0.05)
reduced the IL-6 expression at the same concentration
(Fig. 8a.1). A similar pattern could be observed at 20 μg/
ml concentration as well. Similarly, the expression of the
other two pro-inflammatory cytokines IL-8 (Fig. 8a.2)
and IL-1β (Fig. 8a.3) also decreased in a familiar pattern
at both 40 μg/ml and 20 μg/ml concentrations. NFκB,
(Fig. 8a.5) which is the key molecule regulating the
inflammatory cascade, and TNFα (Fig. 8a.4) also showed

a similar pattern of decrease in expression in the
Curcumin-coated samples at both 40 μg/ml and 20 μg/ml
concentrations.

The protein expression of NFκB and TNFα was eval-
uated in cells exposed to Curcumin-coated and uncoated
MWCNTs after 6 h of exposure using Western blotting. It
was observed that 6 h of exposure to uncoated MWCNTs at
40 μg/ml significantly (p < 0.01) increased the expression of
NFκB (Fig. 8a and b.1) while Curcumin-coating sig-
nificantly (p < 0.05) reduced NFκB expression at 40 μg/ml.
Similarly, TNFα expression (Fig. 8a and b.1) significantly
(p < 0.01) increased after 6 h of exposure to uncoated
MWCNTs at 40 μg/ml while Curcumin coating significantly
(p < 0.05) decreased its expression.

3.9 Curcumin coating reduced cellular ROS
production after 12 h of exposure to MWCNTs

DCFDA staining was performed to check the activity of
ROS in cells. Exposure to uncoated MWCNTs at 40 μg/ml
concentration for 12 h significantly (p < 0.001) increased
the ROS activity in the cells as compared to control (Fig.
9b). Curcumin coating led to a significant (p < 0.01)
reduction in ROS production in cells after 12 h of expo-
sure. Similar pattern could be observed at 20 μg/ml con-
centration as well.

Fig. 5 XRD graph of: (a)
Curcumin, (b) Curcumin coated
1,3-lysine functionalized
MWCNTs, (c) 1,3-lysine
functionalized MWCNTs, (d)
pristine MWCNTs
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Fig. 6 SEM images of: a, b -1,3-lysine functionalized MWCNTs, c, d -Curcumin coated 1,3-lysine functionalized MWCNTs and e, f -
Pristine MWCNTs
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3.10 Curcumin coating displayed a rescue effect on
catalase expression after 12 h of exposure
to MWCNTs

Immunoblotting was performed to validate the action of
Curcumin coating on the expression of catalase enzyme,
wherein after 12 h of incubation of lung cells with
MWCNTs it was found that the expression of catalase
enzyme had significantly decreased in Lys40 sample (Fig.
10b). Curcumin here showed a rescue effect and sig-
nificantly increased catalase expression. A similar effect
was observed in the 20 μg/ml concentration. The fold
changes were measured with respect to GAPDH which is
constitutively expressed in all cells.

3.11 Curcumin coating prevented the loss of
mitochondrial membrane potential caused due
to exposure of MWCNTs for 12 h

Through Mito tracker Green-Red staining it was observed
(Fig. 11b) that all three groups- Control, Lys40 and Cur40
had nearly constant green fluorescent signal intensity indi-
cating that there was no change in the number of mito-
chondria in the cell after MWCNTs exposure. However, it
could be observed (Fig. 11b) that exposure to uncoated
MWCNTs at 40 μg/ml concentration for 12 h significantly
(p < 0.01) lowered Mito-red fluorescent intensity. Curcumin
coating on MWCNTs significantly (p < 0.05) recovered the
mitochondrial membrane potential as can be seen by an

Fig. 7 Cell survival percentage
graph (a) after 24 h incubation
with Lys-MWCNTs and Cur-
Lys-MWCNTs; b after 48 h
incubation with Lys-MWCNTs
and Cur-Lys-MWCNTs. Here,
0 μg/ml represents media control
with no MWCNTs and 0.8%
DMSO is vehicle control with
DMSO concentration equivalent
to that in highest MWCNTs
concentration i.e., 40 μg/ml. P
values of <0.05, <0.01, and
<0.001 were considered
statistically significant and
represented by *, **, and ***,
respectively

Table 2 Properties of MWCNTs
formulations such as particle
size, PDI, and Zeta potential

S.no. Sample Particle size
(n= 3)

PDI (n= 3) Zeta analyzer
(n= 3)

1. P-MWCNTs 120 0.26 −11.8

2. 1,3-lysine functionalized MWCNTs 161 0.28 0.6

3. Curcumin coated 1,3-lysine functionalized
MWCNTs

230 0.36 0.8

   24 Page 10 of 17 Journal of Materials Science: Materials in Medicine           (2024) 35:24 



increase in Mito-red fluorescent intensity as compared to
uncoated samples.

3.12 Curcumin coating on MWCNTs reduces cell
death caused due to their exposure

EB and AO dual fluorescent staining method was performed
to check if Curcumin coating was able to delay apoptosis in
lung cells after exposure for 48 h. It could be observed (Fig.
12b) that the percentage of live cells was significantly
(p < 0.05) lower in the Lys40 (32%) and Lys20 (47%)
sample groups in comparison to Cur40 (60%) and Cur20
(65%) samples. The percentage of LACs was higher in

uncoated MWCNT groups and lower in Curcumin coated
groups. The percentage of necrotic cells was highest in the
Lys40 group (22.5%) and it was significantly lower
(p < 0.05) in the Cur40 group (7.4%).

4 Discussion

Nanotechnology harnesses the unique properties of mate-
rials at nanoscale to create innovative solutions across
diverse fields, especially biomedical sciences. CNTs play a
crucial role in the field of nanotechnology. They have
numerous and diverse applications in the field of biomedical

Fig. 8 Relative change in mRNA expression (fold change) of
inflammatory markers in comparison with GAPDH, (a.1) IL-6 (a.2)
IL-8 (a.3) IL-1β (a.4) TNFα and (a.5) NFκB after 6 h exposure to Lys-
MWCNTs and Cur-MWCNTs at 40 μg/ml and 20 μg/ml concentra-
tions along with media control and DMSO control. a Western blot
images of protein NFκB, TNFα and GAPDH. Relative change in
protein expression of inflammatory markers in comparison with

GAPDH, (b.1) NFκB and (b.2) TNFα, after 6 h exposure to Lys-
MWCNTs and Cur-MWCNTs at 40 μg/ml and 20 μg/ml concentra-
tions along with media control. The results are shown as the mean ±
SD from two independent experiments. Asterisk above the bar is in
comparison with control and between bars is intergroup unpaired T-
test. P values of <0.05, <0.01, and <0.001 were considered statistically
significant and represented by *, **, and ***, respectively
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Fig. 11 a Mito-Green and Mito-Red representative images of live cells
after 12 h of exposure to uncoated and Curcumin-coated MWCNTs
after performing Mito tracker Green-Red staining assay. b Quantified
Mito-Green and Mito-Red fluorescent intensities using ImageJ soft-
ware. The results are shown as the mean ± SD from two independent

experiments. Asterisk above the bar is in comparison with control and
between bars is intergroup unpaired T-test. P values of <0.05, <0.01,
and <0.001 were considered statistically significant and represented by
*, **, and ***, respectively

Fig. 10 a Western blot images of protein Catalase and GAPDH.
b Relative change in protein expression of antioxidant enzyme-
Catalase in comparison with GAPDH after 12 h of exposure to Lys-
MWCNTs and Cur-MWCNTs at 40 μg/ml and 20 μg/ml concentra-
tions along with media control. The results are shown as the mean ±

SD from two independent experiments. Asterisk above the bar is in
comparison with control and between bars is intergroup unpaired T-
test. P values of <0.05, <0.01, and <0.001 were considered statistically
significant and represented by *, **, and ***, respectively

Fig. 9 a Bright field and FITC filter representative images of live cells
after 12 h of exposure to uncoated and Curcumin-coated MWCNTs
after performing DCFDA staining. b Relative fold change in cellular
ROS production w.r.t control after fluorescent intensity quantification
using ImageJ software. The results are shown as the mean ± SD from

two independent experiments. Asterisk above the bar is in comparison
with control and between bars is intergroup unpaired T-test. P values
of <0.05, <0.01, and <0.001 were considered statistically significant
and represented by *, **, and ***, respectively
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engineering [48]. They are majorly being explored for
creating new drug delivery systems for cancer and many
other diseases [49]. They have depicted great promise in the
field of targeted drug delivery as well [50].

However, in recent years, many reports have shown the
adverse effects of exposure to nanotubes on cells and living
systems [51]. According to reports, MWCNTs have a number
of negative impacts on cells, including cytotoxicity,

Fig. 12 a EB/AO staining
representative images of cells
after 48 h of exposure to
uncoated and Curcumin-coated
MWCNTs. b Percentage of cells
under each category: Live
(green), Early apoptotic
(yellow), Late apoptotic
(orange) and Necrotic (red),
calculated by counting minimum
200 cells per sample. The results
are shown as the mean ± SD
from two independent
experiments. P values of <0.05,
<0.01, and <0.001 were
considered statistically
significant and represented by *,
**, and ***, respectively

Fig. 13 Mechanism of action of (a) uncoated MWCNTs and (b) Curcumin-coated MWCNTs on cell
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inflammation, oxidative stress, etc. [15, 52]. Surface mod-
ification technology is an emerging field in nanotechnology
which aims to modify the surfaces of nanomaterial with
attachment or coating of suitable compounds such that the
negative effects are minimized enhancing the desired prop-
erties. In such scenarios, coating nanotubes with biocompa-
tible natural compounds with beneficial properties is a
promising alternative. In our study, we utilized Curcumin
coated MWCNTs thereby attributing anti-inflammatory and
antioxidant properties to these nanotubes. The aim of this
study was to test if Curcumin coating was successful in
mitigating the toxic effects of MWCNTs in vitro.

This study validated that Curcumin coated MWCNTs
indeed displayed lesser cytotoxicity as compared to the
uncoated MWCNTs. This is in alignment with the previous
reports which have proved the cytoprotective nature of several
plant-derived compounds including Curcumin on cells
[53, 54]. In this study, we observed that a 6 h exposure to
MWCNTs led to a significant increase the expression of
inflammatory proteins and pro-inflammatory cytokines in the
cells. This was found to be in accordance with the previous
reports proving induction of inflammation upon CNT expo-
sure on various cell lines [55]. However, Curcumin coating
led to a significant decrease in the expression of inflammatory
markers at both transcript and protein levels. The possible
mechanism for this may be inhibition of NFκB, the central
mediator for inflammation and transcription factor for various
cytokines and chemokines by Curcumin. NFκB inhibition
further leads to suppression of pro-inflammatory cytokines
like IL-6, IL-8, IL-1β, and TNFα which leads to an overall
decrease in inflammation in the cells [56].

The other mechanism via which CNTs exert their toxicity
is through production of ROS in the cells. Our study validated
that after 12 h exposure to MWCNTs, there was a significant
increase in cellular ROS production. This might be due to
suppression in production of antioxidant enzymes in the cells
by CNT interaction. A study reported downregulation of
Catalase expression upon SWCNT exposure on A549 cell
line [57]. The molecular mechanisms behind the same remain
unknown. Curcumin coating showed a recovery effect that
increased the expression of Catalase enzyme in the cells as
compared to the cells treated with uncoated MWCNTs. This
might be the reason behind reduced ROS activity in the cells
exposed to Cur-MWCNTs.

In this study, we also explored the involvement of
mitochondria in MWCNT mediated toxicity and found that
a 12 h exposure to uncoated MWCNTs caused a drop in the
mitochondrial membrane potential. This might be an indi-
cator of mitochondrial damage which can contribute to ROS
imbalance in the cells [58]. On the other hand, Curcumin
coated MWCNTs led to a lesser drop of MMP indicating
that Curcumin is preventing mitochondrial damage. This
might be another reason behind reduced oxidative stress on

cells as mitochondria is the major cell organelle responsible
for maintenance of cellular oxidative homeostasis [59].
Lastly, Curcumin coating on MWCNTs led to reduced cell
death as could be observed from the results of cell death
assay. Curcumin efficiently delayed apoptosis in cells as
there were lesser percentages of LACs in Curcumin coated
samples. It significantly reduced necrosis as well. There
might be several reasons for this cytoprotective effect of
Curcumin on the cells, reduced inflammation, and oxidative
stress can be few such reasons as they are the major drivers
towards cell death [60, 61].

From existing sources of literature and research we can
gauge the huge impact that usage of CNTs can have in the
field of medical sciences. However, its potential gets limited
due to the adverse effects that it can have on the living sys-
tems if exposed to high doses or prolonged durations. This
study is first one of its kind where we have tried to mitigate
the adverse effects of such nanostructures by coating it with a
biochemical agent that combats them. Further, pre-clinical
studies need to be performed to validate our in vitro findings.

One of the challenges that were faced while conducting
this study was the limited dispersibility of CNTs. This was
overcome by two measures: one was by using lysine-
functionalized MWCNTs as they have greater dispersibility
than the pristine/non-functionalized ones in aqueous solu-
tions [32, 62]; and other was by sonicating the nanotubes in a
bath sonicator for 15min prior to treatment. This helped to
significantly improve their dispersibility. Still, minor amount
of nanotube aggregations was observed during the study
which could have possibly influenced the effects that we
observed upon treatment. Yet another challenge lies in sus-
tained attachment of Curcumin molecules to MWCNT sur-
face throughout the experiment. It is difficult to validate if the
Curcumin molecules that exhibit the protective effect are the
ones that remain attached to the MWCNT surface or the ones
that are released. Either way we can assertively conclude that
Curcumin coating does help in mitigating the adverse effects.
However, we cannot comment on the physical state of Cur-
cumin from this study. Additionally, not all drugs will be
compatible to be loaded into a Curcumin-coated CNT, as
some might inherently interact with the biomolecule- Cur-
cumin and render the drug to be ineffective.

A few alternative explanations for the results that we
observed in the study can be that Curcumin molecules might
be masking or neutralizing the specific components of the
carbon nanotube that are responsible for causing toxicity.
Another confounding factor here can also be that the coating
process itself might induce some minor structural changes in
the nanotubes leading to reduced toxicity. There might be a
potential synergistic effect of Curcumin and MWCNTs that
enhance cellular protection rather than individual ones like we
discussed. There can be other molecular pathways as well
which can be triggered leading to the effects, we observed
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apart from the ones we have explored in this study. We
believe that this study will inspire researchers in this field to
explore different biomaterials for coating of CNTs and to
explore the different molecular pathways involved therein.
This can help in expanding the usage CNTs in the domain of
biotechnology (Fig. 13).

In conclusion, this study indicates that Curcumin coating
on the surface of multi-walled CNTs mitigates its cytotoxic,
inflammatory, oxidative stress generating, and apoptotic/
necrotic effects.

Data availability

All the data is included in the main manuscript and sup-
plementary Information.

Acknowledgements We gratefully acknowledge the DST-FIST Pro-
ject No. SR/FST/LS-I/2020/621 and Indian Institute of Technology
Indore for providing facilities and support.

Author contributions Hem Chandra Jha, N.S. Hari Narayana Moor-
thy, Chandrabose Karthikeyan, Samiksha Rele, Chanchal Kiran Tha-
kur, and Fatima Khan contributed to the design, data acquisition,
analysis, conceptualization, interpretation, and drafting. Budhadev
Baral and Vaishali Saini contributed to the methodology, interpreta-
tion, discussion and drafting. All the data analysis has been conducted
under the supervision of Hem Chandra Jha and N.S. Hari Narayana
Moorthy. All authors gave final approval and agreed to be accountable
for all aspects of the work.

Funding This project was supported by the Department of Science and
Technology grant no. DST-EMR: EMR/2017/001637.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Baig N, Kammakakam I, Falath W. Nanomaterials: a review of
synthesis methods, properties, recent progress, and challenges.
Mater Adv 2021;2:1821–71. https://doi.org/10.1039/D0MA00807A

2. Gupta N, Gupta SM, Sharma SK. Carbon nanotubes: synthesis,
properties and engineering applications. Carbon Lett.
2019;29:419–47. https://doi.org/10.1007/s42823-019-00068-2

3. Zare H, Ahmadi S, Ghasemi A, Ghanbari M, Rabiee N, Bagher-
zadeh M, et al. Carbon nanotubes: smart drug/gene delivery car-
riers. Int J Nanomed. 2021;16:1681–706. https://doi.org/10.2147/
IJN.S299448

4. Saliev T. The advances in biomedical applications of carbon
nanotubes. C. 2019;5:29. https://doi.org/10.3390/c5020029

5. Chen J, Chen S, Zhao X, Kuznetsova LV, Wong SS, Ojima I.
Functionalized single-walled carbon nanotubes as rationally
designed vehicles for tumor-targeted drug delivery. J Am Chem
Soc 2008;130:16778–85. https://doi.org/10.1021/ja805570f

6. Liu D, Zhang Q, Wang J, Fan L, Zhu W, Cai D. Hyaluronic acid-
coated single-walled carbon nanotubes loaded with doxorubicin
for the treatment of breast cancer. Pharm Int J Pharm Sci.
2019;74:83–90. https://doi.org/10.1691/ph.2019.8152

7. Xiang C, Zhang Y, Guo W, Liang X-J. Biomimetic carbon
nanotubes for neurological disease therapeutics as inherent med-
ication. Acta Pharm Sin B. 2020;10:239–48. https://doi.org/10.
1016/j.apsb.2019.11.003

8. Falank C, Tasset AW, Farrell M, Harris S, Everill P, Marinkovic
M, et al. Development of medical-grade, discrete, multi-walled
carbon nanotubes as drug delivery molecules to enhance the
treatment of hematological malignancies. Nanomed Nanotechnol
Biol Med. 2019;20:102025. https://doi.org/10.1016/j.nano.2019.
102025

9. Pardo J, Peng Z, Leblanc RM. Cancer targeting and drug delivery
using carbon-based quantum dots and nanotubes. Molecules.
2018;23:378. https://doi.org/10.3390/molecules23020378

10. Prajapati SK, Jain A, Shrivastava C, Jain AK. Hyaluronic acid
conjugated multi-walled carbon nanotubes for colon cancer tar-
geting. Int J Biol Macromol. 2019;123:691–703. https://doi.org/
10.1016/j.ijbiomac.2018.11.116

11. Jampilek J, Kralova K. Advances in drug delivery nanosystems
using graphene-based materials and carbon nanotubes. Materials.
2021;14:1059. https://doi.org/10.3390/ma14051059

12. Yoosefian M, Sabaei S, Etminan N. Encapsulation efficiency of
single-walled carbon nanotube for ifosfamide anti-cancer drug.
Comput Biol Med. 2019;114:103433. https://doi.org/10.1016/j.
compbiomed.2019.103433

13. Fujita K, Obara S, Maru J, Endoh S. Cytotoxicity profiles of
multi-walled carbon nanotubes with different physico-chemical
properties. Toxicol Mech Methods. 2020;30:477–89. https://doi.
org/10.1080/15376516.2020.1761920

14. Lim CS, Porter DW, Orandle MS, Green BJ, Barnes MA, Croston
TL, et al. Resolution of pulmonary inflammation induced by
carbon nanotubes and fullerenes in mice: role of macrophage
polarization. Front Immunol. 2020;11:1186.

15. Chowdhry A, Kaur J, Khatri M, Puri V, Tuli R, Puri S. Char-
acterization of functionalized multiwalled carbon nanotubes and
comparison of their cellular toxicity between HEK 293 cells and
zebra fish in vivo. Heliyon. 2019;5. https://doi.org/10.1016/j.
heliyon.2019.e02605.

16. Wils RS, Jacobsen NR, Di Ianni E, Roursgaard M, Møller P.
Reactive oxygen species production, genotoxicity and telomere
length in FE1-MutaTMMouse lung epithelial cells exposed to
carbon nanotubes. Nanotoxicology. 2021;15:661–72. https://doi.
org/10.1080/17435390.2021.1910359

17. Galassi TV, Antman-Passig M, Yaari Z, Jessurun J, Schwartz RE,
Heller DA. Long-term in vivo biocompatibility of single-walled
carbon nanotubes. PLoS One. 2020;15:e0226791. https://doi.org/
10.1371/journal.pone.0226791

18. Dong J, Ma Q. Integration of inflammation, fibrosis, and cancer
induced by carbon nanotubes. Nanotoxicology. 2019;13:1244–74.
https://doi.org/10.1080/17435390.2019.1651920

Journal of Materials Science: Materials in Medicine           (2024) 35:24 Page 15 of 17    24 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1007/s42823-019-00068-2
https://doi.org/10.2147/IJN.S299448
https://doi.org/10.2147/IJN.S299448
https://doi.org/10.3390/c5020029
https://doi.org/10.1021/ja805570f
https://doi.org/10.1691/ph.2019.8152
https://doi.org/10.1016/j.apsb.2019.11.003
https://doi.org/10.1016/j.apsb.2019.11.003
https://doi.org/10.1016/j.nano.2019.102025
https://doi.org/10.1016/j.nano.2019.102025
https://doi.org/10.3390/molecules23020378
https://doi.org/10.1016/j.ijbiomac.2018.11.116
https://doi.org/10.1016/j.ijbiomac.2018.11.116
https://doi.org/10.3390/ma14051059
https://doi.org/10.1016/j.compbiomed.2019.103433
https://doi.org/10.1016/j.compbiomed.2019.103433
https://doi.org/10.1080/15376516.2020.1761920
https://doi.org/10.1080/15376516.2020.1761920
https://doi.org/10.1016/j.heliyon.2019.e02605
https://doi.org/10.1016/j.heliyon.2019.e02605
https://doi.org/10.1080/17435390.2021.1910359
https://doi.org/10.1080/17435390.2021.1910359
https://doi.org/10.1371/journal.pone.0226791
https://doi.org/10.1371/journal.pone.0226791
https://doi.org/10.1080/17435390.2019.1651920


19. Chortarea S, Zerimariam F, Barosova H, Septiadi D, Clift MJD,
Petri-Fink A, et al. Profibrotic activity of multiwalled carbon
nanotubes upon prolonged exposures in different human lung cell
types. Appl Vitr Toxicol. 2019;5:47–61. https://doi.org/10.1089/a
ivt.2017.0033

20. Dong, J. Signaling pathways implicated in carbon nanotube-
induced lung inflammation. Front. Immunol. 2020;11:552613.

21. Meunier E, Coste A, Olagnier D, Authier H, Lefèvre L, Dardenne
C, et al. Double-walled carbon nanotubes trigger IL-1β release in
human monocytes through Nlrp3 inflammasome activation.
Nanomed Nanotechnol Biol Med. 2012;8:987–95. https://doi.org/
10.1016/j.nano.2011.11.004

22. Hindman B, Ma Q. Carbon nanotubes and crystalline silica sti-
mulate robust ROS production, inflammasome activation, and IL-
1β secretion in macrophages to induce myofibroblast transfor-
mation. Arch Toxicol. 2019;93:887–907. https://doi.org/10.1007/
s00204-019-02411-y

23. Mohanta D, Patnaik S, Sood S, Das N. Carbon nanotubes: eva-
luation of toxicity at biointerfaces. J Pharm Anal.
2019;9:293–300. https://doi.org/10.1016/j.jpha.2019.04.003

24. Vijayalakshmi V, Sadanandan B, Venkataramanaiah Raghu A.
Single walled carbon nanotubes in high concentrations is cyto-
toxic to the human neuronal cell LN18. Results Chem.
2022;4:100484. https://doi.org/10.1016/j.rechem.2022.100484

25. Naqvi STR, Rasheed T, Hussain D, Najam ul Haq M, Majeed S,
shafi S, et al. Modification strategies for improving the solubility/
dispersion of carbon nanotubes. J Mol Liq. 2020;297:111919.
https://doi.org/10.1016/j.molliq.2019.111919

26. Memarzia A, Khazdair MR, Behrouz S, Gholamnezhad Z, Jafar-
nezhad M, Saadat S, et al. Experimental and clinical reports on anti-
inflammatory, antioxidant, and immunomodulatory effects of Cur-
cuma longa and curcumin, an updated and comprehensive review.
BioFactors. 2021;47:311–50. https://doi.org/10.1002/biof.1716

27. Ghasemi F, Shafiee M, Banikazemi Z, Pourhanifeh MH, Khan-
babaei H, Shamshirian A, et al. Curcumin inhibits NF-KB and
Wnt/β-catenin pathways in cervical cancer cells. Pathol Res Pract.
2019;215:152556. https://doi.org/10.1016/j.prp.2019.152556

28. Jakubczyk K, Drużga A, Katarzyna J, Skonieczna-Żydecka K.
Antioxidant potential of curcumin—a meta-analysis of rando-
mized clinical trials. Antioxidants. 2020;9:1092. https://doi.org/
10.3390/antiox9111092

29. Singh S, Arya R, Bargaje RR, Das MK, Akram S, Faruquee HM,
et al. Anti-inflammatory role of curcumin in LPS treated A549
cells at global proteome level and on mycobacterial infection.
bioRxiv July 31, 2019, p 721100. https://doi.org/10.1101/721100.

30. Saleemi MA, Hosseini Fouladi M, Yong PVC, Chinna K, Pala-
nisamy NK, Wong EH. Toxicity of carbon nanotubes: molecular
mechanisms, signaling cascades, and remedies in biomedical
applications. Chem Res Toxicol. 2021;34:24–46. https://doi.org/
10.1021/acs.chemrestox.0c00172

31. Barosova H, Karakocak BB, Septiadi D, Petri-Fink A, Stone V,
Rothen-Rutishauser B. An in vitro lung system to assess the
proinflammatory hazard of carbon nanotube aerosols. Int J Mol
Sci 2020;21:5335. https://doi.org/10.3390/ijms21155335

32. Mulvey JJ, Feinberg EN, Alidori S, McDevitt MR, Heller DA,
Scheinberg DA. Synthesis, pharmacokinetics, and biological use
of lysine-modified single-walled carbon nanotubes. Int J
Nanomed. 2014;9:4245–55. https://doi.org/10.2147/IJN.S66050

33. Joshi M, Kumar P, Kumar R, Sharma G, Singh B, Katare OP,
et al. Aminated carbon-based “cargo vehicles” for improved
delivery of methotrexate to breast cancer cells. Mater Sci Eng C.
2017;75:1376–88. https://doi.org/10.1016/j.msec.2017.03.057

34. Cancer L, Singh N, Sachdev A, Gopinath P.Polysaccharide
functionalized single walled carbon nanotubes as nanocarriers for
delivery of curcumin in lung cancer cells.J Nanosci Nanotechnol.
2018;18:1534–41. https://doi.org/10.1166/jnn.2018.14222.

35. Arvapalli DM, Sheardy AT, Allado K, Chevva H, Yin Z, Wei J.
Design of curcumin loaded carbon nanodots delivery system:
enhanced bioavailability, release kinetics, and anticancer activity.
Appl Bio Mater. 2020;3:8776–85.

36. Harsha PJ, Thotakura N, Kumar M, Sharma S, Mittal A, Khurana
RK, et al. A novel PEGylated carbon nanotube conjugated man-
giferin: an explorative nanomedicine for brain cancer cells. J Drug
Deliv Sci Technol. 2019;0:101186. https://doi.org/10.1016/j.jddst.
2019.101186

37. Kashyap D, Baral B, Jakhmola S, Singh AK, Jha HC. Helico-
bacter pylori and epstein-barr virus coinfection stimulates
aggressiveness in gastric cancer through the regulation of Gan-
kyrin. mSphere. 2021;6:e0075121. https://doi.org/10.1128/
msphere.00751-21.

38. Tiwari D, Singh VK, Baral B, Pathak DK, Jayabalan J, Kumar R,
et al. Indication of neurodegenerative cascade initiation by
amyloid-like aggregate-forming EBV proteins and peptide in
Alzheimer’s disease. ACS Chem Neurosci. 2021;12:3957–67.
https://doi.org/10.1021/acschemneuro.1c00584

39. Indari O, Rani A, Baral B, Ergün S, Bala K, Karnati S, et al.
Modulation of peroxisomal compartment by epstein-barr virus.
Microb Pathog. 2023;174:105946. https://doi.org/10.1016/j.micpa
th.2022.105946

40. Kashyap D, Varshney N, Baral B, Kandpal M, Indari O, Jain AK,
et al. Helicobacter pylori infected gastric epithelial cells bypass
cell death pathway through the oncoprotein Gankyrin. Adv Cancer
Biol Metastasis. 2023;7:100087. https://doi.org/10.1016/j.adcanc.
2023.100087

41. Jakhmola S, Jha HC. Glial cell response to epstein-barr virus
infection: a plausible contribution to virus-associated inflamma-
tory reactions in the brain. Virology. 2021;559:182–95. https://
doi.org/10.1016/j.virol.2021.04.005

42. Li H, Zhang N, Hao Y, Wang Y, Jia S, Zhang H, et al. For-
mulation of curcumin delivery with functionalized single-walled
carbon nanotubes: characteristics and anticancer effects in vitro.
Drug Deliv. 2014;21:379–87. https://doi.org/10.3109/10717544.
2013.848246

43. Chegeni M, Rozbahani ZS, Ghasemian M, Mehri M. Synthesis
and application of the calcium alginate/SWCNT-Gl as a bio-
nanocomposite for the curcumin delivery. Int J Biol Macromol.
2020;156:504–13. https://doi.org/10.1016/j.ijbiomac.2020.04.068

44. Raza K, Kumar D, Kiran C, Kumar M, Guru SK, Kumar P, et al.
Conjugation of docetaxel with multiwalled carbon nanotubes and
codelivery with piperine: implications on pharmacokinetic profile
and anticancer activity. Mol Pharm 2016;13:2423–32. https://doi.
org/10.1021/acs.molpharmaceut.6b00183

45. Thakur CK, Neupane R, Karthikeyan C, Ashby CR, Babu RJ,
Boddu SHS, et al. Lysinated multiwalled carbon nanotubes with
carbohydrate ligands as an effective nanocarrier for targeted
doxorubicin delivery to breast cancer cells. Molecules.
2022;27:1–20.

46. Uttekar PS, Lakade SH, Beldar VK, Harde MT. Facile synthesis
of multi-walled carbon nanotube via folic acid grafted nano-
particle for precise delivery of doxorubicin. Inst Eng Technol
2019;13:688–96. https://doi.org/10.1049/iet-nbt.2018.5421

47. Tiwari J, Garg A, Jain AP, Rd H. Fabrication of gelatin functio-
nalized carbon nanotubes system for the site-specific delivery of
curcumin towards breast cancer cell. Plant Arch.
2020;20:4316–25.

48. Simon J, Flahaut E, Golzio M. Overview of carbon nanotubes for
biomedical applications. Materials. 2019;12:624. https://doi.org/
10.3390/ma12040624

49. Sheikhpour M, Delorme V, Kasaeian A, Amiri V, Masoumi M,
Sadeghinia M, et al. An effective nano drug delivery and com-
bination therapy for the treatment of tuberculosis. Sci Rep.
2022;12:9591. https://doi.org/10.1038/s41598-022-13682-4

   24 Page 16 of 17 Journal of Materials Science: Materials in Medicine           (2024) 35:24 

https://doi.org/10.1089/aivt.2017.0033
https://doi.org/10.1089/aivt.2017.0033
https://doi.org/10.1016/j.nano.2011.11.004
https://doi.org/10.1016/j.nano.2011.11.004
https://doi.org/10.1007/s00204-019-02411-y
https://doi.org/10.1007/s00204-019-02411-y
https://doi.org/10.1016/j.jpha.2019.04.003
https://doi.org/10.1016/j.rechem.2022.100484
https://doi.org/10.1016/j.molliq.2019.111919
https://doi.org/10.1002/biof.1716
https://doi.org/10.1016/j.prp.2019.152556
https://doi.org/10.3390/antiox9111092
https://doi.org/10.3390/antiox9111092
https://doi.org/10.1101/721100
https://doi.org/10.1021/acs.chemrestox.0c00172
https://doi.org/10.1021/acs.chemrestox.0c00172
https://doi.org/10.3390/ijms21155335
https://doi.org/10.2147/IJN.S66050
https://doi.org/10.1016/j.msec.2017.03.057
https://doi.org/10.1166/jnn.2018.14222
https://doi.org/10.1016/j.jddst.2019.101186
https://doi.org/10.1016/j.jddst.2019.101186
https://doi.org/10.1128/msphere.00751-21
https://doi.org/10.1128/msphere.00751-21
https://doi.org/10.1021/acschemneuro.1c00584
https://doi.org/10.1016/j.micpath.2022.105946
https://doi.org/10.1016/j.micpath.2022.105946
https://doi.org/10.1016/j.adcanc.2023.100087
https://doi.org/10.1016/j.adcanc.2023.100087
https://doi.org/10.1016/j.virol.2021.04.005
https://doi.org/10.1016/j.virol.2021.04.005
https://doi.org/10.3109/10717544.2013.848246
https://doi.org/10.3109/10717544.2013.848246
https://doi.org/10.1016/j.ijbiomac.2020.04.068
https://doi.org/10.1021/acs.molpharmaceut.6b00183
https://doi.org/10.1021/acs.molpharmaceut.6b00183
https://doi.org/10.1049/iet-nbt.2018.5421
https://doi.org/10.3390/ma12040624
https://doi.org/10.3390/ma12040624
https://doi.org/10.1038/s41598-022-13682-4


50. Gul G, Faller R, Ileri-Ercan N. Polystyrene-modified carbon
nanotubes: promising carriers in targeted drug delivery. Biophys J.
2022;121:4271–9. https://doi.org/10.1016/j.bpj.2022.10.014

51. Martinez CS, Igartúa DE, Czarnowski I, Feas DA, Alonso S.
delV, Prieto MJ. Biological response and developmental toxicity
of zebrafish embryo and larvae exposed to multi-walled carbon
nanotubes with different dimension. Heliyon. 2019;5. https://doi.
org/10.1016/j.heliyon.2019.e02308.

52. Zhao X, Chang S, Long J, Li J, Li X, Cao Y. The toxicity of
multi-walled carbon nanotubes (MWCNTs) to human endothelial
cells: the influence of diameters of MWCNTs. Food Chem Tox-
icol. 2019;126:169–77. https://doi.org/10.1016/j.fct.2019.02.026

53. Ledur PC, Santurio JM. Cytoprotective effects of curcumin and
silymarin on PK-15 cells exposed to ochratoxin A, fumonisin B1
and deoxynivalenol. Toxicon. 2020;185:97–103. https://doi.org/
10.1016/j.toxicon.2020.06.025

54. Eghbaliferiz S, Farhadi F, Barreto GE, Majeed M, Sahebkar A.
Effects of curcumin on neurological diseases: focus on astrocytes.
Pharmacol Rep. 2020;72:769–82. https://doi.org/10.1007/s43440-
020-00112-3

55. Arora S, Kaur H, Kumar R, Kaur R, Rana D, Rayat CS, et al. In
vitro cytotoxicity of multiwalled and single-walled carbon nano-
tubes on human cell lines. Fuller Nanotub Carbon Nanostruct.
2015;23:377–82. https://doi.org/10.1080/1536383X.2013.812638

56. Taniguchi K, Karin M. NF-ΚB, inflammation, immunity and
cancer: coming of age. Nat Rev Immunol. 2018;18:309–24.
https://doi.org/10.1038/nri.2017.142

57. Srivastava RK, Pant AB, Kashyap MP, Kumar V, Lohani M,
Jonas L, et al. Multi-walled carbon nanotubes induce oxidative
stress and apoptosis in human lung cancer cell line-A549.
Nanotoxicology. 2011;5:195–207. https://doi.org/10.3109/
17435390.2010.503944

58. Murphy MP. Mitochondrial dysfunction indirectly elevates ROS
production by the endoplasmic reticulum. Cell Metab.
2013;18:145–6. https://doi.org/10.1016/j.cmet.2013.07.006

59. Brand MD, Orr AL, Perevoshchikova IV, Quinlan CL. The role of
mitochondrial function and cellular bioenergetics in ageing and
disease. Br J Dermatol. 2013;169(Suppl 2):1–8. https://doi.org/10.
1111/bjd.12208.

60. Morris G, Walker AJ, Berk M, Maes M, Puri BK. Cell death
pathways: a novel therapeutic approach for neuroscientists. Mol
Neurobiol. 2018;55:5767–86. https://doi.org/10.1007/s12035-
017-0793-y

61. Ryter SW, Kim HP, Hoetzel A, Park JW, Nakahira K, Wang X,
et al. Mechanisms of cell death in oxidative stress. Antioxid
Redox Signal. 2007;9:49–89. https://doi.org/10.1089/ars.2007.9.
49

62. Amiri A, Zardini HZ, Shanbedi M, Maghrebi M, Baniadam M,
Tolueinia B. Efficient method for functionalization of carbon
nanotubes by lysine and improved antimicrobial activity and
water-dispersion. Mater Lett. 2012;72:153–6. https://doi.org/10.
1016/j.matlet.2011.12.114

Journal of Materials Science: Materials in Medicine           (2024) 35:24 Page 17 of 17    24 

https://doi.org/10.1016/j.bpj.2022.10.014
https://doi.org/10.1016/j.heliyon.2019.e02308
https://doi.org/10.1016/j.heliyon.2019.e02308
https://doi.org/10.1016/j.fct.2019.02.026
https://doi.org/10.1016/j.toxicon.2020.06.025
https://doi.org/10.1016/j.toxicon.2020.06.025
https://doi.org/10.1007/s43440-020-00112-3
https://doi.org/10.1007/s43440-020-00112-3
https://doi.org/10.1080/1536383X.2013.812638
https://doi.org/10.1038/nri.2017.142
https://doi.org/10.3109/17435390.2010.503944
https://doi.org/10.3109/17435390.2010.503944
https://doi.org/10.1016/j.cmet.2013.07.006
https://doi.org/10.1111/bjd.12208
https://doi.org/10.1111/bjd.12208
https://doi.org/10.1007/s12035-017-0793-y
https://doi.org/10.1007/s12035-017-0793-y
https://doi.org/10.1089/ars.2007.9.49
https://doi.org/10.1089/ars.2007.9.49
https://doi.org/10.1016/j.matlet.2011.12.114
https://doi.org/10.1016/j.matlet.2011.12.114

	Curcumin coating: a novel solution to mitigate inherent carbon nanotube toxicity
	Introduction
	Material and methods
	Material
	Methods
	Lysine Functionalized P-MWCNTs by cycloaddition methods
	Curcumin coated 1,3-lysine functionalized�MWCNTs
	Fourier Transform Infrared (FT-IR) spectroscopy
	Nuclear Magnetic Resonance (1H NMR) spectroscopy
	X-ray diffraction (XRD) analysis
	Scanning Electron Microscope (SEM) analysis
	Particle size distribution and Zeta potential studies
	Cell culture
	Drug treatment
	Cell survival�assay
	RNA isolation and qRT-PCR
	Western blotting
	Cellular ROS estimation
	Mito tracker red-green�assay
	Cell death�assay
	Statistical analysis

	Results
	Curcumin coated 1,3-lysine functionalized�MWCNTs
	Fourier Transform Infrared (FT-IR) Spectroscopy
	Nuclear Magnetic Resonance (1H NMR) spectroscopy
	X-ray diffraction (XRD) analysis
	Scanning Electron Microscope (SEM) analysis
	Particle size distribution and Zeta potential studies
	Curcumin coating on the surface of MWCNTs reduces its cytotoxic effects
	Curcumin coating reduced the expression of inflammatory markers after 6&#x02009;h of exposure to MWCNTs at transcript and protein�level
	Curcumin coating reduced cellular ROS production after 12&#x02009;h of exposure to�MWCNTs
	Curcumin coating displayed a rescue effect on catalase expression after 12&#x02009;h of exposure to�MWCNTs
	Curcumin coating prevented the loss of mitochondrial membrane potential caused due to exposure of MWCNTs for 12&#x02009;h
	Curcumin coating on MWCNTs reduces cell death caused due to their exposure

	Discussion
	Publisher&#x02019;s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.Acknowledgements
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




