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ABSTRACT: Biocompatible and bioactive carbon-based nanocomposites are
ingeniously designed and fabricated with the aim of enhancing drug delivery
applicability in breast cancer treatment. Reduced graphene oxide (rGO) and
multiwalled carbon nanotubes (MWCNTs) are utilized as nanocarriers for
increasing penetrability into cells and the loading capacity. What sets our
study apart is the strategic incorporation of the two different complexes of
silver (AgL2) and palladium (PdL2) with the carboxamide-based ligand
C9H7N3OS (L), which have been synthesized and decorated on nanocarriers
alongside doxorubicin (DOX) for stabilizing DOX by π−π interactions and
hydrogen bonding. Although DOX is a well-known cancer therapy agent, the
efficacy of DOX is hindered owing to drug resistance, poor internalization,
and limited site specificity. Aside from stabilizing DOX on nanocarriers, our
carbon-based nanocarriers are tailored to act as a precision-guided missile,
strategically by adorning with target-sensitive complexes. Based on the
literature, carboxamide ligands can connect to overexpressed receptors on cancerous cells and inhibit them from proliferation
signaling. Also, the complexes have an antibacterial activity that can control the infection caused by decreasing white blood cells and
necrosis of cancerous cells. A high-concentration cytotoxicity assay revealed that decorating PdL2 on a DOX-containing nanocarrier
not only increased cytotoxicity to breast cancerous cell lines (MDA-MB-231 and MCF-7) but also revealed higher cell viability on a
normal cell line (MCF-10A). The drug release screening results showed that the presence of PdL2 led to 72 h correlate release
behavior in acidic and physiological pH profiles, while the AgL2‑containing nanocomposite showed an analogue behavior for just 6 h
and the release of DOX continued and after about 100 h hit the top.

1. INTRODUCTION
The expected life cycle of cells is growth and multiplication,
creating new cells. Changes in DNA within cells cause
uncontrollable growth that leads to cancer.1 Cancer is one of
the most common causes of death all around the world
(∼40,000 die just in the United States, annually). There are
numerous differences between healthy and cancerous cell
growth, and ignoring of stop signals, appearance, and size of
the nucleus are some of them. Some cancer cells can freely
spread into other tissues because of defects in unnatural growth,
a function called metastasis. The path of spread is through
lymphatic or blood vessels.2,3 There are various treatments for
cancer, such as surgery, immunotherapy,4 chemotherapy,5

hormone therapy,6 and radiotherapy,7 but it is a high priority
to examine the primary tumor before choosing the proper
treatment.8 There are over 200 different types of cancer cells that
are varied in size, shape, and lifetime. One of the most common
and widespread cancers is breast cancer. Various parts of the
breast can be cancerous, which leads to different breast tumors
as follows: (a) phyllodes tumor (develops in the breast stroma,

mostly benign, rare), (b) invasive ductal or lobular carcinoma
(IDC: starts from the breast milk duct and develops to breast
fatty tissue, the most frequent breast cancer type; ILC: starts
from the breast milk glands, the second most common, about
15% of all breast cancers), (c) ductal carcinoma in situ
(noninvasive, develops and stays only in the breast milk duct
lining), (d) breast Paget disease (starts from milk ducts and
develops to the areola and nipple skin, rare), (e) angiosarcoma
(starts from lymph or line blood vessels, spreadable to tissue or
breast skin), (f) triple-negative breast cancer (lack of
progesterone, estrogen, and HER2, very aggressive and
laborious treatment), and (g) positive or negative HER2 (the
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positive type has a tendency to grow fast, and the negative type
does not show any response to HER2-targeting drugs).
Although it is not common, men also may suffer from breast
cancer and the most reported types are ILC and IDC. Every type
of these breast tumors needs special prognosis and treatment,
which vastly depend on cancer stage, grade, expression of
receptors, age and sex of the patient, and overall health.9−11

Chemotherapy treats undetectable free cancer cells by using
chemicals to stop or slow their multiplication and growth.
However, this function can slow down other fast-growing
healthy cells like hair and cause other side effects like fatigue,
nausea, vomiting, and death in some extreme cases.12

Researchers are looking for chemicals with higher effectiveness

and fewer side effects.13 Another obstacle to chemotherapy is
multidrug resistance (MDR), which enables tumorous cells to
escape by increasing resistance to drugs. The tumorous cells’
instinct leads to drug resistance by overgrowing some receptor-
like proteins on the mutated cells’ surface, and this approach
tries to restrict cell membrane access with a conventional drug.
For instance, mutated cells decrease the P-glycoprotein that is
responsible for the transfer of doxorubicin (DOX) inside the cell
and increase B-cell lymphoma 2, which is an antiapoptosis
protein. These chemotherapy limits have led to the evolution of
smart drug delivery systems (SDDSs).14 The reduction of
cancer treatment’s limitations has occurred thanks to the
emergence of nanocarriers.

Figure 1.Most frequent medicines and their biochemical features. Black box: chemical structure; purple box: identifications; blue box: cancer types;
green box: side effects; yellow box: features.
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Due to the presence of difficulties, chemical delivery is
limitedly used in chemotherapy (local or metastatic tumors).
The major ordeal would be the cancerous cells’ accessibility
limitation.15 Researchers are constantly searching for ways to
address problems such as lowering the injection frequency, using
lower doses of chemicals, and eliminating chemotherapeutics’
side effects for cancer patients during chemotherapy.16 A small
molecule’s delivery is very much dependent on the tumor’s
physicochemical properties. The first focus of improving drug
delivery was solubility, increasing selectivity, and controlling
drug release.17 Low selectivity in delivery and uncontrollable
drug release in rudimentary drug delivery systems led to the
development of SDDSs.14 In the past few years, SDDSs have
attracted the most inquiries as chemical deliverers to overcome
predicaments, such as low chemotherapeutic loading capacity,
bleeding of the drugs before reaching the targeted cells, and
limitation of cell penetration owing to aggregation of new
drugs.18 Nanocarriers can benefit the treatment process by
releasing drugs in the tumor microenvironment (TME).
Savjani et al. reported that chemotherapeutic drugs mostly

have poor solubility in water and the most important requisite
for absorbing a drug is it being in the form of a solution.19,20 The
DOX water solubility is about 50 mg/mL. Nanocarriers with
unique properties fix issues such as solubility, good drug release
profile, hydrophilicity, size, high specificity, and enhanced
permeability and retention effect.8 Among all nanocarriers,
carbon-based ones have the most frequent usage in the delivery
field due to their distinctive features like binding to the cell
membrane, which prepares the best place for DOX release, and
also this binding can induce cell membrane ruffling that can
stimulate cell stress, which leads to apoptosis, methuosis, and
generation of ROS.21 Based on Mirza-Aghayan et al.’s study,
nanocarriers can enter tumorous cells through endocytosis.22

Graphene oxide (GO) has hydroxyl (−OH), carbonyl (C�O),
alkoxy (C−O−C), carboxylic acid (−COOH), and other
functional groups with oxygen based on the literature, will all
lead to increasing the cytotoxicity.16,23 Reduced graphene oxide
(rGO) can easily be obtained from GO by thermal, chemical, or
UV light reduction that leads to a decrease in the number of O-
containing functional groups. A carbon nanotube (CNT) is
another carbon allotrope in the shape of an empty cylinder, and
it is produced by rolling up a graphene sheet.24,25 SWCNTs have
a diameter of about a nanometer.26,27 For preparing more space
between rGO layers, multiwalled carbon nanotubes
(MWCNTs) have been utilized among rGO sheets to study
their prospective effects on loading efficiency.28 Overall, the
MWCNT and rGO loading capacity was limited, and in the
present project, we aim to study their synergetic effect on the
loading and release of a drug.
The main concern about delivering the cargo onto the goal

site is finding an efficient way to manage the drug loading and
release process.29 One last novel approach for inhibition of drug
bleeding was utilizing the drugs as a ligand of transition metal
complexes; Marloye et al. in the past decade conducted a survey
and studied this kind of delivery system. Although the
mentioned method was promising drug release to hinder the
release before targeted sites, it decreased drug efficiency due to
occupying the drug’s effective functional groups by metal.30 It is
noticeable that most anticancer drugs after connecting to the
specific on-cell receptors can control the cells’ proliferation or
metastasis path.31 On the other side of the coin, some in-lab-
prepared ligands can act as an inhibitor of special on-cell
receptors.32 Their bioactive functional groups after coordination

with the metal are free or can be freed. Theoretically, complexes
that coordinate with the ligands can assist the drug to attach
better to the nanocarrier’s surface with their aromatic rings (π−π
interaction). The medicines usually used in chemotherapy,
especially DOX, have benzene. The π−π interactions help the
drug connect more firmly to the nanocarrier’s surface, and this
operation prevents premature bleaching (bleeding). Different
metals have different levels of toxicity to the human body, so
their applicability is much limited. The acceptable ones are the
ones that can mimic Pt and Fe in-the-body interactions. After
reviewing recently published papers on biocompatible metals,33

Ag and Pd are found to be more suitable than the others due to
their distinctive features like biocompatibility and cost-
effectiveness. In this article, the behaviors of Ag and Pd
complexes in drug loading and release efficiency are compared.
The usual functional groups of ligands of synthesized complexes
in biomaterial or bioapplications are carbonyl, amino, methyl,
hydroxyl, and sulfhydryl.34 Carboxamides are a desirable
functional group among all, thanks to having both carbonyl
and amino functional groups beside each other, which leads to
unique features.35 Based on biomedical studies, carboxamides
are so promising because they can connect to overexpressed on-
the-cell receptors and disrupt their uncontrolled functionality
and also have DNA intercalation ability, which is a trigger of
apoptosis.36,37 Cancer treatments have shifted from one drug for
all types (for instance, DOX has been widely used for the
treatment of breast, stomach, lung, testicle, and ovary cancers38)
to a more specific treatment for each patient in the past few
years. Biochemical and biomedical scientists’ findings give
physicians more options to remedy each type of cancer by taking
a more relatable and effective drug.39 A summary of typical
cancer drugs and their effectiveness is provided in Figure 1.
The most essential part of preparing site-specific nanocarriers

is the coating, which does not let the whole structure become
fragmented before arriving at the TME. Additionally, based on
the literature, coated nanocarriers have been revealed to have
considerably lower cytotoxicity compared with noncoated ones
(unattacked by microphages) and the final size of the prepared
nanocarriers could be smaller after utilizing coating agents (the
smaller the structures, the better the cell penetration and
clearness after drug release). The published papers in the
biological field have disclosed that overexpressedMUC1 on-the-
cell receptors have a potent tendency to connect to glycans.40

Poly(ethylene glycol) (PEG) has been considerably utilized for
functionalizing various nanocarriers to more efficiently deliver
drugs/genes for cancer treatment and is a water-soluble polymer
used as a nonionic polymer in drug delivery.41 Nanocarriers
should circulate in the blood system as much as possible to
convey sufficient concentrations of the systematic treatment
content (drugs and other therapeutic agents) to targeted tissues.
PEGylation can decrease the immunogenicity of proteins and
increase the systematic circulation time.42,43 The cells’
glutathione can dissociate PEG from nanocarriers.21 The
different conformations of PEG are brush and mushroom
conformations, depending on the surface graft density. The
degree of PEG layer thickness depends upon the conformation,
molecular weight, and reaction time. In the case of PEGs, the
molecular weight mainly controls the half-life of PEG.44

Based on all of the abovementioned information and
published surveys in this field, defects and needs led us to
design an efficient carbon-based nanocomposite decorated with
complexes of Ag or Pd and coated with PEG for delivering DOX
site-specifically and efficiently to cancerous cells.
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2. MATERIALS AND METHODS
Solvents and all chemicals were commercial reagent grade
purchased from Fluka andMerck and utilized as soon as possible
after receiving them without any further purifications. A Unicam
Maston 1000 FT-IR spectrophotometer (400−4000 cm−1 in
KBr pellets and at room temperature) was utilized for recording
the FT-IR spectra. A Bruker FT-NMR 500 MHz spectrometer
(the chemical shift of protons is reported in parts per million
(ppm) in CDCl3 and DMSO-d6) was used for obtaining the 1H
NMR spectra of L, AgL2, and PdL2. A Cary 100 Bio Varian
spectrophotometer (10 mm path length, quartz cell) was used
for UV−Vis analysis. The carboxamide-based ligand was
synthesized and was characterized by different methods. The
palladium metal ion solution was obtained from its acetate salt,
and the silver metal ion was synthesized from its chloride salt.
2.1. Synthesis of Ligand L (N-(Thiazol-2-yl)-

picolinamide). For the synthesis of C9H7N3OS (N-(thiazol-
2-yl)picolinamide; MW: 205.24), instead of utilizing the
nongreen synthesis method that has been reported by Juhas et
al.,45 we chose the ionic liquid method, which is greener and
more environmentally friendly. So, precise amounts of TBAB
(10 mmol, 3.22 g), triphenylphosphite (20 mmol, 6.44 g), 2-
aminothiazole (20mmol, 2 g), and picolinic acid (20mmol, 2.46
g) were mixed in a round-bottomed flask (50 mL) in an oil bath.
The homogeneous solution was stirred and heated to 110 °C,
and after 1 h, the viscous solution was treated with methanol (10
mL, cold). The product (pale yellow solid) was filtered and

washed several times with cold methanol.46 The yield of this
reaction was 67% (Scheme S1).
2.2. Synthesis of Complexes PdL2 and AgL2. Both

complexes were prepared by simple methods as follows:

1. PdL2: The precise amount of palladium(II) acetate (1
mmol) dissolved in 25 mL of dichloromethane and then 2
mmol of ligand L were added to the solution. The mixture
was stirred for 2 h at room temperature and then filtered
off.47 The yield of this reaction was 73%.

2. AgL2: 2 mmol of L was dissolved in DCM and added to a
mixture of AgCl (1mmol) and ammonia solution (10mL,
25%) and stirred for 2 h at RT and then filtered off. The
yield of this reaction was 58%.

2.3. Preparation of Nanocomposites (rGO@MWCNT/
(AgL2 or PdL2)@DOX/PEG). Fabrication of nanocomposites
started with the addition of 125 mg of MWCNTs to 125 mg of
rGO in 20 mL of DI water, and after 30 min of vigorous stirring,
the mixture dried out (oven, 70 °C). In the next step, 1 mmol of
PdL2 + 0.5 mmol of DOX and 1 mmol of AgL2 + 0.5 mmol of
DOX were separately added to two different beakers containing
20 mg of rGO@MWCNT, 45 mL of DI water, and 15 mL of
ethanol. It is worth mentioning that to prevent DOX’s
fluorescence quenching, all reactions were conducted in
darkness, and all containers were covered with aluminum foil.
After 2 h of stirring, 5 mL of PEG-200 was added to the
nanocomposites, and after 30 min of stirring, the mixtures were
centrifuged (8000 rpm, 10 min) to separate the unbounded

Figure 2. FT-IR spectra of (a) L, PdL2, and AgL2 and (b) fabricated nanocomposites; (c) 1H NMR spectra of L, PdL2, and AgL2; (d) XPS survey of L,
PdL2, and AgL2; (e) N 1s survey of L; (f) N 1s survey of PdL2; (g) N 1s survey of AgL2.
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DOX and complexes. The product dried out at room
temperature and was kept in a dark place.47

2.4. Drug Loading and Release.The delivery ability of the
prepared nanocarriers was tested by loading DOX. To this, 5 mg

of nanocarriers (rGO@MWCNT/PdL2 or AgL2) was sonicated
separately (10 min) in 10 mL of DI water, and 1 mg of DOX was
added to the mixture in a dark place and stirred for 2 h. The
mixture was centrifuged (8000 rpm, 10 min). DOX loading was

Figure 3. FESEM results of the prepared nanocomposites: (a) rGO@MWCNT/PdL2@DOX/PEG and (b) rGO@MWCNT/AgL2@DOX/PEG at
various magnifications. EDS and mapping of prepared nanocomposites: (c) rGO@MWCNT/PdL2@DOX/PEG and (d) rGO@MWCNT/AgL2@
DOX/PEG (1, max view; 2, combination; 3, carbon; 4, nitrogen; 5, Pd or Ag; 6, oxygen; 7, energy-dispersive X-ray spectroscopy).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07432
ACS Omega 2024, 9, 1183−1195

1187

https://pubs.acs.org/doi/10.1021/acsomega.3c07432?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07432?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07432?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07432?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


investigated utilizing UV−vis spectroscopy.48 DOX release from
prepared nanocomposites was screened at different pH values
(phosphate buffer) and 37 °C. Briefly, the precise amount of the
prepared compounds was added separately into the buffer
solution, and the mixtures were placed in different activated
dialysis bags. In the next step, the bags were placed in a PBS
buffer at 37 °C and stirred gently in the darkness. At regular
intervals, the precise amount of solutions was collected and
analyzed.49

2.5. Cellular Uptake. In the present study, the MCF-7 and
MDA-MB-231 cell lines were seeded in 24-well plates at a
density of 1 × 105 cells per well. After 24 h incubation, the
medium was replaced with DOX-containing nanocomposites
that had been diluted with media several times. In the next step
(after 24 h), the treated cells were washed several times with
PBS. For the final step, the cells were treated with Hoechst (1
min) and then washed with PBS again and 1 mL of PBS was
added to each well.50

2.6. Cytotoxicity Assay. The cells were seeded in 96-well
plates at a density of 1 × 104 cells per well and incubated with
300 μL of media for a day. Then, the culture medium was
replaced with diluted sterilized samples in media and incubated.
The well plate medium was changed with culture media
containing CCK-8 and again incubated for 1 h. The CCK-8
absorbance was analyzed with a microplate reader.51

2.7. XPS.As a proven fact, the C 1s peak can be influenced by
various variables, such as crystal orientation, crystalline phase,
roughness, or surface cleanness. To achieve a standard and
comparable result with other studies, C 1s peak correction
should be done. In this regard, the carbon peak correction was
done based on assuming 284.8 eV as the reference binding
energy.52

3. RESULTS AND DISCUSSION
The FT-IR spectra of the prepared nanomaterials have disclosed
that all prospective bond peaks appeared in the correct
wavenumbers (cm−1) based on the literature. Briefly, the peak
at around 3247 cm−1 of L is related to the N−H bond, which has
vanished in PdL2 and partially disappeared in AgL2 due to
deprotonation and coordination of the ligand to the metal.
There is evidence of the presence of the C−N bond at 1510
cm−1, and for C�Oamidic, there is a sharp peak at about 1594
cm−1. The peak of the C�C stretching mode is demonstrated at
around 1650 cm−1. The shift of the C�Oamidic and C−N peaks
in the complex spectra is due to enhancement of the resonance
in deprotonated amide (changing the bond strength) and can be
another evidence of correct synthesis. All of these peaks are in
good agreement with the literature (Figure 2a).53 Based on the
Palai et al. study, the loaded DOX into nanocarriers revealed the
characteristic peaks as follows: the band around 1640 cm−1 is
attributed to DOX’s quinone group and the peak near 1350
cm−1 corresponds to DOX’s N−Hamidic.54 Also, the broad peak
at 3300 cm−1 in the composites’ spectra is related to the O−H
bond and the intensity of this peak in PEGylated nano-
composites is higher; it is clear that the presence of PEG on the
surface of the prepared nanocomposites has literally covered the
peaks of other compounds (Figure 2b). The UV−vis spectra of
fabricated nanomaterials were collected in DCM (Figure S2).
The ligand’s band (L) is demonstrated at about 220 and 293 nm,
which are assigned to the π → π* (aromatic rings) and n→ π*
(electron pair of nitrogen) intraligand transitions, respectively.
PdL2’s broad bands are centered at around 245 and 322 nm and
are related to intraligand transitions and charge transfer. AgL2’s

peaks appear at 278 nm and near 230 nm. Change in the peak
position can be reliable evidence of coordination of L to Pd or
Ag.55

The X-ray photoelectron spectroscopy (XPS) survey
confirmed the presence of metals in the structures (Figure
2d). The most sensitive and important part of XPS data analysis
would be correct peak fitting; this fitting has been done carefully
and is reported in Figure 2e−g. Although the broadness or
height of subpeaks can indicate different chemical and electronic
phenomena, the main ordeal is that XPS peaks’ shape can be
influenced by various factors like inelastic scattering, charging
effects, satellite peaks, and instrumental broadening. All in all, as
a scientific fact, taller subpeaks can demonstrate stronger
interactions and higher concentrations of particular chemical
states, while broader subpeaks illustrate spread binding energy
(different environments or molecular configurations of the same
chemical state), chemical variation (different molecular
interactions, oxidation states, or coordination environments),
and disorder of structures (various molecular conformations).
Accordingly, the fitted N 1s subpeaks of L revealed that all three
moieties are in their right positions, and their element
percentages are near each other. As the fitted subpeaks of
PdL2 and AgL2 demonstrate, the element’s percentage has
changed considerably, which is one of the signs of coordination
of the ligand to the metal. Based on these data, palladiummay be
connected to Npyridine and Namide for three reasons; the first one
can be the considerable height of Npyridine, the second would be
the 0.2316 eV shift of Namide, and the third one is the broadening
of Nthiazole. On the other side of the coin, silver may mainly
coordinate with Npyridine and Nthiazole instead of Namide. This
hypothesis comes from a sharper Nthiazole subpeak andmore shift
in comparison with Namide. This can be owing to the fact that
palladium is smaller than silver.
The L, PdL2, and AgL2 1H NMR spectra were measured in

deuterated solvents and are shown in Figure 2c and Figure S1.
The broad peak of amidic protons (N−H) can be the most
important in compounds with a carboxamide functional group
because this peak will vanish after the coordination of Namide to
the metal. As can be seen in Figure 2c, the abovementioned peak
appeared at 11.94 ppm and this peak disappeared after
complexation with palladium and silver. The broad peak at
around 11.3 ppm could be related to Namide, which has been
shifted, or as a proven fact, sometimes and after complexation,
the peak of hydrogen of carbon next to pyridine comes to the
downfield. The hydrogens of the thiazole ring (Hb and Hc) can
be observed as two doublet peaks at 7.59 and 7.37 ppm,
respectively. The peaks at around 7.72−8.78 ppm are attributed
to the pyridine ring’s hydrogen.56

The nanostructure morphology can be examined by field
emission scanning electron microscopy (FESEM). As can be
seen in Figure 3a,b, the cylindrical structures of the MWCNTs
and rGO sheets are vividly observable. The presence of PdL2/
AgL2, DOX, and PEG led to moderate aggregation.

57 The other
useful analysis for screening the components’ distribution on the
nanocarriers and their proportion is energy-dispersive X-ray
spectroscopy (EDS). The prepared nanocomposites’ chemical
composition is demonstrated in Figure 3c,d. The presence of the
prepared complexes on the nanocomposites is confirmed by this
analysis. The collected results demonstrate that all elements are
well distributed and are in good agreement with the reagents’
ratio.
In order to get insight, transmission electron microscopy

(TEM) images were taken and are shown in Figure 4. Various
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magnifications of the prepared nanocompounds demonstrated

that all materials are evenly distributed on the surface of the

nanocarrier, and their presence can be seen vividly. Based on the

TEM images, the presence of rGO and MWCNTs from the size

Figure 4. TEM results of the prepared nanocomposites: (a) rGO@MWCNT, (b) (rGO@MWCNT/PdL2/PEG), (c) (rGO@MWCNT/PdL2@
DOX/PEG), (d) (rGO@MWCNT/AgL2/PEG), and (e) (rGO@MWCNT/AgL2@DOX/PEG); (f) zeta potential of the prepared compounds; and
(g) DLS of the fabricated nanocompounds.
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and length of 10 nm is observable. The average size of
nanocompounds is screened without filtration and is reported in
Figure 4g. Based on the DLS results, the addition of AgL2 or
PdL2 led to slightly increasing the size of the nanocarrier and the
addition of DOX and complexes (AgL2 or PdL2) simultaneously
to the nanocarrier led to a higher compound size. The highest
size is related to the PEGylated nanocompounds. and increase of
the size after PEGylation is a proven fact and is changeable by
changing PEG’s amount and molecular weight. Although the
particle size of PEGylated nanocompounds is larger than that of
non-PEGylated nanocompounds, other studies disclosed that
PEGylation leads to a longer circulation lifetime and lower
capturing by the lung, spleen, and liver58; reduces immunoge-
nicity; and boosts permeability and retention time in tumor.59

Bozuyuk et al. studied the various factors of PEGylation for the
size and zeta potential of final compounds. As a result of their

study, changing PEG’s molecular weight and ratio and the pH of
the solution can change the size of the final compound60 but size
optimization was not the aim of this study. The surface charges
of the prepared nanocomposites were screened and are reported
in Figure 4f. The results demonstrated that the surface charge of
the rGO@MWCNT nanocarrier is negative and PEGylation led
to the zeta potential increasing and reaching a positive surface
charge. Based on the Kouchakzadeh et al. study, PEGylation has
a significant impact on surface charge and can increase it.59 Long
et al. studied various lengths of MWCNTs and reported that
smaller MWCNTs have a neutral zeta potential, but longer
MWCNTs have negative charges. Also, they studied MWCNT
internalization into the mitochondria and nuclei of cells and
reported that although MWCNTs revealed good penetration,
longerMWCNTs led to intracellular vacuolation andmembrane
damage.61

Figure 5.Cytotoxicity assay after 24 h treatment of high concentrations of rGO@MWCNT/PdL2/PEG, rGO@MWCNT/PdL2@DOX/PEG, rGO@
MWCNT/DOX/PEG, rGO@MWCNT/AgL2/PEG, and rGO@MWCNT/AgL2@DOX/PEG, L, PdL2, and AgL2 on the (a) MDA-MB-231, (b)
MCF-7, and (c) MCF-10A cell lines. The characteristic time- and pH-dependent drug release profiles of the prepared nanocomposites at pH 5.5 and
7.4 are demonstrated in (d) and (f), respectively. The 2D heat maps of the drug release profiles at pH 5.5 and 7.4 are illustrated in (e) and (g),
respectively.
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3.1. Cytotoxicity Assay. The prepared nanomaterials’
biocompatibility was assessed with Cell Counting Kit-8 against
various cancerous and normal breast cell lines (MCF-10A,
MCF-7, andMDA-MB-231). Cell viability was investigated with
a high concentration (2000 μg/mL) of the prepared compounds
after 24 h. As shown in Figure 5, the most cytotoxic compound
was L, which showed the highest cytotoxicity to all cell lines. The
assessed cytotoxicity of the prepared complexes revealed that
AgL2 is more cytotoxic than PdL2 (∼5%), which might be
related to the ability of AgL2 to prepare more ROS. Based on the
CCK-8 assay results, the most important point of this
investigation was the higher cell viability for both the final
compounds (rGO@MWCNT/PdL2@DOX/PEG and rGO@
MWCNT/AgL2@DOX/PEG) of the normal cell line (MCF-
10A) compared to the high cytotoxicity to the cancerous cell
lines (MDA-MB-231 andMCF-7), which are quite promising in

the anticancer and drug delivery field. The dose-dependent
response of this kind of prepared carbon-based nanomaterial
and nanocomposite was reported in our group’s previous papers,
and because of that, the aim of this study was not optimization;
we just performed high-concentration cytotoxicity assessment to
understand the maximum differences between the prepared
compounds. The collected data demonstrate that the fabricated
nanocomposites (rGO@MWCNT/AgL2@DOX/PEG and
rGO@MWCNT/PdL2@DOX/PEG) had high cytotoxicity to
cancerous cells and high biocompatibility with the normal cell
line, which proved that utilizing the complexes with DOX is
promising and applicable.
3.2. Drug Release. As a scientific fact, the microenviron-

ment of tumorous cells is acidic, and their pH value is about one
unit lower than that of normal cells. The in vitro drug release
behavior of DOX-containing compounds has been studied in

Figure 6. Images of intracellular uptake of DOX by 2D fluorescence microscopy, (a, d) (rGO@MWCNT/AgL2@DOX/PEG), (b, e) (rGO@
MWCNT/DOX/PEG), and (c, f) (rGO@MWCNT/PdL2@DOX/PEG), on two different cell lines: MCF-7 and MDA-MB-231.
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different pH environments (5.5 and 7.4). Figure 5 presents the
initial high rate of release (burst phase) from the nanocarriers for
all prepared compounds, and this would be due to the easy
protonation of DOX, which is weakly connected to the surface of
nanocarriers (adsorbed), and protonation of DOX leads to
increasing DOX’s solubility. This phenomenon is more drastic
when only DOX is loaded into the nanocarrier, and as can be
seen, the presence of carboxamide-based complexes decreased
the release rate of DOX in both acidic and physiological pH
environments. As a proven fact, addition of PEG will decrease
the release of DOX from nanocarriers. Ghaferi et al. reported
that their PEGylated nanocarriers demonstrated about 20% less
DOX release.62 In this study, both PEGylated nanocarriers
behaved in the same manner, which means that PEG completely
covered the loaded nanocarriers. Comparison of the release
profiles of rGO@MWCNT/DOX in acidic and physiological
pH discloses that the DOX release from the nondecorated and
noncoated nanocarrier hit the top value before the first 12 h and
after that it plateaued (the DOX release was about 35% more in
acidic pH in comparison with that in physiological pH). Analysis
of the collected data on rGO@MWCNT/PdL2@DOX and
rGO@MWCNT/AgL2@DOX in pH 7.4 showed that utilizing
PdL2 led to an about 45% decrease in drug release. The
simulated acidic pH increased the amount of released DOX
from rGO@MWCNT/AgL2@DOX, whereas the DOX release
behavior from rGO@MWCNT/PdL2@DOX was the same as
its release at pH 7.4 during the first 72 h. Acidic pH had
negligible impact on the total amount of released DOX from
PEGylated compounds but led to reaching the maximum value
faster than that in physiological pH. This study’s results are in
good agreement with previous studies; combining carboxamide-
based complexes with DOX led to increasing the stability and
sustained release of DOX. The examined compounds revealed
pH-dependent sustained release, which suggests them as a
reliable candidate for drug/gene delivery applications because
they can release therapeutic agents surely and slowly.63

3.3. Drug Internalization.DOX resistance is increasing too
fast, and although its exact mechanism is not proven, scientists
proposed two probable mechanisms, (i) decreasing the P-
glycoprotein population that are responsible for transferring and
gathering DOX inside cells and (ii) increasing the B-cell
lymphoma 2, which is an antiapoptotic agent.64 As a proven fact,
utilizing carbon-based carriers can address this issue by
effectively connecting to the cell membrane.65 Cellular uptake
can happen through different mechanisms like endocytosis-
independent or passive diffusion. The presence of endocytosis
inhibitors will make cell penetration completely low. The best
technique for tracking DOX internalization is using a special
kind of microscope like a CLSM or a 2D fluorescence
microscope. The images in Figure 6 disclose that DOX passes
through the cell membrane effectively and aggregates inside the
cells. The grayscale images can show the cells’ morphology. The
merged images confirm the precise internalization of nano-
composites and release DOX site-specifically. The cell
population when the nanocomposites do not consist of AgL2
or PdL2 is lower than that for complex-containing nano-
composites, and also the DOX intensity in complex-containing
nanocomposites is vividly higher than that in rGO@MWCNT/
DOX/PEG. Debnath and Srivastava disclosed that carbon-
based nanocomposites can penetrate into cells through both
endocytosis-independent and passive diffusion mechanisms.
Also, based on their study, one of the main factors of efficient
cellular uptake is carrier surface charge.66 PEGylation has

increased the surface charge of the final nanocomposites; the
considerable intensity of DOX inside the cells can be due to the
better interaction of the cell membrane with nanocomposites.

4. CONCLUSIONS
New vistas have been opened in the field of cancer therapy
through bioengineering and developing nanocompounds.
Carbon-based nanocarriers are quite well-known among
scientists owing to their surface functionalizability, large surface
area, near-infrared absorption, small size, and bioactivity.
Carboxamide-based silver and palladium complexes adorned
on the nanocarriers owing to their unique properties can control
infection and stabilize DOX on the nanocarriers, and the whole
structure was PEGylated to lower the cytotoxicity. rGO@
MWCNT/PdL2@DOX/PEG and rGO@MWCNT/AgL2@
DOX/PEG were fabricated, and their biomedical applicability
was screened in vitro (MDA-MB-231, MCF-7, and MCF-10A).
The CCK-8 assay results revealed that decorating PdL2 beside
DOX on the carbon-based nanocarriers not only led to higher
cell viability of the normal cell line (in comparison with that for
the AgL2-containing nanocarrier) but also increased the
cytotoxicity against cancerous cell lines. In addition, the drug
release investigations revealed that adorning the carbon-based
nanocarriers with PdL2 and AgL2 will lead to preclusion of
spontaneous release and the presence of PdL2 on the DOX-
containing nanocarrier could decrease DOX release (by about
45%) compared to the AgL2-containing nanocomposite. At the
end, both PEGylated loaded nanocarriers revealed the same
DOX release behavior in acidic and physiological pH.
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