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Abstract: Advances in nanobiotechnology have allowed the utilization of nanotechnology 
through nanovaccines. Nanovaccines are powerful tools for enhancing the immunogenicity 
of a specific antigen and exhibit advantages over other adjuvant approaches, with features 
such as expanded stability, prolonged release, decreased immunotoxicity, and immunogenic 
selectivity. We introduce recent advances in carbon nanotubes (CNTs) to induce either 
a carrier effect as a nanoplatform or an immunostimulatory effect. Several studies of CNT- 
based nanovaccines revealed that due to the ability of CNTs to carry immunogenic mole
cules, they can act as nonclassical vaccines, a quality not possessed by vaccines with 
traditional formulations. Therefore, adapting and modifying the physicochemical properties 
of CNTs for use in vaccines may additionally enhance their efficacy in inducing a T cell- 
based immune response. Accordingly, the purpose of this study is to renew and awaken 
interest in and knowledge of the safe use of CNTs as adjuvants and carriers in vaccines. 
Keywords: carbon nanotubes-CNTs, functionalization, nanoplatform, nanovaccine, 
immunomodulation, carrier effect

Introduction
Nanotechnology and Nanovaccines
Nanotechnology refers to the production of components on the order of magnitude of 
1–100 nm in diameter. The concept that nanoparticles (NPs) can be used in human 
health being a subject of great interest, both for medical diagnosis and imaging and for 
immunotherapy, especially regarding nanovaccines.1 Nanovaccines are used to induce 
an immune response to infectious agents and consist of nanoscale formulations based 
on particles whose components generate a desired immune response.2

Nanotechnology makes it possible to design and manufacture nanostructures 
and introduce them into the human body, improving health and repairing cellular 
structures at the molecular level. This ability is very useful in biological applica
tions and can be used to facilitate immunotherapy.3 Therefore, it is a promising 
possibility aiding in health restoration.1 This capability is due to the unique capacity 
of nanomaterial properties that interact with cellular functions in different ways.1,3

Vaccines represent one of the most significant medical advances of modern 
civilization in centuries, allowing unparalleled public health achievements.4 For 
infectious diseases, almost all vaccines are prophylactically administered, which is 
fundamental for the control of several diseases, inducing an appropriate and robust 
immune response.5 Vaccine development is historically based on Louis Pasteur´s 
principles of “isolate, inactivate and inject”. Initially, vaccines were produced with 
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attenuated or inactivated microorganisms such as viruses 
and bacteria. The main feature of therapeutic vaccines is 
their elimination of the effects caused by pathogens.6

Modern vaccines use subunits derived from the 
pathogen in question; however, both vaccines (classical 
and modern) need a specific delivery system to activate 
their effects on the immune system.4 Nanotechnology 
has a unique role in designing vaccines called nano
vaccines, promoting specific and powerful immune 
responses.7 A common characteristic of nanovaccines, 
in contrast to conventional vaccines, is the possibility 
of including antibodies and/or other immune molecules 
that can generate a specific and robust immune 
response.8

Nanovaccines have unique characteristics, regarding their 
efficiency in modulating the immune response. This efficiency 
is especially important for small adjuvant molecules that are 
quickly eliminated from the bloodstream.9 NPs measuring 
from 10 to 100 nm enter the extracellular matrix and travel 
to the lymphatic ganglia, where they can be internalized by 
resident macrophages and activate T cell responses that are 
fundamental to promoting a robust immune response. 
Adjuvant and antigen delivery using NPs is considered useful 
to extend exposure in lymphoid organs such as the lymph 

nodes, producing prolonged and vigorous immune 
responses.3,10

Consequently, nanovaccines are more efficient than con
ventional vaccines because in addition to inducing humoral 
and cellular immune responses, this response is more robust 
and specific.2 Other essential characteristics of nanovaccines 
are i) a longer duration of antigen presentation by dendritic 
cells (DCs), ii) an increased ability to elicit cellular and 
humoral immunity, iii) an increased ability to stimulate cyto
kine production, iv) the ability to protect adjuvants and anti
gens from early degradation by proteolytic enzymes, v) the 
potential to include different molecules that can potentiate the 
immune response, vi) the ability for low-dose administration, 
and vii) the absence of a requirement for refrigeration 
(Figure 1).2 All of these features are essential and must be 
considered when designing nanovaccines; however, the main 
advantage of nanovaccine is the ability to include different 
immune molecules, adjuvants and antigens and to potentiate 
and modulate/orchestrate the desired immune response.11–13

Achievements in Nanotechnology 
Applied to Vaccines
Despite the achievements of traditional vaccines in pre
venting various diseases, HIV infections, coronavirus 

Figure 1 Comparative immune activation between conventional vaccines and nanovaccine. Nanovaccines, compared to conventional vaccines, are efficient in inducing 
a more robust humoral and cellular immune response.
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disease 2019 (COVID-19) and influenza, new immu
notherapeutic/vaccine approaches are needed.14 In this 
regards, nanovaccines have the characteristics of multi
functionality, adaptability, increased antigenic stability, 
targeted delivery and long-term release of antigens, culmi
nating in more efficient and robust immune responses, in 
addition to being advantageous in minimizing aspects 
related to inflammation and toxicity due to adjuvants.13

Flexibility in the design of nanovaccines reduces many 
of the main challenges encountered in the development of 
conventional vaccines and constitutes a fundamental 
advance in vaccine/immunotherapeutic applications. 
Nanovaccines being developed in a multifaceted manner, 
allowing the presentation of different classes of antigens, 
which contributes to increased immunostimulatory 
action.11,13 The possibility of coupling multiple antigens, 
a strategy called a nanoplatform, appears to be one of the 
greatest achievements of nanotechnology applied to vac
cines in the treatment of various infections/diseases.10

One of the significant achievements of nanotechnology 
is the application of antitumor nanovaccines, which pre
sent robustness and immunological efficiency, surpassing 
the applications of conventional immunotherapy.3,8 

Nanovaccines can be structured in their design to allow 
the encapsulation of adjuvants and antigens, potentially 
stimulating the immune system by increasing the CD8+ 
T-cell response, which is essential in the defense against 
cancer.15,16

A variety of cancer-fighting nanoplatforms are being 
investigated/developed for molecular delivery into lym
phoid organs, tissues and cells, with the aim of promoting 
potent, long-lasting, antitumor immunity and reducing the 
adverse effects of conventional immunotherapy.17,18 Thus, 
one of the advances is antitumor therapy using nanovac
cines based on ovalbumin (OVA) as a modulating antigen 
and a STAT3 siRNA to activate DCs through Toll-like 
receptor 7 (TLR7). The results obtained show that these 
multivalent antigen-carrying nanovaccines and adjuvants 
induce elevated cytokine levels and tumor volume 
reduction.19 Previous studies using a cancer nanovaccine 
based on the neoantigen peptide (Adpgk) associated with 
TLR 7/8 (agonist R848) and TLR9 (agonist CpG) showed 
increased immunogenicity, reduced acute toxicity, and 
regression of tumor volume by 70%.15

Another advancement obtained by nanotechnology in 
nanovaccines is the use of liposomes as immunostimula
tory molecules.20 Coadministration of cationic liposomes 
associated with trehalose 6,6-dibehenate (TDB) and the 

influenza vaccine induces increased cellular and humoral 
immune responses, promoting a robust T helper 1 (Th1) 
response and elevated levels of IL-1β, IL-2, IL-12, IFN-γ 
and TNF-α.21 Nanovaccines based on liposomes can 
induce the formation of germinal centers and promote 
the synthesis of specific antibodies with long-term effi
cacy. Accordingly, Moon et al demonstrated that 
a nanovaccine using malaria antigen induced protective 
immunity against Plasmodium vivax sporozoites, with 
appreciably higher titers and more balanced Th1/Th2 
responses, compared with vaccines based on soluble pro
tein mixed with monophosphoryl lipid A (MPLA). This 
nanovaccine was based on MPLA, which is associated 
with the malaria antigen VMP001 and incorporated into 
liposomes.22

Advances in the Defense Against 
Influenza, HIV and Coronavirus Infections
Nanotechnology provides technological approaches with 
results and perspectives in the treatment of several pathol
ogies, including viral infections such as influenza, human 
immunodeficiency virus (HIV) and coronavirus.23–26 

Influenza infection threatens global health and constitutes 
a burden to public health systems due to its different viral 
strains/genomic variability.27 Accordingly, influenza vac
cines are currently produced to cover the different viral 
strains circulating.28

One approach used in the treatment of influenza is the 
use of viral hemagglutinin (HA)-associated protein. 
Previous studies have shown that a nanovaccine based on 
viral HA inserted at the interface of ferritin subunits 
inhibited hemagglutination with increased antibody titers 
compared to those achievable with the traditional vaccines 
in use and triggered neutralization of antibodies specific 
for two vulnerable and conserved HAs.29 This strategy of 
self-assembling proteins not only showed improved 
immune potency against the influenza virus but also 
advanced insight into the design of nanovaccines for dif
ferent viral infections. The use of layered protein NPs 
associated with HA and M2 antigens induces a long- 
lasting, robust immune response, according to results 
obtained by Lei Deng research group.30

The resulting immune response of this nanovaccine is 
the induction of long-lasting antibodies and protection 
against challenges caused by influenza viruses. 
A breakthrough in influenza nanovaccines is 
Vaxfectin®.31 Its cationic, liposome-encapsulated 
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formulation with activity against herpesvirus type 2 (HSV- 
2) is also used for immunization against the H5N1 influ
enza virus. Another achievement in nanovaccines for influ
enza is Inflexal®,32 which is an FDA-approved 
formulation based on influenza virus HA surface mole
cules fused with lipid components.24,33

Nanotechnology has also been a great aid against HIV. 
The HIV-1 pandemic has claimed more than 30 million 
people since the beginning of the infection. By 2020, 
approximately 36.2 million people were living with HIV- 
1, with 1.7 million newly infected.34 Highly active anti
retroviral therapy (HAART), despite being a strategy for 
the treatment of acquired immunodeficiency syndrome 
(AIDS) caused by HIV, has barriers in regard to HAART 
resistance. Although many antiretroviral drugs have 
actions in treating HIV infection, none can eliminate the 
viral reservoirs.35 Therefore, the need to develop a vaccine 
to contain the HIV-1 pandemic has become critical; how
ever, even after more than three decades of research, there 
is no effective vaccine. Several factors affect the develop
ment of a vaccine capable of preventing infection with 
HIV-1, but the most salient aspect is that the viral genome 
is extremely dynamic, variable, and highly mutable due to 
the action of the reverse transcriptase.36

Nanotechnology has achieved unprecedented advances 
throughout the history of HIV, allowing the design of 
functional structures to treat this infection. Several 
approaches have been developed to obtain an efficient 
vaccine against HIV, including nanovaccines based on 
nanocapsules,8 Nanocrystals,37 lipid NPs, nanocarriers, 
liposomes and micelles.17,22,38 The use of biomimetic 
nanovaccines, can be designed with properties that directly 
modulate the immune system to defend against viral infec
tions. These nanovaccines exhibit high encapsulation effi
ciency or coupling of antiretroviral drugs, cytokines, and 
enzymes as well as drug delivery to desired/specific 
sites.39

Previous studies have shown that the use of liposomes 
facilitates endocytosis into cells of the mononuclear pha
gocytic system (MPS), allowing the contents to reach the 
HIV-infected reservoir.40 The results obtained by Hanson 
et al demonstrated that an HIV nanovaccine based on the 
membrane proximal region (MPER)-associated MPLA 
and the stimulator of interferon genes (STING) agonist 
cyclic-di-GMP (cdGMP) induced a significant humoral 
immune response in addition to an increased T-cell 
response.41 Another study used the HIV viral surface 
glycoprotein gp120/gp41 as a component of VLP 

nanovaccines against HIV. The vaccine showed profound 
modulation of the immune system and germinal center 
maintenance from hypermutation of B cells, resulting in 
the secretion of highly neutralizing anti-HIV antibodies.42

An efficient strategy to combat HIV infections is to 
coat NPs with the viral cell membrane. Previous results 
have shown increased production of neutralizing antibo
dies against HIV infection.43 Additionally, after repeated 
antigen presentation, multivalent nanovaccines/nanoplat
forms against HIV infection tend to increase the retention 
of vaccine particles before they reach the germinal center, 
which enhances B-cell activation.39,44 Work developed by 
Wahome et al made the association in the outer MPER of 
HIV-1 gp41, aiming to produce a helical conformation of 
the 4E10 α epitope. The results showed increased titers of 
antibodies specific to membrane regions, indicating that 
this conjugate exhibits potential as a nanovaccine against 
HIV.45

Nanotechnology has also been used to seek solutions 
for infections with the coronavirus that causes severe acute 
respiratory syndrome (SARS).23,46 The pandemic of 
COVID-19 (caused by SARS-CoV-2) has spread exponen
tially worldwide since November 2019, when the first case 
was diagnosed in Wuhan, China.47 Since then, the devel
opment of immunotherapies that can contain the rapid 
spread of this infection has become critical and urgent. 
Several studies are being carried out to develop new vac
cines against COVID-19; however, aspects beyond pre
vention, such as efficient treatment and diagnosis, are 
also challenging.48

Advances in nanotechnology have led to the develop
ment of new strategies for the treatment and prevention of 
COVID-19, including nanovaccines to control infection. 
Several approaches, including attenuated viruses, particu
late subunits, nucleic acids, and recombinant viral vectors, 
have been used in the development of nanovaccines. Most 
studies use structural proteins such as the spike (S), envel
ope (E) or membrane (M) proteins to act as inducers of 
neutralizing antibodies.46,49

Nanovaccines are increasingly being used as new stra
tegies and potential therapeutic approaches, aiming at the 
prevention, treatment, and diagnosis of different COVID- 
19 infections.23 A widely used approach is the use of 
nanoformulations/NPs, whose unique characteristics, for 
example, include potential for drug encapsulation that 
surpasses that of conventional therapeutic options. The 
use of a polyglycolic acid (PLGA) capsid as a cationic 
STING associated with a recombinant MERS-CoV antigen 
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adjuvant to promote Th1 immune and cellular responses 
against MERS-CoV infection increases antigen-specific 
cellular and humoral concentrations.50

Nanoformulations allow the controlled and sustained 
release of antigens/therapeutic agents, which interfere with 
viral entry into cells, improving the success of preventive 
and therapeutic measures against COVID-19. 
Nanoformulations composed of S surface proteins and 
M1 matrix proteins have been shown to induce robust 
and effective immune responses with the production of 
neutralizing antibodies against MERS-CoV blocking its 
replication in the lungs of vaccinated mice.51

Another approach exploiting nanotechnology to address 
COVID-19 is the use of polymeric micelles.52 Single-chain 
polymers conjugated to specific ligands, which help to engulf 
or coat the virus, result in neutralization and destabilization 
of the viral genome. This approach/strategy used coronavirus 
surface ligands to develop a nanotechnology/nanovaccine 
called a NanoViricide®.53

Raghuwanshi et al encapsulated the plasmid DNA 
encoding protein N (pVAXN) of SARS-CoV in biotinylated 
chitosan NPs for nasal immunization. The biotinylated chit
osan NPs were surface functionalized with a recombinant 
bifunctional fusion protein (bfFp) containing the single- 
stranded variable fragment (scFv) for DEC-205 receptors. 
The positively charged chitosan NPs efficiently bound to 
negative sialic residues in the mucosa of the nasal region.54

Most studies using nanotechnology approaches to com
bat COVID-19 are in the early or developmental stages, 
and problems will remain until these vaccine systems can 
progress to clinical use. The efficacy, stability, and safety 
of nanoscale-based systems for both prevention and diag
nosis must be evaluated to ensure their clinical 
relevance.55 Several studies are in progress to allow 
approaches using nanotechnology to offer interesting sys
tems that can address major public health challenges, 
promoting achievements not only in the prevention but 
also in the diagnosis and treatment of different infections, 
especially influenza, HIV and COVID-19.23,25,39

How Do Carbon Nanotubes 
Interact with Cellular Structures?
Properties of Carbon Nanotubes
Carbon nanotubes (CNTs) are cylindrical structures that 
are formed by carbon atoms. CNTs are classified accord
ing to the number of walls that compose them as single- 
walled CNTs (SWCNTs) or multiwalled CNTs 

(MWCNTs). They can be generated by electrical discharge 
and laser ablation using graphite target vaporization or 
synthesized through the deposition of vapor containing 
catalytic metal).56

They have an approximate diameter of 0.4–2 nm 
(SWCNTs) or 10–100 nm (MWCNTs). Both types of 
CNTs can be used in biological biomedical systems, pro
vided that they are treated to minimize and/or eliminate 
toxic effects, making them biocompatible.57 Reducing the 
size and diameter of CNTs, a fundamental characteristic 
for biological applications, can be achieved by acid and 
ultrasound treatment and purification methods.58

The CNT structure allows the coupling of different 
molecules, including antigens, DNA and drugs, which 
can subsequently be targeted for the therapeutic treatment 
of numerous pathologies or for the detection of disease- 
causing pathogens.59 In this way, due to their magnetic, 
electronic, mechanical and optical properties, CNTs are to 
a promising group of nanomaterials.60

Uptake and Interaction with Cellular 
Structures
The entry of CNTs into cells occurs mainly through 
internalization mechanisms, such as direct translocation 
by NP insertion or diffusion by endocytic-phagocytic 
mechanisms.61 The mechanisms by which CNTs are 
taken up into cells include phagocytosis, diffusion and 
endocytosis. CNT phagocytosis is a process that occurs 
by active digestion within small vesicles named phago
somes, which are temperature-dependent, a process that 
requires energy expenditure via ATP.62 These types of 
entry are related to factors such as CNT synthesis, size 
and type of functionalization, as well as other physico
chemical characteristics of the nanomaterials.63–65 

Although CNT entry mechanisms depend on their size, 
diameter and functionalization groups, size is the predo
minant factor. CNTs Between 100–200 nm can enter the 
cell via clathrin-coated internalization mechanisms, and 
CNTs smaller than 100 nm are internalized into vesicles 
via caveolae (Figure 2).63

Macrophages play a critical role in the immune response 
and constitute the organism’s first line of defense against 
foreign particles. Studies have shown that CNT entry into 
macrophages results in cell death, suggesting that this death 
occurs via rupture of the plasma membrane.66 The direct 
interaction of CNTs with the plasma membrane is partially 
mediated by the association of macrophage receptors with 
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collagenous structures (MARCOs) on the cell surface, sug
gesting that CNTs bind to macrophages via MARCOs, 
which stimulates cell membrane extension, causing mem
brane disruption and eventually cell death.67

CNTs are engulfed by phagocytic cells through several 
phagocytic and endocytic mechanisms. Previous studies 
have shown that CNT uptake by macrophages occurs 
when they are exposed to a CNT concentration of 10 µg/ 
mL for 2–4 days. Thus, CNTs are found in macrophage 
lysosomes two days after uptake, where the entry of CNTs 
into cells is not efficient when the size of these nanoma
terials is greater than 10 μm.68 CNTs can affect membrane 
polarity in macrophage mitochondria, suggesting that 
these signaling events can induce transcription factors 
such as NF-κβ, culminating in the activation of inflamma
tory processes and cytokine production.64

CNT internalization is also cell lineage dependent. In 
this sense, CNT internalization by epithelial cells is related 
to the size of these NPs, and particles larger than 10 µm 
undergo frustrated internalization.65 Active and passive 
mechanisms of CNT cellular uptake culminate in accumu
lation within organelles and/or in elimination. CNTs cross 
the plasma membrane very efficiently by endocytic or 
passive diffusion, penetrating the cell membrane and accu
mulating in different organelles/cellular structures.69

CNTs can be internalized by the endocytic pathway 
inside vesicles called endosomes before being directed to 

lysosomes in the perinuclear compartment. The mechan
isms of CNT cellular uptake are energy-dependent and 
occur in a clathrin-dependent manner for both SWCNTs 
and MWCNTs (Figure 2).63 However, SWCNTs tempora
rily remain inside lysosomes in pH-dependent 
environments.70 CNTs penetrate cells by passive diffusion 
through nanoneedle penetration mechanisms caused by 
diffusion of single CNTs through the plasma 
membrane.71 According to computational studies, CNTs 
penetrate the lipid bilayer of the plasma membrane via the 
following steps: i) landing and fluctuation of CNTs on the 
cell surface; ii) penetration of the CNTs across the heads 
of lipidic groups in the cytoplasmic membrane; and iii) 
sliding of the CNTs through the lipidic components of the 
cytoplasmic membrane.72 Another factor to be considered 
in cellular uptake mechanisms is that endocytic mechan
isms are involved in internalizing CNT clusters, while 
isolated CNTs are internalized by membrane diffusion.71

Functionalized CNTs (CNT-f) with phospholipid- 
polyethylene glycol (PL-PEG), cross the lipid membrane 
of nonphagocytic cells by passive diffusion and accumu
late in the mitochondria and in macrophage lysosomes. 
Phagocytosis mechanisms are dependent on the physico
chemical properties of nanotubes and the phagocytic nat
ure of the cells. Yet another factor to be considered in 
cellular uptake mechanisms is the CNT size.65 Studies 
have shown that CNTs larger than 400 nm are found in 

Figure 2 CNT uptake and interaction with the cell structures. The size of the nanotubes is the main factor for their entry into the cell. CNTs between 100–200 nm can 
enter the cell by clathrin-coated internalization mechanisms, and CNTs smaller than 100 nm are internalized into vesicles. Phagocytosis of CNTs occurs by active digestion 
within small vesicles called phagosomes.
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endocytic vesicles and that CNTs smaller than 400 nm are 
scattered throughout the cytoplasm.63,73

CNTs can be visualized inside cells by optical, electron 
and fluorescence microscopy. Optical microscopy is ideal 
for analyzing cells in vivo, which allows the identification 
of internalized nanomaterials. Electron microscopy 
improves the spatial resolution of CNT images; however, 
the cells need to be fixed, unlike fluorescence microscopy, 
which detects CNTs indirectly by detecting molecules 
coupled to them.74 When used as a drug delivery system 
(DDS), CNTs represent an essential molecular transport 
vehicle for epitopes, including vaccination systems.17

The exceptional capacity of CNTs to enter cells drives 
their use as application systems for both drugs and vac
cines. However, it is necessary to analyze and quantify 
their effects in different organs and cellular structures to 
ensure the safe use of these nanomaterials.75,76 The inter
action and uptake of CNTs at the cell surface depend on 
the type of functionalization present on the CNT surface 
and the phagocytic nature of the cell (Figure 3).77 

Therefore, the treatment/functionalization of CNT surfaces 
is crucial for interactions with cellular membranes, since 
the ambiguity of these nanomaterials can induce cytotoxi
city or activation of specific molecules.77,78

Entry mechanisms and intracellular elimination are the 
objects of intensive research aimed at modeling and adapting 
these properties of nanomaterials to enhance their biocom
patibility. CNTs accumulate around the cell nucleus in HeLa 
and 3T3 cells, where they are dispersed with DNA.79 CNT-f 

with PL-PEG, crosses the plasma membrane of nonphago
cytic cells, such as COS7 and MCF7 EVC304 cells, by 
passive diffusion, later accumulating in mitochondria.73,80

In phagocytic cells such as macrophages and RAW264 
cells, CNTs accumulate in lysosomes.81 These studies 
show that the mechanisms of CNT internalization by pha
gocytosis depend not only on the physicochemical proper
ties of these nanomaterials but also on the phagocytic 
nature of the cells (Figure 3).77 These characteristics can 
be modified or engineered via functionalization of CNTs 
and alteration of some characteristics that can be modu
lated, especially in relation to biocompatibility, through 
many types of functionalization on the CNT surface. In 
this context, biocompatibility can be enhanced when CNTs 
are treated with acids (1,3-dipolar, oxidation and 
amidation).82

Activation of Signaling Pathways Induced 
by Carbon Nanotubes
Most studies of the cellular internalization of CNTs under 
in vitro conditions report the use of progenitor/myeloid 
cells, including macrophages, eosinophils and DCs, which 
recognize foreign matter through membrane receptors such 
as TLRs and, through this binding of receptors and foreign 
matter, activate signaling pathways that culminate in the 
immune response.58

The immune activation pathways induced by CNTs are 
related to several characteristics, including the physico
chemical properties of these nanomaterials, which can be 
modified through functionalization processes, and any mod
ifications lead to different immune reactions.16 In this 
regard, cell signaling pathways are altered/orchestrated by 
the physicochemical properties of CNTs, which include the 
different possibilities of modifications/functionalizations on 
the surfaces of these nanomaterials, potentially directing 
biological activities.72 Physicochemical surface modifica
tions of CNTs (eg, the addition of carboxyl groups or 
amines) culminate in diverse immune responses. In this 
context, depending on the surface modification of the nano
tubes, it is possible not only to alter the cellular uptake of 
these nanomaterials but also to alter the binding receptors 
involved and, consequently, to activate different cellular 
signaling pathways.83

The cellular effects of CNT uptake are related to their 
recognition of plasma membrane receptors and activation 
of immune cells. Nanotubes are easily internalized by cells 
by energy-dependent and independent mechanisms, and 
after cellular uptake of this nanomaterial, they target 

Figure 3 CNT uptake is mediated according their characteristics. The entry and 
interaction of the CNT is dependent on the balance between different character
istics such as the phagocytic nature of the cells, size and types of functionalization of 
the nanotubes.
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different structures and organelles, interacting with cyto
plasmic proteins. This hydrophobic nature of the nanotube 
surface can induce the binding of protein domains rich in 
hydrophobic amino acids, and carboxylated nanotubes 
regulate BMP.84

Mario Pescatori research group investigated the 
immune activation pathways after the uptake of different 
types of CNTs (ox-MWCNT-1, ox-MWCNT-NH3+-1, and 
ox-MWCNT-NH3+-2).85 The nanotubes tested activated 
monocyte-related immune pathways and are therefore 
referred to as monocyte-activating nanotubes (MA-CNTs) 
. These nanotubes induced activation of IL6 and CD40, 
DC maturation, tumor necrosis factor (TNF)-a/TNFR1-2 
and NFKB signaling, and Th1 chemokine production (via 
CXCR3 and CCR5 ligands). Nanotubes (MA-CNTs) are 
strongly associated with immune transcripts, which 
include genes encoding CCR5 and CXCR3 ligands. 
These signaling pathways, especially Th1, are activated 
during acute inflammatory processes and pathogen clear
ance, which are critical in controlling tumor rejection. 
These results show that the use of CNTs as immunother
apeutic molecules is promising in cancer treatment.58

The functionalization of CNTs is a key factor in the 
modulation/orchestration of specific cytokines, eg, anionic 
functionalization (carboxylated and PEGylated CNTs), 
decreases the production of cytokines and growth factors 
IL-1beta and activates TLR, IL-6, TNF, NFKB, DC 
maturation, chemokines via Th1 and CXCR3 and CCR5 
ligands.85 TLR receptors on the surface of phagocytic cells 
detect CNTs and, once they are phagocytosed by macro
phages, induce chemokine secretion through TLR2/ 
4-MyD88-NF-κB signaling. TLRs activate adaptor protein 
signaling pathways, including MyD88 differentiation fac
tors, which induce transcription factors such as NF-kB and 
subsequent cytokine/chemokine production.86

However, phagocytosis of nonfunctionalized CNTs, 
which are cytotoxic, activates IL-1 beta and caspase-1 
and various inflammatory cytokines through pathways 
associated with oxidative stress and the caspase 
cascade.87 CNTs functionalized with ammonium groups 
by 1.3-dipolar cycloaddition, when phagocytosed by 
human monocytes, induce the expression of CD25 and 
markers of IL1 beta, IL6, TNF, and IL10 without activat
ing cytotoxic mechanisms. Therefore, functionalization/ 
modification of CNTs with ammonium groups or oxidation 
promotes profound modulation of immune-regulatory 
pathways without activating apoptotic pathways.88

CNT activation culminates in a profound modulation of 
inflammatory molecules at the transcriptomic level, 
including TLR, IL-6, DC maturation, TNF, NFKB and 
the Th1 chemokine pathway (CXCR3 and CCR5).85 Due 
to their potential to direct the synthesis of immunological 
molecules and their critical role in inflammatory pathways, 
depending on the functionalization, CNTs are presented as 
molecules of excellence in the immunotherapy scenario 
and emerge as a potential adjuvant against several pathol
ogies, including infectious diseases caused by HIV, influ
enza and COVID.25,39,75

Biodegradation and Elimination of Carbon 
Nanotubes
Enzymatic degradation of CNTs occurs under abiotic con
ditions. Allen et al in 2008 was first to described nanotube 
biodegradation by horseradish peroxidase (HRP), an 
enzyme of vegetal origin that causes the oxidation of 
these nanomaterials by enzymatic oxidation, and as 
a result, CNT length is reduced.89

CNT-f with PEG has the capacity for neutrophil activa
tion, inducing an increase in myeloperoxidase (MPO) and 
hypochlorous acid production, which favors their autode
gradation. The same effects occur in the presence of MPO, 
which is of animal origin and expressed in neutrophils, and 
eosinophil peroxidase (EPO).90

The biodegradation of CNTs occurs due to the action 
of enzymes such as lignin peroxidases, xanthine oxidases 
and manganese peroxidases, which demonstrates the 
degradative capacity of these nanomaterials. Oxidized 
CNTs can be degraded by the plant enzyme HRP over 
a period of ten days. Daily degradation also occurs in the 
presence of hydrogen, which shortens CNTs and induces 
the production of polyaromatic oxides and, finally, 
CO2.91,92 Previous studies have shown that in vivo, macro
phages pretreated with enzyme inhibitor targeting both 
MPO and reactive oxygen species (ROS) exhibit increased 
degradation processes.68

In this regard, the absence of NADPH enzymes 
decreases CNT degradation, showing a clear dependency 
on the biodegradation of these nanomaterials by macro
phages. NADPH oxidase-dependent ROS generation plays 
a crucial role in CNT biodegradation by macrophages.89,93 

CNTs can be degraded by macrophages, and this degrada
tion mechanism is related to the increase in oxygen when 
CNTs are internalized by the cell, raising the consumption 
of NADPH.68 CNT biodegradation by macrophages 
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follows the steps below: i) CNTs are internalized by 
macrophages; ii) NADPH oxidase is activated to generate 
O2-; iii) superoxide dismutase (SOD) converts superoxide 
into H2O2 or free radicals such as nitric oxide (NO) to 
generate ONOO-; and iv) MPO combines H2O2 with Cl to 
produce hypochlorites or, in the presence of Fe3+, H2O2 is 
converted to OH, and hypochlorites and OH can attack the 
CNT walls, creating holes in the structure and resulting in 
degradation by carbon dioxide, a process called oxidative 
burst (Figure 4).95 Thus, all biodegradation mechanisms 
are dependent on enzymatic processes.93–95

After biodegradation, CNTs can be eliminated by exo
cytosis, an essential mechanism in CNT elimination. 
Endosomes in the trans-Golgi complex are responsible 
for the extrusion of these nanomaterials, but it is an elim
ination process that occurs under cell stress conditions.63 

Several factors influence the degradation rate of CNTs, 
including the size of the nanomaterial and wall thickness; 
for example, SWCNTs are degraded faster than MWCNTs. 
The CNT diameter becomes a decisive factor in the degra
dation time and efficiency of these nanomaterials, and the 
functionalization of the CNTs, ie, the chemical treatment 
of their surface, is a significant factor that directly influ
ences the degradation rate of CNTs.96 Biodegradation is 
related to several factors, including the type of functiona
lization, the size of the CNTs, the varieties of molecules 
attached to these nanomaterials, the experimental condi
tions used, and especially the type of cells and immune 

recognition. In summary, the rate of biodegradation and 
elimination of CNTs is dependent on a combination of all 
the elements mentioned above.94

Nanotubes Mechanisms to Activate 
Immune System
Cellular Immune Response—Activation 
of Macrophages and Monocytes
The immune system is composed of organs, tissues and 
cells that maintain health. The balance of these compo
nents governs homeostasis in response to different infec
tions, controlling the balance between health and disease 
in an organism.97 It is essential to analyze the features 
related to the safety and development of new materials 
used to restore and modulate these immunological systems 
in patients affected by diseases, such as by changing 
specific pathways involved in the immune response.98 

The possibility of applying research on nanotechnology 
within the criteria for inducing immunity with nanomater
ials supports the development and performance of these 
tools, the objective of which is to modulate the immune 
response that can be orchestrated according to the nano
material’s surface treatment.2,19,84 In this context, 
Nanotechnology allows nanomaterials to develop within 
the criteria of safe innovation, allowing their safe 
application.75 It is possible to create products based on 
the physical-chemical properties of nanomaterials.

Figure 4 CNT biodegradation by macrophages cell and elimination. The biodegradation mechanisms are depending on enzymatic processes with the participation of particle 
degrading oxidases in an event called oxidative burst.
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The first line of cellular defense in the human body 
comprises phagocytes, cells capable of internalizing patho
gens or other foreign elements. Monocytes, macrophages and 
neutrophils are among the first cells to recognize CNTs, 
which later enter the cytoplasmic vesicles. Monocytes play 
an important role in eliminating and destroying pathogens, 
acting in both innate and adaptive immunity and presenting 
immunological properties in the production of various model 
molecules, such as cytokine responses.86,87

The introduction of nanomaterials whose physical- 
chemical parameters can be used in the orchestration of 
the immune system has made possible the application of 
CNTs with immunomodulation potential. Immunological 
effects are directly facilitated by the possibility of model
ing the design of different properties of CNTs, including 
size and functionalization, that will serve as a basis for the 
desired biological/biomedical application. In this context, 
understanding nanomaterial interactions with the immune 
system facilitates the development of specific strategies for 
immunotherapies.19,55

Activation of Dendritic Cells
DCs specialize in presenting antigens circulating in the 
bloodstream. Previous studies have shown that CNTs pro
duced by high-pressure CO (HiPCO nanotubes) induce 
lung inflammation, facilitating the recruitment of DCs to 
lung tissues with poor DC activation.99 However, with 
CNT-f, this process culminates in a T cell-suppressive 
response.88,100 Different types of CNT functionalization 
can alter DC recognition and profiles and, consequently, 
antigen presentation and processing for T cells.60 CNT-f 
with anionic phospholipids drastically changed recognition 
and uptake by a wide range of phagocytic cells, including 
DCs. Additionally, studies performed by Villa et al demon
strated that CNT-f coupled with tumor protein induces 
a specific IgG immune response together with this peptide, 
showing that CNTs can be used as antigens with antigen- 
presenting cells (APCs).98

Another important characteristic is that both the kinetic 
mechanism of nanotube uptake and intracellular nanotube 
trafficking by DCs involve immediate uptake, with a median 
time of five minutes. This rapid and robust absorption is 
consistent with mechanisms involved in macropinocytosis, 
which is a fundamental mechanism of macromolecular anti
gen uptake in DCs. Additionally, according to previous 
results, DCs can internalize a large number of nanotubes 
without compromising cell integrity.99,100

Lymphocyte Activation
Previous studies have shown that the effects of CNTs on 
lymphocytes are related to the morpho-physical-chemical 
characteristics of nanomaterials and the type of 
functionalization.101 Although CNTs do not affect cytokine 
secretion, they increase the dose-dependent secretion of 
TNF-α/IL-12/IL-6 and IL-2/IFN-γ. CNT-f with a 1.3-dipolar 
cycloaddition reaction are not toxic to murine T and B cells and 
may stimulate T cell lines more efficiently when associated 
with specific molecules such as CD3.102 Furthermore, CNT-f 
with amphotericin B can better induce an antifungal effect than 
amphotericin B alone in T cell lines.103

The global impact of CNTs on immune responses was 
investigated after injection into mice and led to the con
clusion that CNT administration improves immune 
responses. In this manner, the activation of cells of the 
innate immune system, such as monocytes/macrophages, 
is the first event, resulting in the secretion of proinflam
matory cytokines, which stimulates Th cells.104 All these 
events are important for the differentiation of B cells into 
antibody-secreting cells (Figure 5).100 This sequence of 
events has been shown using nonfunctionalized CNTs, 
called pristine CNTs (PCNTs), injected intraperitoneally 
or intravenously with OVA as the antigen. OVA-specific 
antibody production was increased, suggesting a critical 
immunostimulatory effect of CNTs.105

This sequence of events (inflammation leading to lym
phocyte activation) may be related to the allergic response 
observed when PCNTs are intratracheally instilled in mice. 
Many studies have analyzed the activation of immune cells 
by CNTs, but few studies have focused on the immuno
genicity of CNTs themselves.106 Notably, the induction of 
anti-CNT antibodies has not been shown to date, even after 
injection into mice in the presence of a robust immunolo
gical adjuvant.107 This immune neutrality is particularly 
desirable when CNTs or any other NPs are to be used as 
carriers for drug administration. Thus, various physical- 
chemical parameters, such as size, surface load, hydropho
bicity, surface topography and material composition,108 

can be amplified and optimized to facilitate activation 
interactions to orchestrate the immune response 
(Figure 6).108

Activation of the Complement System 
and Interleukins
Another component of the immune response is the com
plement system, composed of over 40 proteins in the 
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cytoplasm and on the cell surface. The complement system 
allows the recognition of harmful microorganisms as well 
as changes such as apoptosis, necrosis and aggregate pro
teins, among others. Therefore, when NPs are adminis
tered, they are immediately covered by a crown 
composed of proteins, among which the complement sys
tem recognizes abnormal components, including patho
gens and synthetic materials.109

Activation of the complement system can be mediated 
by the induction of three pathways, the classic, alternative 

and lectin pathways, which converge around the formation 
of C3 convertase. This protease activates C3, cleaving it 
into C3b. The degradation of C3b and its byproduct, iC3b, 
is the key to mediating the link between the target and 
phagocytic cells. Some complement proteins, such as C1q, 
are sensors that recognize foreign components and, 
depending on the recognition of these invading compo
nents, can activate the three distinct pathways.110 All three 
pathways are part of the complement cascade system, 
whose objective is to eliminate the pathogen/target by 

Figure 5 CNT Immunological properties and activation of immune cells. CNT activate the first line of defense of the innate immune system, including cells such as 
monocytes/macrophages, resulting in the activation of pro-inflammatory cytokines, which stimulates Th cells. All of these events are important for the differentiation of 
B cells into secretory cells of antibodies.

Figure 6 CNT Immunological activation or suppression based on functionalization. Different physicochemical parameters influence the toxicity and immune stimulatory aspects of 
CNTs, including hydrophobicity, size, surface charge, and CNT composition that can be modified and optimized to facilitate the orchestration of the immune response. 
Notes: Modified from Fadel TR, Fahmy TM. Immunotherapy applications of carbon nanotubes: from design to safe applications. Trends Biotechnol. 2014;32(4):198–209, Copyright 
2014, with permission from Elsevier.75
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forming the membrane attack complex (MAC) or by med
iating indirect opsonization, and the activation of the com
plement system by both the classical and alternative 
pathways was reported using PCNTs. CNT-f with PEG, 
an enzyme that provides stability to the nanomaterial in 
the blood circulation, can attenuate complement system 
recognition.111

The activation of these pathways of the complement 
system depends on the type of CNT functionalization (eg, 
PEGylated CNT-f activates the lectin pathway, and CNT-f 
with albumin activates the classical and alternative pathways 
via C1-q).112 In this context, C1q proteins from the classical 
pathway bind CNTs without additional activation. The poten
tial of CNTs to induce an immune activation response to the 
complement system must be considered.113 CNTs can be 
modulated by modification/functionalization of their surface 
for further use in medicine/biology.85,114

CNTs can stimulate the secretion of proinflammatory 
cytokines such as IL-1β, TNF-α, IL-8 and IL-6, inducing 
a robust inflammatory response. PCNTs activates both the 
classical and alternative pathways of the complement sys
tem. However, when CNTs are functionalized with PEG, 
the alternative pathway with cleavage of C4 is activated, 
suggesting lectin pathway activation.112,115 CNT functio
nalization increases the extension of complement activa
tion, in addition to changing cell uptake. Additionally, the 
opsonization of CNTs induces the modulation of inflam
matory and proinflammatory cytokines by phagocytic cells 
such as monocytes.73,87 Thus, CNTs activate both the 
classical and alternative complement pathways, with the 
classical pathway being predominant. The activation of 
complement C3 and C5 indicates the formation of the 
MAC.116 Previous studies have shown that the differences 
in the activation of the complement system are related to 
the degree of functionalization of the CNTs and the che
mical nature of the substances used in the functionalization 
of these nanomaterials.111

Immunosuppressive Effects of Carbon 
Nanotubes
CNTs also have the characteristics of inductions of immuno
suppression. Previous studies have shown that after exposure 
to 1 mg/m MWCNTs for 14 days, no inflammation or tissue 
damage was observed in the lungs. However, the mRNA 
levels that encode the immunoregulatory cytokine IL-10 
were increased, inducing systemic immunosuppression as 
demonstrated by reduced spleen T cell proliferation.117

Other studies investigated the levels of TGF-β released 
by alveolar macrophages after phagocytosis of MWCNTs. 
TGF-β is an anti-inflammatory cytokine secreted by pha
gocytic cells to avoid unwanted immune responses.118 

These events lead to the activation of the cyclooxygenase 
(COX) route, inducing the production of prostaglandin and 
IL-10 and altering systemic immunity. Other mechanisms 
of immunosuppression induced by CNTs have shown that 
pharyngeal aspiration of acid-treated CNTs in mice 
induces a weaker systemic response of T cells and DCs, 
which is responsible for this suppression.119

Relations Between Physicochemical and 
Immunomodulatory Properties of 
Carbon Nanotubes
The immune response to CNTs can be orchestrated/modu
lated according to the physicochemical properties of these 
nanomaterials that influence not only the mechanisms 
related to cellular uptake but also the induction of specific 
signaling pathways.72 Thus, modifying the physicochem
ical properties of CNTs, such as changing their length and 
surface charge, affects their uptake by cells and, conse
quently, the targeting and potency of the immune response 
induced by this modification.

Hassan et al modified the physicochemical properties 
of CNTs to subsequently conjugate with the antigen OVA. 
Long CNTs conjugated with OVA (+- 386 nm and 
a positive charge of 5.8 mV) were compared with short 
CNTs conjugated with OVA (+- 122 nm and a negative 
charge of −23.4 or −39 mV). Compared with long nano
tubes, short CNTs showed better uptake by cells and 
a better immune response both in vitro and in vivo. The 
reduction of the negative charge of the nanotubes pro
moted better cellular uptake and, consequently, increased 
the intensity of the immune response. These results 
demonstrate the potential of CNTs as a basis for 
immunotherapies/vaccines.60,120

The physical-chemical characteristics of nanotubes 
have a direct correlation with their immunomodulatory 
activity. Studies performed by Bianco et al demonstrated 
that the immune response induced by the CNT CpG-ODN 
+ lysine conjugate is more robust than that induced by the 
CNT CpG-ODN+ammonia conjugate. Consequently, the 
immune response activation induced by the physicochem
ical properties of nanotubes is directly related to increased 
cellular uptake.121 Modification/functionalization with 
positively charged 1.3-dipolar cycloaddition of azomethine 

https://doi.org/10.2147/IJN.S314308                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 5422

de Carvalho Lima et al                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ylides significantly improves the uptake of nanotubes by 
cells. A previous study compared four different types of 
CNTs functionalized with the following characteristics in 
epithelial and monocyte cell cultures: i) 1.3-dipolar (12.95 
mV), ii) oxidized (−52.61 mV), iii) amidated (−2.35 mV) 
and iv) polyetherimide (53.33 mV). A direct correlation 
between the surface chemical modifications of CNTs and 
their cellular uptake was shown.60

Certain physicochemical modifications of CNTs have 
a significant impact on the development of pulmonary 
fibrosis.118 Anionic functionalization (COOOH and PEG) of 
nanotubes decreases the production of profibrinogenic cyto
kines and growth factors, especially IL-1B and TGF-B1, while 
neutral or cationic functionalization (NH2 and sw-NH2) of 
nanotubes yields intermediate effects. These differences may 
be related not only to the cellular uptake of the nanotubes but 
also to the activation of the NLRP3 inflammasome in macro
phages, which is dependent on cathepsin B induction.122

Monocytes and T cells, upon uptake/internalization of 
oxidized CNTs (Ox-MWCNT-2), show downregulation of 
ribosomal protein-associated genes. The most relevant 
identified signaling pathways include the induction of 
IL6, CD40 DC maturation, TNFa/TNFR1-2 and NFkB 
signaling.73,87 Physicochemical modification of CNTs not 
only alters but also directs the immune response, which 
can be activated and intensified according to the treatment 
of this nanomaterial. Thus, cationic functionalization is 
crucial when the goal is biological/biomedical applica
tions. Cationic CNTs induce the production of cytokines 
and growth factors, as well as the synthesis of IL-1B, 
PDGF-AA and TGF-B1, which confirms the importance 
of physicochemical modification of these nanomaterials 
for the induction of a specific immune response.122

The results obtained using nanotechnological strategies 
provide insights into the immunomodulation that changes 
according to the different physicochemical properties of 
CNTs, demonstrating the potential for the application of 
these nanomaterials as immunotherapeutic agents and/or 
vaccine adjuvants.

Perspectives on Vaccine Adjuvants 
and Carbon Nanotubes Use
Commonly Used Adjuvants and Adjuvants 
with Increased Immunological Potential
The aim of a vaccination is to induce an immune response 
that confers long-term protection against infection. 
However, the efficacy of a vaccine is also related to the 

additional use of adjuvants, which have immune- 
enhancing properties that promote increased efficacy and 
timing of antigen-specific immune responses, especially 
T cell responses.4,16

Adjuvants are generally classified into two categories: 
vehicles (eg, mineral salts, emulsions, liposomes), which 
present vaccine antigens more effectively to the immune 
system to increase the specificity of the immune response, 
and immunostimulants (eg, TLR agonists, saponins, cyto
kines), which affect the immune system by increasing 
immune responses to antigens through the induction of 
cytokines and costimulatory signals.123

Despite the progress made in the use of adjuvants, drug 
regulatory agencies are searching for new adjuvants 
because they are not always strong enough to culminate 
in a long-lasting protective response against the target 
pathogen. Until recently, the focus of vaccine studies/ 
development has been on traditional adjuvants such as 
calcium and aluminum salts. However, new regulatory 
approaches for vaccine adjuvants for use in infectious 
diseases are being considered by the Center for Biologics 
Evaluation and Research (CBER) at the FDA, where the 
number of preinvestigation drug applications has increased 
considerably in recent years.124

Adjuvants act through different mechanisms, eg, induc
tion of long-lived antigen and CD8/CD4 responses, 
increase in the time of immune presentation of vaccine 
antigens by DCs, and targeting of humoral immune 
responses with specific antibodies.125 However, one of 
the challenges of traditional adjuvants is their safety, as 
local adverse reactions such as muscle pain, swelling, 
granulomas, ulcers, and toxicity are some of the unwanted 
side-effects, as well as systemic reactions that can occur, 
eg, nausea, fever, arthritis, eosinophilia, immunosuppres
sion, and anaphylaxis.126

Although several problems may be associated with the 
development of vaccine adjuvants, numerous advances have 
been made in understanding the molecular/cellular basis 
involved in responses to these compounds.39,127 Thus, 
knowledge of the action of adjuvants is fundamental in the 
formulation of new vaccines against emerging diseases, eg, 
HIV, influenza and coronavirus. The development of new 
formulations that can potentiate the immune response is 
urgent and necessary, and effective adjuvant systems are 
being studied for their use in vaccines that require synergy 
between immunostimulants and the delivery system.15,126

Although different types of adjuvants are used in vac
cine production, the most common and licensed for use in 
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human vaccines are alum (composed of aluminum salts, 
which increase immunogenicity and antigen stability); 
emulsion/squalane/MF59 (composed of a biodegradable 
oil, which induces a stronger antibody response); lipo
somes (composed of cholesterol/lipids that encapsulate 
antigens and act as a carrier adjuvant, which induces 
cytokine and TNF-a production); and saponins (derived 
from Quillaja saponaria, a Chilean tree that induces cyto
kine production and interacts with cell membrane 
cholesterol).127,128

Reference vaccine adjuvants, such as alum and MF59, 
have been the most popular in recent decades and are used 
in licensed vaccines. The potency of these adjuvants is 
related to gene activation, which culminates in immunolo
gical potency. In this regards, alum is the gold standard in 
the formulation of potent vaccines due to its wide avail
ability, familiar mechanisms of action, and low cost. Alum 
acts by inducing, for example, the release of uric acid and 
ATP, which recruits inflammatory cells into the 
muscle.125,128 MF59 has effects on proinflammatory 
genes and in the recruitment of CD11, in addition to 
promoting the migration/differentiation of DCs. Studies 
have shown that both alum and MF59 act by similar 
mechanisms regarding the modulation/activation of the 
immune system.129

The H5N1 influenza vaccine, using AS03, induces 
cross-antibody production by mechanisms involving 
recruitment of preexisting cross-memory B cells and acti
vation of naïve B cells, which may be the key to next- 
generation influenza vaccines. GSK Company has used 
this approach in adjuvant system development, which has 
culminated in the most successful vaccine adjuvant to 
date.130

One of the adjuvants with the greatest potential is the 
association of alum-MPL with MF59 (AS04), which is 
currently used in vaccine systems that have been adminis
tered to thousands of people. Several advances are being 
made to associate well-established adjuvants together with 
new compounds/materials whose formulations represent 
the next generation of vaccines with well-understood 
mechanisms of action that can be produced on a large 
scale.123

The development of new vaccine systems using more 
potent adjuvants is urgent and necessary in conferring 
disease protection, especially emerging infections such as 
HIV, influenza and coronavirus. From this perspective, the 
possibility of developing strategies that address well- 
established adjuvants and their association with 

nanomaterials represent possibilities to be considered in 
the modulation/orchestration of an efficient immune 
system.23,39

Carbon Nanotubes as Vaccine Scaffolds
Vaccines are biological products used in immunization 
processes to produce antibodies against diseases caused 
by pathogenic microorganisms.131 However, some of the 
most significant problems include inadequate adsorption, 
anaphylactic reactions and hypersensitivity caused by vac
cine adjuvants or antigens. Therefore, the development of 
new materials to improve vaccines has recently been of 
great interest.126 The potency of a vaccine lies in its ability 
to induce a comprehensive immunological response at the 
cellular level, as well as stimulate T cells and the destruc
tion of infected cells through the production of neutraliz
ing antibodies promoting opsonization and, consequently, 
pathogen clearance.8

CNTs are potential candidates as an element of vac
cines, especially as a function of molecular transport, 
called the carrier effect. It is possible to couple specific 
antigens, which increases the interaction with the immune 
system. CNTs, when functionalized, are relatively inert 
and not immunogenic or toxic per se.10,60 CNTs, due to 
their unique characteristics, including a surface composed 
solely of carbon atoms, make it possible to efficiently 
couple different molecules, including antigens/immuno
gens, on their surface. In addition, CNTs are insoluble, 
which prolongs their effects on immune response 
activation.100

CNTs can be functionalized and engineered with spe
cific particles, whose objective is to enhance the immune 
response, increasing its specificity, stability and immune 
efficiency. Commonly, vaccines use adjuvant formulations 
to enhance immunological effects, but the use of CNTs 
does not require the use of these formulations, since these 
nanomaterials have intrinsic adjuvant properties.132 The 
use of CNTs in the development of nanovaccines repre
sents the “holy grail” in the battle against different dis
eases, including infections with viruses such as HIV and 
SARS-CoV-2.26,29,55 Therefore, investigating CNT appli
cations related to the immune system is essential to guide 
the development of nanovaccine research.106

Depending on their size and type of functionalization, 
CNTs have the potential to activate immune system cells, 
including monocytes, macrophages and DCs, which are 
essential to induce the innate immune response. DCs pro
cess peptides embedded in CNT walls and present them on 
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the main histocompatibility complex molecules MHC 
class I and II, culminating in both cellular and humoral 
immune responses.99

CNTs associated with epitopes/peptides for B-cell epi
topes of foot-and-mouth disease virus (FMDV) or those 
associated with the N-terminal residue of the apical mem
brane of P. vivax, a malaria agent, induce high antibody 
titers. Additionally, animals immunized with Plasmodium 
are protected against challenge with species of 
Plasmodium.22 Initial attempts to apply CNTs as 
a supporting tool for vaccine development involved the 
covalent attachment of peptides from the FMDV viral 
envelope to CNTs.133 This immune response was more 
robust than that to the free peptide, confirming the adju
vant effect of CNTs. These nanotechnological systems, 
called nanoplatforms, are composed of CNTs+ peptides 
and showed that it was possible to retain the epitope 
structure in an immunogenic way when connected to 
CNTs.133

Cancer treatment using CNTs is an emerging area with 
good prospects for immunotherapeutic development.8 

Molecular complexes of the CNT viral protein are capable 
of generating specific immune responses in animal models. 
Pantarotto et al showed that only the CNT peptide elicited 
neutralizing IgG responses.133 Meng et al used a tumor 
cell lysate conjugated to CNTs as a cancer treatment in 
a murine hepatoma model. The conjugate vaccine 
improved cure rates compared with lysates alone, appar
ently by enhanced activation of cytolytic T cells.134

The purified protein derivative of tuberculin conjugated 
to a nanotube/CNT-PPD antigen was used to study the 
characteristics of T cell responses in rats. Interestingly, 
while traditional adjuvants, such as PPD in Freund’s adju
vant, generated a predominantly Th-2 response, the CNT- 
PPD response was skewed toward a Th-1, interferon and 
IL-12 cytokine response.135

Mocan et al compared the effects of CNTs and 
embryonic stem cells injected separately but in the same 
murine models to suppress murine colon carcinoma 
growth. This combination was more effective than any 
agent administered alone, and in both cases, the activation 
of CD8 lymphocytes was improved.59 Wilm’s tumor pro
tein (WT1) is overexpressed in many human leukemias 
and cancers and is widely used in clinical trials as a cancer 
vaccine.136 Mice immunized with the CNT peptide vac
cine and adjuvant induced specific IgG responses against 
the peptide. The peptide CNT vaccine was internalized in 
DCs and macrophages in vitro, promoting immunization. 

The peptide alone with an adjuvant did not induce an 
immune response in mice.98

Functionalization of Carbon Nanotubes 
Aimed at Immunostimulation or 
Nanoplatforms
CNTs have the ability to link multiple copies of antigens 
or immunological stimulants simultaneously, which allows 
the design of new approaches for their use in vaccine 
construction.8 Different studies have shown that cellular 
damage is minimized by CNT-f compared with nonfunc
tionalized CNTs (ie, PCNTs).137 When chemical modifica
tion occurs on the surface, the cellular viability of CNTs 
improves biocompatibility, especially when using functio
nalization methods such as 1.3-dipolar cycling, oxidation/ 
amidation or acid treatment.77

Thus, the resulting cellular damage varies depending 
on the surface load generated in the different functionali
zation methods as well as the nature of the coupled mole
cules. Previous studies have reported that PEG coating 
(PEGylation) reduces the interaction of NPs with immune 
receptors.138 Unlike anionic functionalization (PEG and 
carboxylic groups), cationic functionalization, such as 
polyethyleneimine, favors cell uptake and, consequently, 
the release of cathepsin B peptidase, culminating in the 
activation of the NLRP3 inflammasome.122

Inflammasomes are multiprotein complexes (important 
modulators of chronic inflammation) expressed and 
formed mainly in phagocytic cells after hazard detection, 
modulating the secretion of proinflammatory cytokines 
such as IL-1β and IL-18 through caspase-1 activation. In 
general, the metallic contaminants present in CNTs are 
responsible for the activation of the NLRP3 inflamma
some. Additionally, exogenous signals such as microbial 
molecules or aluminum salts and endogenous signals such 
as heat shock proteins or adenosine-ATP triphosphate acti
vate the NLRP3 inflammasome.87

CNT-f, which is modified on its surface, has drastically 
reduced levels of toxicity.77 Thus, CNT-f with 1.3-dipolar 
prevents the activation of inflammatory cytokines such as 
IL-6 and TNF-α.139 CNT-f with ammonium induces mod
ulation of immunoregulatory pathways without expressing 
apoptosis pathways, and when oxidized, these nanomater
ials do not cause a cytotoxic effect. In this way, the 
blockade of inflammatory pathways indicates that CNT-f 
is a promising nanostructure for different biomedical and 
biological applications.140
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CNTs are considered successful nanomaterials in the 
development of nanostructural constructs, such as nano
platforms that can transport antigens (the carrier effect) 
and stimulate the synthesis of T lymphocytes, which are 
central immune cells in the initiation and maintenance of 
immune responses.10,60 Generally, T lymphocytes are tar
geted for therapies, especially vaccination, in which the 
immune system needs to be activated. Nanocarrier- 
nanoplatform systems can increase the immunogenicity 
of a molecule. Previous studies have shown that chitosan 
NPs conjugated to H1N1 and nanoplatforms containing 
gold-coated Yersinia pestis F1 antigen (AuNPs) produced 
higher levels of antibodies and cytokines than the admin
istration of unconjugated antigens.141

Bundles of CNTs carrying molecules capable of acti
vating T lymphocytes, such as specific antibodies specific 
for CD3 and CD28 molecules, mimic T cell physiological 
activation by APCs. These studies showed that CNT-f that 
was treated to generate hydroxyl terminal groups (HNO3 

/LiBH4) increased antibody adsorption. These results 
clearly show that CNT-f nanoplatforms have potent effects 
on T cell activation.142 These nanoplatforms increased the 
magnitude and kinetics of the immune response compared 
with those observed with the soluble form of antibodies or 
other substrates with a high surface area, such as polystyr
ene beads or C60 NPs. The use of CNTs as substrates 
allowed an increase in the magnitude of the response of 
antigen-specific T cells compared with soluble controls 
only. This nanoplatform antigen presentation system 
proved efficient since T cells interacted specifically with 
this artificial antigen presentation platform.18

Adjuvant Effect of Carbon Nanotubes
One vaccine component is the adjuvant, a substance with 
immunogenic potential that is part of the immunization 
strategy but does not induce an immune response per se. 
CNTs have inherent adjuvant properties that stimulate the 
immune system.132 Previous studies have shown that the 
therapeutic effect on the formation of colon cancer in 
a C57BL/6 animal model changes when CNTs are admi
nistered as an adjuvant in embryonic cells, which pro
motes a decrease in tumor volume and an increase in the 
cytotoxicity of CD8+ cells, Th1 and IFN cytokines and IL- 
2, inducing an immunosuppressive effect.59

CNTs can be conjugated to unmethylated DNA + CpG, 
which can be used as an adjuvant in vaccines. CpG + 
CNTs improve immunostimulatory properties and com
pensate for the negative charge of CpG, which facilitates 

its entry into the cell.143 Other cells, such as natural killer 
(NK) cells, macrophages and microglia, quickly interna
lize CNTs by more than 50%.73 New approaches to 
achieve efficient vaccination are still needed, and CNTs 
are considered potentially promising, with the aim of 
transporting antigen/nanoplatforms. Few studies have con
sidered this approach, but compared with classical vaccine 
protocols, it elicits an improved immune response.10,60

The type of immune response induced by a vaccine is 
a crucial element in eliminating a specific pathogen. 
Zeinali et al described the ability of a protein derivative 
from tuberculin to generate a necessary T cell immune 
response to achieve tuberculosis protection, which 
occurred only when this protein was coupled to CNTs.135 

Additionally, the administration of tumor proteins conju
gated to CNTs demonstrated an increase in the effective
ness of a tumor cell vaccine by activating a specific 
cellular immune response to the tumor.98

Physicochemical Characteristics of 
Carbon Nanotubes That Limit 
Their Application in Vaccines
Physicochemical Properties of Carbon 
Nanotubes That Alter the Immune 
Response
Different characteristics of CNTs, such as the number 
of walls, diameter, length and type of CNT functiona
lization, directly influence their cellular uptake and 
toxicity. In general, interactions of CNTs are noncova
lent, resulting in rapid dissociation of nanocarrier anti
gens. These processes are dependent on the properties 
of the external environment, such as pH, ionic strength, 
and temperature, and on the hydrophobicity of the 
antigen.60

Size and Geometry
Nanoformulations improve the delivery and presentation 
of antigens, since NP shape, size and surface are key 
factors directly affecting NP circulation, biodistribution, 
bioavailability and specificity. In addition to these fac
tors, the particle geometry related to the surface and the 
volume ratio play a fundamental role in determining the 
kinetics of immunogen release and degradation.57 The 
size of the NPs is a factor to be considered, since it is 
related to the mechanism of cellular uptake, immunogeni
city and specificity (Figure 7).65 Large NPs (1 to 17 µm) 
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have a reduced internalization rate compared with that of 
smaller NPs (± 300 nm). The size of the NPs also deter
mines the cellular capacity for specificity and migration. 
Smaller NPs (± 20–200 nm) are transported and endocy
tosed by DCs and subsequently drained into the lymph 
nodes, while larger NPs (± 2.000 nm) are absorbed by 
migratory DCs.65,72

Activation of signaling pathways is also affected by the 
size of the NPs, with smaller NPs altering cell signaling 
processes more efficiently than large NPs. In this sense, 
NPs of ±150 nm in diameter and ± 450 nm in height 
showed greater cell uptake than particles with a size of 
1.200×200 nm. Another feature is the geometry of the 
NPs, as the curvature of the NPs directly affects cell 
interactions and the rate of phagocytosis.72,96,144

Hydrophobicity
The hydrophobicity of NPs plays a fundamental role in the 
interaction with soluble proteins and immune cells through 
the recognition of hydrophobic portions. Similar observa
tions have been reported for other innate immune cells, as 
hydrophobic NPs were able to activate different cell types, 
upregulate proinflammatory cytokine expression, and encode 
genes that facilitate the opsonization process, increasing the 
adsorption of immunoglobulins on the cell surface.15,145

Advantages, Disadvantages and 
Applications of the Different Types of 
Carbon Nanotubes
CNTs differ in both structure and physicochemical aspects. 
In biological/biomedical applications, the most commonly 
used CNTs are SWCNTs and MWCNTs.56,80 Importantly, 
the differences between CNTs are related primarily to 
physicochemical modifications/functionalizations, which 
enable the efficient and safe use of these nanomaterials. 
Therefore, the physical-chemical characteristics of nano
tubes, eg, degree of purity, size and functionalization, are 
critical factors that lead to different reactions on cells.

One of the greatest advantages of using CNTs is that they 
are extremely small, with excellent moldability, temperature 
resistance and electrical conductivity.56,146 Another differ
ence between nanotubes to be considered is related to the 
synthesis processes of this nanomaterial, which can occur by 
different methods, including the chemical vapor deposition 
(CVD) technique, laser ablation and arc discharge.137,147

The main advantage of the arc-discharge technique is 
the potential to produce CNTs in large quantities, and 
a disadvantage of this synthesis method is the small con
trol related to the alignment/chirality of these nanomater
ials, which affects their use in biological applications. In 
the laser alloying technique, the main advantage is the 

Figure 7 Effect of particle size on immunogenicity and side-effects. Particles smaller than 100 nm in diameter enter the lymphatic system effectively compared to particles 
larger than 300 nm in diameter. Particles smaller than 30 nm in diameter induce a stronger CD8 T cell response, compared to particles larger than 100 nm that promote 
a stronger CD4 T cell response. The strength of the T cell response as well as the side-effects correlate inversely with particle size.
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yield and reduction of metallic impurities, since the metal
lic atoms involved tend to evaporate from the end of the 
tube when it is closed.148 The main disadvantage of the 
laser ablation technique is that nonuniform nanotubes are 
obtained, usually with some branching. Laser ablation and 
CVD have advantages since they allow the production of 
purer nanotubes (fundamental for biological/medical 
applications), and are economically more feasible for the 
large-scale production of CNTs.148,149

To be integrated into biological systems, CNTs need to 
undergo physical/chemical modifications, including cou
pling with therapeutically active molecules, which will 
enable the targeting of these nanomaterials for immu
notherapies, imaging and/or specific diagnostics.57, 78 

A common difference between CNTs lies in their struc
tural characteristics. Accordingly, Saleh et al analyzed 
CNTs of different subtypes, namely, straight and tangled 
nanotubes. In this study, intracellular/intrapulmonary 
spraying was performed in rats, and it was observed that 
straight CNTs, similar to asbestos fibers, caused lung car
cinogenesis when administered via the airway and, when 
administered via the peritoneal cavity, caused mesothe
lioma. However, entangled nanotubes administered into 
the peritoneal cavity did not induce carcinogenesis.150

Another difference related to the physicochemical mod
ification of CNTs is the anionic functionalization (carboxy
lated and PEGylated) of these nanomaterials. Anionic CNTs 
are associated with decreased production of cytokines and 
growth factors by THP1 cells (IL-1beta) or by THP1 cells in 
bronchial epithelial cell lines (PDGF-AA and TGF-beta).122 

These carboxylated nanotubes did not induce an inflamma
tory response; however, the high degree of cationic functio
nalization (PEI) led to increased cytokine activation 
associated with the development of lung fibrosis.151

Therefore, different types of nanotubes obtained by 
different synthesis methods and different types of functio
nalization interfere and drastically alter the cellular recog
nition profile and, consequently, the mechanisms of 
processing and presentation of antigens to the cells. In 
phagocytes, nanotube functionalization with anionic phos
pholipids (phosphatidylserine and diacylpipatidylglycerol) 
drastically alters the recognition and uptake of these nano
materials. CNTs produced by the HiPCO technique induce 
lung inflammation. This type of nanotube not only facil
itates the recruitment of DCs into the lungs but also inter
feres with the activation of DCs.99

A comparative study analyzed the induction of carci
nogenicity according to different types of CNTs. Four 

CNTs were analyzed (named M-, N-, WL-, and SD1- 
CNTs), with different structural features, including circu
lar, straight, and long fibers; these CNTs were 5 µm in 
length and 60 nm in thickness and had the characteristic of 
forming few clusters. CNTs with these structural features 
induced mesothelioma at a rate of 100%. CNTs with long 
and thick structures are more likely to induce mesothe
lioma because they escape from the lymphatic drainage 
system.152 These CNTs undergo frustrated phagocytosis 
and are associated with the expression of cytokines and 
ROS, which constitute one of the major mechanisms of 
carcinogenicity. Three other types of CNTs (named WS-, 
SD2- and T-CNTs), with a coiled/compounded shape, 
short length (<3 µm), thin wall (<50 nm), and the ability 
to form clusters, were also analyzed in this study. It was 
observed that these structurally different CNTs did not 
induce mesothelioma. Thus, the circular or straight shape 
of CNTs might be critical for the formation of carcinomas/ 
mesothelioma.152

The structural characteristics of nanotubes are critical 
factors in mesothelioma and carcinogenesis induction, and 
the shape, size and diameter of these nanomaterials are 
critical factors in this process.64,72 Importantly, CNTs less 
than 1 μm in length and with a functionalized surface 
decrease the risk of adverse reactions and the induction 
of toxicity.72 However, despite the advances and advan
tages of using CNTs, one of the biggest concerns is related 
to their toxicity, attributed especially to the physical- 
structural similarity between CNTs and asbestos fibers.64

CNTS toxicity is strongly related to their size, where 
nanotubes > 100 nm have a higher potential for lung 
toxicity.72 Moreover, CNTs can cross biological barriers 
and accumulate in organs, inducing inflammation and 
fibrotic reactions. Additionally, the insolubility and the 
presence of morphological nonuniformity related to the 
synthesis/purification processes are factors that represent 
disadvantages in the use of these nanomaterials.153 CNTs, 
when not purified and/or unfunctionalized, commonly 
form aggregates. These issues, if not addressed, especially 
regarding the choice of treatment/functionalization of the 
nanotube, represent major problems, making its use in 
biological/medical systems unfeasible.77,139

In this context, purification of CNTs after their synthesis 
is essential for their use in biological/biomedical applica
tions. The goal of purification of nanotubes is to eliminate/ 
reduce the compounds resulting from their synthesis, includ
ing the elimination of large graphite particles and amorphous 
aggregates, through dissolution in solvents to eliminate 
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catalyst particles and fullerenes.153 Common techniques in 
the purification process of CNTs consist of microfiltration or 
chromatography to separate the particles by size and remove 
amorphous carbon clusters.154

Also, a challenging issue in the use of CNTs is related 
mainly to their biodistribution and pharmacokinetics, 
which can be altered according to differences in the che
mical composition, aggregation, and surface/morphology 
of these nanomaterials.155 However, these limitations can 
be overcome by the process of functionalization/physical- 
chemical modification through the conjugation of thera
peutic molecules or ligands to make them active and allow 
unprecedented advances in the treatment of various pathol
ogies against diseased and/or cancer cells.156

With the advances made to date, it is clear that CNTs, 
which have been widely explored, have significant poten
tial for a wide range of biological/biomedical applications. 
Therefore, the development of new approaches to the 
physicochemical structures of CNTs will strategically 
drive the visionary use of nanobiotechnologies and, in 
the near future, will optimize approaches that leverage 
new levels of potential biological applications.157

Challenges in Using Carbon 
Nanotubes as Vaccine Agents
Aspects of Toxicity and Functionalization
Nanomaterials have unique characteristics, and their inter
actions can have significant biological impacts. For years, 
CNTs have been considered hazardous materials, like 
asbestos fibers, with important toxicological effects, espe
cially the induction of lung toxicity.158 Nonfunctionalized 
CNTs (ie, PCNTs), act as foreign bodies in the cell, and 
the immune response against that foreign body is trig
gered, culminating in the production of oxidative pro
cesses to eliminate CNTs from the cell.159

PCNTs have been associated with high levels of 
inflammation, granuloma and upper airway obstruction in 
a murine model. In contrast, CNTs functionalized via 
different methods (PEGylation, amino acid modification, 
etc.), low inflammation levels are observed.119,138 PCNTs 
induce secretion of IL-1 beta linked to caspase-1, which is 
highly cytotoxic. These mechanisms can mediate the pro
duction of several inflammatory cytokines by activating 
pathways associated with oxidative stress and the caspase 
cascade.58,95

PCNTs induce oxidative stress in cells, with the pro
duction of protein kinases and nuclear factor kappa B, and 

these factors are key to the regulatory signaling of cyto
kines in response to the oxidative stress generated by these 
nanomaterials. The cellular toxicity generated by PCNTs 
occurs through the generation of free radicals, leading to 
oxidative stress.158,159 Accordingly, excess free radicals 
oxidize DNA, proteins and lipids in cells through the 
activation of transcription factors by activating protein-1, 
which is responsible for the inflammatory response.160

CNTs cannot be easily eliminated from the body. They 
have a high risk of accumulating in organs such as the 
spleen, kidneys and lungs, which are generally targets for 
oxidative stress caused by the formation of free radicals 
and the induction of toxicity by the generation and accu
mulation of ROS.64,159

PCNTs can bind to various cytoplasmic proteins and 
activate the innate immune response and the complement 
pathway, leading to inflammation.113,115 Despite their 
adjuvant effect, they can have a harmful impact on the 
host if high inflammation levels are induced. Thus, one of 
the biggest concerns related to the use of CNTs as vaccine 
structures or other therapeutic-prophylactic proposals is 
the risk of bioaccumulation and toxicity.24,161

However, their small size makes it possible for them to 
spread throughout the body and reach crucial sites, an 
ability that may be either beneficial or harmful in vaccine- 
immunotherapeutic processes, depending on the design of 
the nanostructure. To prevent or reduce toxicity, CNTs 
must be functionalized to make them more soluble in 
water, more biocompatible, and, consequently, less 
toxic.78 CNT-f is biocompatible and can be eliminated in 
urine and feces.155 The biocompatibility of CNT-f makes 
them less toxic, avoiding the effects of clustered accumu
lation of these nanomaterials in organs. To decrease toxi
city, purification of CNTs is a fundamental step, which 
allows the removal of toxic chemical products or even the 
metals used during the production of CNTs.162

Discussion and Prospects Regarding 
the Use of Carbon Nanotubes as 
Nanovaccines
Immunological adjuvants are essential to induce a robust 
immune response.15 Nanotechnological vaccines are pro
mising for improving the immunogenicity of a vaccine 
antigen, offering advantages over other traditional adju
vant approaches, including enhanced stability, prolonged- 
release kinetics, reduced immunotoxicity and improved 
immunogenic selectivity.12,13
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One of the most significant advantages of nanotechno
logical vaccines based on CNTs is the possibility of com
bining several active and specific molecules to achieve the 
desired immune activation.98,141 CNTs are widely investi
gated nanomaterials that transport specific molecules into 
cells of the immune system. In this way, decreasing the 
toxicity and increasing the biocompatibility of these nano
materials used to transport therapeutic molecules remain 
significant challenges to overcome.77

Typically, vaccines use adjuvants, aiming to enhance the 
immunogenic effect without inducing an immune response 
per se; in contrast, CNTs do not require adjuvants, since they 
have intrinsic adjuvant properties.132 CNTs, independent of 
their conjugated to specific biomolecules, have the potential 
to orchestrate the immune system, especially T cells.98,107 

Most studies on CNTs are related to their toxicity and 
biocompatibility, and few provided insights into their effects 
on immune cells. However, several studies related to nano
technological vaccines based on CNTs have demonstrated 
that the vaccine antigen’s immunogenicity is increased, as 
the use of CNTs enables both carrier effects and immuno
modulatory activity.39

Vaccines based on CNTs are also exciting due to their 
possibility of modifying the surface of the nanomaterial 
with specific molecules of high affinity, which can signifi
cantly increase the immune response generated by the 
specific, effective and stable release of an antigen.60

Nanotechnological delivery systems make it possible to 
improve the humoral and cellular immune response due to 
their nanoscale size, which facilitates uptake by phagocytic 
cells, inducing specificity and efficiency in antigen recogni
tion and presentation.10,60 The possibilities for CNT action 
and use are diverse, and expectations related to their biome
dical and biological applications are high; indeed, this is 
a topic of great interest to the scientific and industrial 
communities.3,156 However, the potential use of nanomater
ials in products requires urgent knowledge regarding their 
safety, toxicity, biocompatibility and biodegradability.77

Conclusions
Nanovaccines represent one of the most powerful resources 
to promote the immunogenicity of a specific antigen, with 
several advantages over other vaccine approaches including: 
longer time to presentation/extended stability of the antigen; 
more robust and durable immune response; decreased toxi
city as well as the ability to couple multiple immunogenic 
molecules, factors that represent unprecedented advantages 
when compared to traditional vaccines. The tools of 

nanotechnology provide technological strategies with unpre
cedented possibilities in the treatment/cure of several dis
eases, infectious or not. In this sense, the use of carbon 
nanotubes as candidates in vaccine systems, present good 
results when functionalized, since they are inert, non- 
immunogenic or toxic per se making possible the efficient 
coupling of different molecules simultaneously. However, 
one of the major concerns of the use of CNTs is the toxicity 
of these nanomaterials, mainly related to physicochemical 
and structural aspects that, if not addressed, as far as func
tionalization issues are concerned, can make their use in 
biological/medical systems unfeasible. Thus, investigating 
the use of CNTs as a state-of-the-art approach to target the 
immune system will facilitate the development of “safe- 
design” nanovaccines based on CNTs to treat different infec
tions. Knowledge regarding how to adapt and modify the 
physical and chemical properties of CNTs for use in nano
vaccines and immunotherapies to improve their effective
ness in inducing a T cell-based immune response has 
become an urgent need in the defense against cancer and 
different infections, including infections with viruses such as 
HIV and coronavirus.
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