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Due to nanoscale effects and increased surface area, nano-
materials have been investigated as promising tools for the
advancement of diagnostic biosensors, drug and gene deliv-
ery, and biomedical imaging. In comparison to their larger
counterparts, nanomaterials have unique physicochemical
and biological properties. Many properties of nanomaterials,
such as size, shape, chemical composition, surface structure
and charge, aggregation and agglomeration, and solubility,
can greatly influence their interactions with biomolecules
and cells. For example, nanoparticles with size-tunable light
emission have been employed to produce exceptional images
of tumor sites; single-walled carbon nanotubes, having
diameters comparable to the width of DNA molecules,
have demonstrated an impressive potential as high-efficiency
delivery transporters for biomolecules into cells. Therefore,
the main emphasis of this special issue focuses on the
development of some nanomaterials and their applications
in biology and medicine.

This special issue contains three review articles and six
research articles. Among the review articles, T. Kaur et al.
examine and discuss bacteriophage nanomedicine applica-
tions and the immunomodulator effects of bacteriophage
exposure and treatment modalities in paper titled “Immuno-
compatibility of bacteriophages as nanomedicines.” K. J. Flores
et al. highlight the literature relating to gene-based vaccines,
especially DNA vaccines, and explore the combination of
RNA and nanomaterials (e.g., gold nanoparticles, nanoli-
posomes, and dendrimers) for prevention and treatment
of disease in paper titled “Tipping the proteome with gene-
based vaccines: weighing in on the role of nanomaterials.”
Z. Zhang and C. Huang summarize recent developments

in the field of intra-articular drug delivery systems using
micro/nanocarriers, such as polymeric micro/nanoparticles,
liposomes, and hydrogels, in paper titled “Micro- and nano-
carrier mediated intra-articular drug delivery systems for the
treatment of osteoarthritis.”

Among the six research articles, four articles are
related to the study of carbon nanotubes. M. Mananghaya
et al. use density functional theory to investigate the
solubility and reactivity of single-walled carbon nanotubes
(SWCNTs) in paper titled “Theoretical investigation on the
solubilization in water of functionalized single-wall carbon
nanotubes.” H. Haniu et al. report effects of graphitization
temperature and diameter of multiwalled carbon nanotubes
on their biological responses, such as cell viability, total
reactive oxygen, and/or nitrogen species productions, and
cytokine secretion in paper titled “Manufacturing strategy
for multiwalled carbon nanotubes as a biocompatible and
innovative material.” J. Harvey et al. show that SWCNTs
facilitate DNA delivery into microvascular endothelial cells,
even their nuclei, thus suggesting that carbon nanotubes
have therapeutic potential as drug and gene vehicles in paper
titled “Uptake of single-walled carbon nanotubes conjugated
with DNA by microvascular endothelial cells.” L. Dong et al.
demonstrate SWCNTs’ antibacterial properties against
Salmonella enterica and Escherichia coli, indicating that
carbon nanotubes could become an effective alternative to
antibiotics in dealing with drug-resistant and multidrug-
resistant bacterial strains in paper titled “Antimicrobial
activity of single-walled carbon nanotubes suspended in
different surfactants.” S. Anuchapreeda et al. develop a new
formulation of a curcumin lipid nanoemulsion of 47–55 nm
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for cancer chemotherapy in paper titled “Preparation of lipid
nanoemulsions incorporating curcumin for cancer therapy.”
R. K. DeLong et al. comparatively characterize nucleic acid
conjugates with protamine and gold nanoparticles in the
nano range of concentrations by UV/Vis spectrum, dynamic
laser light scattering, fluorimetry, and gel electrophoresis in
paper titled “Biomolecular triconjugates formed between gold,
protamine, and nucleic acid: comparative characterization on
the nanoscale.”

Lastly, the editors would like to acknowledge and thank
all authors for their contributions to this special issue and the
reviewers for their time and dedication.

Lifeng Dong
Michael M. Craig
Dongwoo Khang
Chunying Chen
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Bacteriophage-based medical research provides the opportunity to develop targeted nanomedicines with heightened efficiency and
safety profiles. Filamentous phages also can and have been formulated as targeted drug-delivery nanomedicines, and phage may
also serve as promising alternatives/complements to antibiotics. Over the past decade the use of phage for both the prophylaxis
and the treatment of bacterial infection, has gained special significance in view of a dramatic rise in the prevalence of antibiotic
resistance bacterial strains. Two potential medical applications of phages are the treatment of bacterial infections and their use as
immunizing agents in diagnosis and monitoring patients with immunodeficiencies. Recently, phages have been employed as gene-
delivery vectors (phage nanomedicine), for nearly half a century as tools in genetic research, for about two decades as tools for
the discovery of specific target-binding proteins and peptides, and for almost a decade as tools for vaccine development. As phage
applications to human therapeutic development grow at an exponential rate, it will become essential to evaluate host immune
responses to initial and repetitive challenges by therapeutic phage in order to develop phage therapies that offer suitable utility. This
paper examines and discusses phage nanomedicine applications and the immunomodulatory effects of bacteriophage exposure
and treatment modalities.

1. Introduction

Discovered independently by Frederick Twort and Félix
d’Hérelle, respectively, in 1915 and 1917, bacteriophages are
bacterial viruses that exist in two different life cycles and may
or may not lyse their bacterial hosts as lytic and temperate
bacteriophages, respectively [1–3]. While the ability of phage
to attack bacteria has been known since their discovery, our
knowledge about phage interactions with mammalian cells is
very limited. Bacteriophages have been used clinically to treat
human bacterial infections for about 80 years in the countries
of the former Soviet Union and Eastern Europe [4]. Although
historically their clinical use as antibacterials preceded that
of antibiotics, both clinically and commercially, due to the
advent of the “age of antibiotics” in the 1940s, phages were
quickly declined as a therapeutic option. Despite their obvi-
ous efficacy in curing antibiotic-resistant infections, there
are important caveats to their safe and efficient clinical ap-
plication, and in consideration of these phage therapy is still
at best considered an “experimental” treatment option.

The recent global increase in the emergence of multi-
drug-resistant (MDR) clinical strains of bacteria has led us to
the precarious situation of entering a “post-antibiotic era” of
untreatable infections and epidemics [5, 6]. The systematic
overuse of antibiotics by the medical and agricultural pro-
fessions during the last century has precipitated a powerfully
selective environment for MDR strains, resistant to even the
most potent antibiotics available [6]. To further aggravate the
situation, antibiotic research appears to have reached a dead
end with even newer “last chance” modified molecules like
linezolid and vancomycin now facing growing episodes of
resistance and eventual inefficacy [7, 8]. Moreover, only three
new classes of antibiotics (lipopeptides, oxazolidinones, and
streptogramins) have entered the medicine market in the last
four decades all of which are indicated for the treatment of
gram-positive (G+) bacterial infections [9].

Matsuzaki et al. [10] summarized the advantages of
phage therapy over antibiotic therapy as follows: (i) it
is effective against multidrug-resistant pathogenic bacteria;
(ii) substitution of the normal microbial flora does not
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occur because the phage kills only the targeted pathogenic
bacteria; (iii) it can respond quickly to the appearance of
phage-resistant bacterial mutants because the frequency of
phage mutation is significantly higher than that of bacteria;
(iv) developing costs for a phage treatment are cheaper
than that of new antibiotics; (v) side-effects of phage ther-
apy are very rare compared to the antibiotic therapy [10,
11]. However, while phages as specific and self-replicating/
limiting antibacterials offer several advantages over antibi-
otics, their usage in mammals requires careful consideration
and understanding of the host-mediated obstacles that chal-
lenge appropriate safety and efficacy as synergistic antibiotic
cotherapeutics or replacements. Global fears now abound
that the medical world may be thrust into conditions resem-
bling the pre-antibiotic era and that procedures such as
chemotherapy, wound control during surgery, and trans-
plant immunosuppression are at risk yet again. These fears
have rekindled the interest in the development of phage
therapeutics to ensure long-term, efficient, safe, and harmless
treatment options [12]. Phages have also been demon-
strated to modulate immune system function. A primary
example of this phenomenon includes the inhibition of
both bacteria- and LPS-induced respiratory burst by human
blood phagocytes [13]. It has also been suggested that
phage may normalize cytokine production by blood cells
isolated from patients [14], although this study was largely
uncontrolled and further confirmation of this therapeutic
bystander effect is warranted. Nonetheless, the increasing
clinical and technological use of bacteriophages requires that
all aspects of phage-mammal interactions be explored.

2. Applications

2.1. Phage Display. Tumor-targeting peptide display on
phage surface is a direct and fast screening approach with
promising results for targeting drugs into tumor cells [15].
Identification of ligand-receptor interaction in order to find
the appropriate receptor on target cell facilitated by phage
display technology play a crucial role in disease diagnosis,
profiling, imaging, and therapy.

Advanced disease cell targeting relies on phage display
technologies, in which polypeptides with desired binding
profiles can be “serially selected, in a process called biopan-
ning” [17]. Here, the heterologous peptide/protein coding
gene is translationally fused to the bacteriophage capsid
protein gene, where the resultant phages not only carry the
gene encoding the displayed protein/peptide but are also
capable of replication to amplify the construct (Figure 1).
While phage display was traditionally employed to screen
cDNA libraries, the application has more recently been
applied to surmount some therapeutic gene delivery obsta-
cles. This is achieved through the identification of highly
specific and selective ligands that can deliver nanocarriers to
the site of disease [16]. The combination of phage-display
technology with nanocarrier-based drug-delivery systems is
a novel approach toward creating more effective and safe
therapies [15]. This approach is perhaps most suitably
applied toward cancer therapy, in which the tumor-specific

phage expressing peptides specific to a broad array of tumors
are screened from billion phages by their specific affinity
with uniquely expressed tumor receptors [18, 19]. Various
studies demonstrate the successful application of isolated
peptides for specific targeting and delivery of pharmaceutical
nanocarriers, such as liposomes, to tumors. Wang et al. ap-
plied this protocol to prepare doxorubicin-loaded PEGylated
liposomes modified with phage-panned proteins specific
towards MCF-7 breast cancer cells and demonstrated that
this strategy provides strong specific binding with target cells
and increased cytotoxicity in vitro [15]. They proposed that
the design and construction of novel nanomedicines targeted
to a variety of cellular receptors is facilitated through self-
assembly of selected phage proteins and “stealth” liposomes.

Recently, Bedi et al., demonstrated phage-targeted siRNA
nanopharmaceuticals through their encapsulation into lipo-
somes targeted to the breast tumor cells with preselected
intact phage proteins [20]. “The presence of pVIII coat pro-
tein fused to a MCF-7 cell-targeting peptide “DMPGTVLP”
in the liposomes was confirmed by Western blotting. This
approach offers the potential for development of new anti-
cancer siRNA-based targeted nanomedicines.” On similar
lines, Nicol et al. were able to devise a strategy for targeting
the cardiac vasculature through the use of in vivo phage
display to identify target peptides that are selective to the
heart in two rat strains [21]. They hypothesized that, by
cloning these peptides into the fiber protein of adenovirus,
a potential targeted delivery system could be created. Inter-
estingly, several peptides that are derived from phage-
displayed peptide library screening have been applied as new
therapeutics in clinical trials, further validating phage-dis-
play targeted nanomedicine as a viable strategy that warrants
further investigation and exploitation.

2.2. Phage Vaccine Technology. Kurzepa et al. first demon-
strated that the injection of phage T7 into a mammalian
host resulted in elevated interferon levels [22]. The potential
application of bacteriophages as immunization tool was pro-
posed since it was observed that the immune response was
stimulated by the phage genome and not coat proteins. Inter-
estingly, the isolated T7 genome did not show an interferon
response suggesting that the phage coat protein ensures safe
delivery of the genome in a form required to confer an im-
mune response. As such, phage particles have been applied in
DNA vaccine technology as a safe container for DNA deliv-
ery. The vaccine gene and its expression cassette are cloned
into phage genome, and purified phage lysate can be directly
injected into the host as a means of immunization [23].
Modified phage particles package their nucleic acid carrying
the vaccine expressing sequence in their protein coat, likely
protecting it from sources of degradation, before and after
administration. Different small and large animal models
have been vaccinated by phage DNA vaccines, and the re-
sults demonstrated a significantly higher and long-lasting
antibody response compared to naked DNA vaccine or
even purified recombinant protein [23–25]. Furthermore,
as an exogenous antigen, the phage particle efficiently tar-
gets antigen-presenting cells (APCs), thereby stimulating a
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Figure 1: Phage display and cell surface display. Principles of the protocols used for selecting polypeptide sequences that have binding affinity
to given inorganic substrates (Source: Nat Mater. 2003, 2(9):577-85.) [16].

superior specific humoral immune response to the vaccine
[4], compared to standard “naked” DNA vaccine approaches.

Phage display as a new tool for developing modern vac-
cines demonstrates a unique application of bacteriophages in
vaccine design and is influenced by the immunomodulatory
effects of phage exposure (summarized in Table 1). The
premise of phage-display vaccination exploits the capability
of certain phages to display a specific antigenic peptide or
protein on their surface via a translational fusion with capsid
protein(s) [30]. Alternatively, phages displaying peptide
libraries can be screened with a specific antiserum to isolate
novel protective antigens or mimotopes—peptides that
mimic the secondary structure and antigenic properties of a
protective carbohydrate, protein, or lipid, despite possessing
a different primary structure. Two different strategies have
been defined for phage display: (1) translational fusion of
antigen coding sequence to coat protein gene and (2) Arti-
ficial conjugation of antigen to the coat protein; both of
which are robust and allow for a wide array of antigens to
be displayed. In addition, since phage particles are themselves
immunogenic, the antigen displayed on the phage is already
combined with a natural adjuvant, which eliminate the
necessity of alternative adjuvant protein purification and
further conjugation with the vaccine [31]. This fact dra-
matically reduces the cost for generating new vaccines while

enhancing efficiency. In addition, since phages are unable
to replicate and in eukaryotic cells in the absence of a suit-
able prokaryotic host, these therapeutics behave as inert par-
ticulate antigens [23]. In recent years, work has shown that
whole phage particles can be applied to deliver vaccine ex-
pression cassette cloned into their genome or express anti-
gens on their surface. The combination of the above two
promising technologies may result in “hybrid phages” to
create inexpensive, easily manipulated, and rapid production
cocktail vaccines [4].

2.3. Phage-Phagocyte Interactions in Antitumor Therapies.
Bacteriophages and their demonstrated ability to influence
mammalian immune systems have also been exploited to
develop novel microbial strategies versus cancer develop-
ment. Bloch first suggested that phage may possess anti-
cancer activity and was able to demonstrate preferential
accumulation of phages in cancer tissue and subsequent inhi-
bition of tumor growth [32]. This was also confirmed by
Kantoch and Mordarski in 1958 [33] and in studies done
subsequently by Dabrowska et al. in 2004, 2005, and 2007
[26, 34–36]. The models of the studies were the wild-type
bacteriophage T4 and its substrain HAP1 (with enhanced
affinity for melanoma cells), a pentameric protein occurring
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Table 1: Immunomodulatory effects of bacteriophage exposure.

Phage interactions Immunomodulatory effects Reference

Phage-phagocyte interactions in
antitumor therapies

Phages expressing Fab fragment specific for tumor accumulated in
the tumor tissue and induced humoral and cellular immune
responses, leading to solid tumor regression in mice.

[22]

T4 phages interacting with B3 integrins modulated the function of
human T cells and platelets. Bone marrow dendritic cells did not
confer similar results, but a significant delay in tumor growth was
observed.

[26, 27]

Antiphage immune response

As foreign exogenous antigens, phages induce strong antiphage
humoral responses resulting in rapid and efficient neutralization and
clearance upon subsequent exposure. Phages circulating in the blood
were inactivated by macrophages of the RES in synergy with
antiphage antibodies—an outcome that would quickly diminish the
efficacy of phage therapy upon subsequent exposures. Repeated use of
a phage as a therapeutic, in addition to the interactions with the
innate immune system, would result in the stimulation of memory
cells, clone amplification, and subsequent antibody production.
Phage mutagenesis followed by repeated administration of phage
therapy and selection for long-circulating phage is an elegant method
that permitted investigators to select and isolate mutant phage that
persevere from the blood of a mouse.

[22, 28,
29]

Bacteriophages and Reactive Oxygen
Species Production

Phage-mediated inhibition of ROS production by phagocytes is an
important phenomenon contributing to the beneficial effects of
phage therapy in patients with sepsis, a clinical setting where
excessive production of ROS appears to play an important role, and
agents interfering with ROS have been advocated for treatment.

[22]

on the phage heads. Phages significantly inhibited lung
metastasis of B16 melanoma cells (T4 by 47% and HAP1 by
80%). The potential ability of β3 integrins on the surfaces of
some (including cancer) cells to bind the KGD (Lys-Gly-Asp)
motif of phage protein 24 was proposed. Further, it seems
that by occupying the αvβ3 integrin receptor, phages could
deprive neoplastic cells from growth signals provided by
extracellular matrix proteins. In addition, studies confirmed
that blocking β3 integrins by ligand analogs inhibits the
binding of phages to cancer cells, which seems to confirm
the hypothesis. Binding to mammalian cells by phage may
also be achieved via nonintegrin receptors. For example, it
has been suggested that CD26 is closely involved in HIV cell
entry [37]. Importantly, the slower growth was only observed
if purified phage preparations were applied. Raw phage
lysates, containing numerous bacterial debris, for example,
a high LPS concentration, induced a large acceleration of
tumor development [26]. Moreover, oral application of a
bacteriophage preparation is safer and at least as effective
as i.p. [35]. After their studies on binding to cancer cells in
vitro and attenuating tumour growth and metastases in vivo,
Dabrowska et al. described a nonsense mutation in the hoc
gene that differentiates bacteriophage HAP1 and its parental
strain T4. In this study, the antimetastatic activity of the T2
phage, which does not express protein Hoc, with those of T4
and HAP1 was compared in the B16 melanoma lung colonies
and found that HAP1 and T2 decreased metastases with
equal effect, more strongly than did T4 [36]. The increased
antitumor activity of HAP1 may be related to the fact that
this phage has a damaged Hoc protein, a protein which
symmetrically protrudes from the capsid. Removal of this

steric barrier and the free exposition of KGD ligand may be
the reason for the stronger inhibition of metastasis. Later,
Eriksson et al. described the inhibition of tumor growth
by tumor-specific phages, which induced the infiltration of
polymorphonuclear leukocytes (PMNs) and the secretion
of IL-12 (p70) and interferon γ. Hence, bacteriophages are
able to induce expression of cytokines which could alter the
immunosuppressive tumor microenvironment and poten-
tiate neutrophil-mediated tumor destruction [38]. Phage
specificity to the tumor confers a more localized immune
response at the target cell. This is extremely important to
maximize the safety of anticancer treatments considering the
devastating side effects of other options like chemotherapy
on nontumor tissues in patients undergoing cancer therapy.
Regardless of the mechanisms of action, the involvement of
phages in oncology seems very promising.

2.4. Bacteriophages and Reactive Oxygen Species Production.
Aerobic organisms require oxygen for the oxidation of nutri-
ents and energy generation, where in this process different
waste and byproducts are inevitably produced. Although
oxygen is essential for all aerobic organisms, its reactive
metabolites are highly toxic to all organisms. Reactive oxygen
species (ROS) interact with a variety of cellular components,
including proteins, lipids, and nucleic acids. ROS are believed
to be responsible for the initiation as well as the progression
of cancer. The microenvironment of cancer cells shows high
level of oxidative stress, which promotes cell proliferation
and stimulates tumor progression [39]. In addition, ROS are
employed by neutrophils and mononuclear phagocytes to
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neutralize endocytosed antigenic material. However, inten-
sified production of ROS molecules may devastate the body’s
endogenous antioxidant defense mechanisms, and lead to
oxidative stress, which are involved in causing many different
disorders mainly result in serious tissue damage [40], or
induce immune cells apoptosis depending on the severity of
oxidative damage. Therefore, ROS-suppressive effects may be
beneficial in controlling many different adverse effects. Some
studies support the possible interactions between phages and
mammalian cells by providing evidence of inhibition of ROS
formation by bacteriophages. In fact, antibiotic therapy of
Gram-negative bacteria leads to excessive release of bacterial
lipopolysaccharide (LPS), and LPS may in turn activate
neutrophils to produce ROS. It was demonstrated that bacte-
riophages are capable of reducing the production of ROS
by phagocytes in the presence of bacteria. The mechanism
of action appears quite complex as phages alone do not
impart this phenotype, but rather involves not only phage-
phagocyte interaction but also phage-LPS interaction and
bacterial lysis [41]. Some phages recognize and bind LPS
that serves as their natural bacterial receptor [42]. Phage-
mediated inhibition of ROS production by phagocytes may
be a very important phenomenon contributing to the
beneficial effects of phage therapy in patients with sepsis [43],
a clinical setting where excessive production of ROS appears
to play an important role and agents interfering with ROS
have been advocated for treatment [44].

2.5. Phage Lysins as Antimicrobials. Bacteriophages have
been used in East Europe and the Former Soviet Union to
treat bacterial infections even after the advent and global
use of antibiotics, which saw this alternative treatment
option fading in western countries. However, over the past
two decades with the global spread of antibiotic-resistant
infections, research interests in the West have once again
turned to alternative treatment modalities. While a plethora
of evidence exists confirming the effectiveness of the applica-
tion of intact phage particles to treat specific bacterial infec-
tions, recent advances in molecular biology now also allowed
for the development of novel phage-derived enzymes, such
as lysins [45]. Bacteria-phage coevolution has yielded phage
endolysins encoded by ds DNA phage that specifically lyse
their host bacterial cell by hydrolysing one of the four major
bonds in the peptidoglycan layer that forms the bacterial
cell wall. The majority of studies to date demonstrate that
these are modular enzymes with lytic domains that preserve
their parental specificities when fused. Endolysins are com-
posed of at least two distinctly separate functional domains:
a C-terminal cell-wall binding domain, which directs the
enzyme to its target, and an N-terminal catalytic domain
that is comprised of one or more of the following types of
peptidoglycan hydrolases: endopeptidases, muramidases (ly-
sozyme), N-acetylmuramoyl- L-alanine amidases, and glu-
cosamidases [46]. Phage endolysins are particularly effective
against gram-positive bacterial pathogens with an exposed
cell wall, whereby the purified endolysin can lyse the cell from
without. Purified endolysins are now extensively used not
only in the food industry primarily to combat against Listeria

monocytogenes contamination [47] but also in medical
setting, primarily against streptococcal and staphylococcal
species. Pal amidase encoded by pneumococcal bacteriophage
Dp-1 [48], PlyC from the streptococcal, and Cpl-1 encoded
by the pneumococcal phage Cp-1 have been shown to be ef-
fective antimicrobial agents against Streptococcus pneumoniae
[49]. Furthermore, phage EFAP-1-derived EFAL-1 endolysin
has been shown to rapidly and potently lyse antibiotics-
resistant enterococcal strains to control “disease-causing En-
terococcus spp.” [49]. One particular endolysin of interest in
our research group is staphylococcal phage-K-derived en-
dolysin, LysK which can be considered as perspective antimi-
crobial agent against Staphylococcus aureus (S. aureus). LysK
is a monomeric 495 amino acid protein, was first isolated in
2005, and it has been shown to be active against a broad
spectrum of staphylococci including those of the most
medical importance such as methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant S. aureus (VRSA) [50].
More recent studies of this lysin are focused primarily on
its enzymatic properties [51]. This is of great importance
in determining the optimal conditions of use as well as for
future storage.

Recently, it has been shown that a newly developed
chimeric endolysin called ClyS once purified is active against
MRSA, vancomycin intermediate (VISA), and methicillin-
sensitive (MSSA) strains of S. aureus in vitro. In addition,
this lysin also proved to have synergistic interactions with
both vancomycin and oxacillin in vitro and have synergistic
protection of septic death in vivo against MRSA [52]. The
in vivo mouse studies were also promising where a nasal
decolonization model demonstrated a 2-log reduction in
viability of MRSA cells one hour following a single treatment
with ClyS and one IP dose of ClyS also protected against
death by MRSA in a mouse septicemia model [53]. Very
similar results were reported on novel phage-derived enzyme
“cysteine-histidine amino peptidase” with excellent anti-
staphylococcal properties [54]. From these results additional
treatment options have been suggested which combine anti-
biotic and phage therapy to fight against multi-drug resistant
bacterial infections. However, most of the research and devel-
opment of phage lysine technologies has been performed in
a small scale, resulting in very few commercially available
products to date. In fact, the true value of phage-derived
antimicrobial agents will be unambiguously realized once
these products enter into broad clinical application and
commercial availability [45].

3. Immune Responses
It can be expected that humans have been exposed to several
species of phage which begins shortly after birth, particularly
those specific for human natural flora. The ongoing micro-
biome project has revealed that bacteria in our gut, skin, and
other body cavities outnumber our human cells by a factor
of at least 100 [55, 56]. The bacterial symbionts are likely to
maintain their presence despite the dynamics of the intestine
and the host immune system through their interaction with
the mucus gel layer overlying the intestinal epithelium as well
as a process for obtaining host tolerance [57]. Like eukaryotic
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viruses, phages are nucleoproteinaceous in composition,
comprised of a nucleic acid genome and encased within a
protein coat and in some cases lipids within their capsids
or even capsid envelopes. These proteins and DNA are
recognized by mammalian hosts as foreign antigens, and
as such phages stimulate an immune response that subjects
them to neutralization and clearance by the host immune
system [58]. The use of phage in the construction of elegant
new therapeutics such as targeted gene delivery vehicles, anti-
cancer agents, scFv carriers, and other clinical applications
also requires the consideration of phage immunogenicity
and circulation longevity in developing efficacious biologics
[55–57]. In addition, there is a limited understanding and
lack of data focusing on phage pharmacokinetics (PK) and
pharmacodynamics [59], although some important effort
has been lent toward modeling phage absorption, distri-
bution, metabolism, and excretion (ADME) profiles [60].
Table 2 describes the advantages and disadvantages of using
phage as nanomedicine in various fields. Many questions
around the capabilities of phage to get into the circulatory
system of higher organisms still remain as this determines the
potential phage activity in nanomedicine and antibacterial
treatment and will be addressed here [61]. This paper will
focus mainly on host-mediated responses to phage therapy,
discussing current knowledge of immunomodulatory effects
of bacteriophage exposure and treatment modalities.

3.1. Antiphage Innate Immunity. The issue of bacteriophage
interactions with the mammalian immune system and its
components is still not precisely defined. Phages entering
eukaryotic hosts are highly immunogenic foreign antigens
that can interact with the innate immune system to induce
specific humoral as well as cellular immune responses [65].
Evidence increasingly suggests that phages influence mam-
malian immune responses, including the attenuation of spe-
cific and nonspecific immune reactions, and maintenance of
local immune tolerance to gut microorganism-derived anti-
gens. Phage preparations administered orally may down reg-
ulate the antigen-processing abilities of intestinal dendritic
cells, whereas phages administered intravenously are rapidly
phagocytosed by liver cells [66]. Soluble CD14 and LPS-
binding protein are major serum factors with the ability to
bind pathogens and initiate innate immune responses.
Although innate immunity cannot be entirely separated
from its adaptive counterpart, for the purpose of clarity, we
will also discuss antiphage immunity according to the mech-
anism(s) of neutralization and clearance.

3.1.1. Phage-Specific Innate Cellular Immune Responses

Pathogen-Associated Molecular Patterns (PAMPs). Host cells
express pattern recognition receptors (PRRs) that sense
pathogen-associated molecular patterns (PAMPs). PAMPs
can also be recognized by a series of soluble pattern-rec-
ognition receptors in the blood that function as opsonins and
can initiate the complement pathways. Most body defense
cells have pattern-recognition receptors for these common
PAMPS, and so there is an immediate response against

the invading microorganism/phage. The best-characterized
pattern-recognition receptors are Toll-like receptors (TLRs)
[67–69], so named due to their homology to the Toll recep-
tors, first discovered in Drosophila. TLR-2 was originally de-
scribed to recognize LPS, a major constituent of the outer
membrane of Gram-negative (G−) bacteria, whereas later
studies have identified TLR-4 as the central transmem-
brane component of the LPS receptor [70, 71]. TLR9
was first shown to recognize deoxycytidylate-phosphate-
deoxyguanylate (CpG) regions in bacterial DNA and is now
known to be important in defending against different
viral and parasitic pathogens [72]. Abundant portions of
unmethylated CpG dinucleotides (CpG motifs) that are
found in prokaryotic (primarily bacterial) genomes as well
as synthetic oligonucleotides [72, 73] containing CpG motifs
have in recent years been shown to activate the innate im-
mune system and can elicit a Th1-dominated response,
resulting in release of a wide range of cytokines (IFN-γ,
IL-2, IL-6, IL-18, and TNF-α) [74–76]. This discovery has
opened door for research into the use of CpG motifs for
the use as a powerful adjuvant for DNA vaccines and/or
immunomodulatory agents not only to direct an adaptive
long-lived immune response against pathogenic agents, but
also to prevent unwanted Th2 humoral immune responses
[76]. Moreover, CpG DNA also has the unique property
of being able to connect the innate and adaptive immune
responses through its ability to activate antigen-presenting
cells (APCs). Macrophages, dendritic cells, and epithelial
cells have a set of transmembrane receptors that recognize
different types of PAMPs, which in turn lead to the
expression of various cytokine genes (IL-12 which stimulates
the production of Th1 cells, IL-23, which stimulates the
production of Th17 cells, and IL-6) [68].

It is also known that the time of clearance (degrada-
tion/elimination) of bacteriophages in mammalian organ-
isms depends on their surface protein properties [77].
Assuming that phage structural surface proteins are respon-
sible for their recognition as foreign antigens and rapid
clearance by the reticuloendothelial system (RES), atten-
uation of immunogenicity should thus be possible via
alterations to these surface antigens. Employing this logic,
Merril et al. devised an elegant strategy to decrease phage
immunogenicity and increase the persistence of phages P22
and λ within mice [78]. This since patented system consists
of growing phages on a mutator E. coli strain then serially
passaging them through mice 10 times, each time selecting
for residual phage that persist for several hours. This tech-
nique led to their isolation of λ capsid mutants that persisted
for more than 18 hours [78]. Mutation(s) conferring RES
evasion and prolonged persistence within the mouse were
mapped to the λ E gene, a mono-hexameric major capsid
protein. The success of this technique not only opens the
door to the application of phage as longer-lasting, circulating
biologics; but more fundamentally also strongly suggests
that evasion of the RES through a single point muta-
tion must mitigate clearance through a specific immunity
mechanism; likely the prevention of opsonization and/or
highly efficient antibody-mediated endocytosis. However,
this technique has not been tested to retain function in
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Table 2: Advantages and disadvantages of phages as nanomedicines.

Phage nanomedicine
platform

Advantages Disadvantages Reference

Filamentous phages
as drug-delivery
platform

Targeted drug-conjugated filamentous phage
nanoparticles are unique antibody-drug
conjugates and they have been shown to inhibit
target cells in vitro with a potentiation factor of
1000-fold over the corresponding free drug in one
study.

The pharmacokinetics, the biodistribution,
and the immunogenicity of conjugated phages
are still under study. Repeated administration
of phage results in amplified immune response
and rapid neutralization and clearance of the
phage.

[62]

Phage as antibacterial
nanomedicines

Phages are effective against multidrug-resistant
pathogenic bacteria; phage specificity prevents
damage to original microflora; phages respond
quickly to the appearance of resistant bacterial
mutants; phages offer low scale-up costs; phages
side effects are very rare compared to the
antibiotic therapy. Due to the different
mechanism of bactericidal action phage provide
the opportunity for combined approaches with
antibiotics improving antibacterial potency in
some cases by up to 2× 104-fold higher than
antibiotic alone.

Bacterial cells may similarly build resistance
against phage infection. Other barriers to
infection include restriction or exclusion
systems that block propagation. Phage may
horizontally transfer toxicity between hosts via
generalized or specialized transduction. Some
of these barriers may be overcome by using a
cocktail strategy, phage incapable of
transduction, or genetic modification.

[27, 63]

Phages display of
peptide as a targeted
nanomedicine

Phages not only provide the basis to pan for
potential peptides that bind a specific receptor but
also can serve as a targeting nanomedicine
platform to shuttle drugs and/or genes, or to
specific cells, or modulate the activity of these
receptors.

Potential for phage to confer immunogenicity
against self antigens that are presented on
surface of phage if similar to that found in the
mammalian host.

[64]

Landscape phage-based approach has decreased
drawbacks compared to the chemical modified
nanocarriers with cancer-selective peptides.

Localized targeting of tumour cells may not be
sufficient for some phage-based antitumour
strategies.

[15]

human subjects. Consistent with this, Molenaar et al. have
shown that the specificity and delivery efficiency of the
filamentous M13 phage into parenchymal and Kupffer cells
of the liver with the incorporation of targeting ligands [29].
In their study they investigated the pharmacokinetics and
processing of native and receptor-targeted phage in mice. S-
radiolabeled M13 was chemically modified by conjugation of
either galactose (lacM13) or succinic acid groups (sucM13)
to the coat protein of the phage to stimulate uptake
by galactose recognizing hepatic receptors and scavenger
receptors, respectively. Receptor-mediated endocytosis of
modified phage reduced the plasma half-life of native M13
(t(1/2) = 4.5 h) to 18 min for lactosylated and 1.5 min for
succinylated bacteriophage. Internalization of sucM13 was
complete within 30 min after injection and resulted in up to
5000-fold reduction of bioactive phage within 90 min.

Phagocytes/Macrophages. The ability of bacteriophages to
reduce ROS production by polymorphonuclear leukocytes
(PMNs) in the presence of bacteria or their endotoxins
has been recently confirmed [43]. It has been shown that
a purified T4 phage preparation with low-endotoxin con-
tent could significantly diminish the luminol-dependent
chemiluminescence of peripheral blood polymorphonuclear
leukocytes stimulated by lipopolysaccharide [43, 70]. It
was suggested that phage-mediated inhibition of LPS- or
bacteria-stimulated ROS production by PMNs may be
attributed not only to phage-PMNs interactions but also to

phage-LPS interactions and bacterial lysis [43]. Although the
mechanism of phage inactivation by PMNs is not clearly
understood, the involvement of hypochloric acid, a highly
reactive metabolite generated during PMN stimulation, is
likely involved. Hypocholoric acid likely imparts damage to
the nucleic acids and capsid proteins alike, resulting in viral
neutralization [31]. Decades earlier, Inchley [79] reported
that T4 was almost completely cleared from mice by PMNs
within 30 minutes of injection, and similar results of phage
clearance have also demonstrated for T2, ϕX174, λ, and
P22 [78, 80, 81]. While the RES is capable of rapid phage
clearance, particularly in the thymus and the liver, significant
titers of infective phage have also been rescued from the
mouse spleen several days following inoculation, irrespective
of the route of immunization [77, 79]. The relatively poor
phagocytic activity of splenic macrophages may serve to
preserve phage, allowing efficient viral sampling by B cells.
The macrophage is critical component of innate immunity
and front-line response against tissue invasion. Once acti-
vated, macrophages produce an assortment of microbici-
dal effectors and immunoregulatory cytokines that act to
eliminate the invasion agent and influence the course of
ensuing cognate immune response. The RES is comprised
of pinocytic reticular and endothelial cells, and phagocytic
monocytes and macrophages, and while pinocytosis may
play a negligible role in RES clearance of phage, phagocytic
cells account for rapid and significant removal of admin-
istered phage. Kupffer cells (specialized liver mononuclear
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phagocytes) were shown to be the primary cells responsible
for this activity in mice [79]. Bacteriophages applied intra-
venously (i.v.) to mice accumulated mainly in the liver at
a rate 12 times greater than that seen in the spleen, but phage
titers decreased much faster than those in other organs.
Splenic macrophages also clear bacteriophages, but the
action of these cells on phage clearance and degradation has
been shown to be four times lower than that of the Kupffer
cells [79]. Nelstrop et al. demonstrated that “immune”
macrophages, obtained by laparotomy after prior immuniza-
tion of rabbit by the investigated phage T1, inactivated bacte-
riophages faster than “nonimmune” ones. Furthermore, they
showed that macrophages are capable of cellular immunity
with no involvement of humoral factors, whereby clearance
of phages was observed with no simultaneous detection of
produced antibodies [82]. In naive, germ-free mice that had
never been previously exposed to bacteria or bacteriophages
(as such possessing no antibodies that could confound
results), bacteriophages were shown to be rapidly cleared by
the spleen, liver, and other filtering organs of the RES [6, 83].

Dendritic Cells. Apart from the above-mentioned key players
of innate cellular immunity, dendritic cells (DCs) play a key
role in the initiation of the immune response, mainly by
priming T-cell- and antibody-mediated adaptive immunity
[84]. The immunological activity of dendritic cells has
been investigated for many years, and although in vivo
experiments have demonstrated the phagocytic activity of
these cells, verification of these observations in vitro has been
difficultly proven. The endocytosis of latex microspheres by
dendritic cells was probably the first convincing proof of the
phagocytic abilities of these cells observed outside a living
organism, and, unlike artificial particles, phagocytosis of
bacteriophage T4 by dendritic cells appears to be far stronger
[85]. Electron microscope images showed an agglomeration
of viral particles around dendritic cells. Moreover, the phages
seemed to be trapped in phagolysosomes and devoid of
their outer coat during phagocytosis [85]. It has been
demonstrated that DCs could affect host immune priming
after both oral and i.v. phage administration. These cells
prime T cells, for example, for IFN-gamma production,
and they are applied as an adjuvant in antitumor therapies.
DCs were shown to increase their antitumor action when
stimulated by purified T4 phage preparations. In addition,
it was demonstrated that in vitro interaction between T4
phages and bone-marrow-derived dendritic cells (BM-DCs)
followed by tumor antigen activation modifies the immune
response in tumor-bearing mice and leads to a significant
delay in MC38 mouse colon carcinoma growth [65]. It is
suggested that pretreatment of DCs with phages can be
considered as beneficial and a novel strategy in antitumor
immunotherapy.

3.1.2. Phage-Mediated Innate Humoral Immune Responses.
Through the use of a T7-phage peptide display library,
Sokoloff et al. found a correlation between the peptides
displayed and survival of the phage in rat circulatory system.
They noted that, in rat blood, peptides with carboxy-
terminal lysine or arginine residues protected the phage

against complement-mediated inactivation by binding C-re-
active protein [86]. In contrast, phages resistant to inacti-
vation in human serum were instead found to display C-
terminal tyrosine residues. Unlike in rats, C-reactive protein
is not elevated in humans [87], and the protective protein
was suspected to be α2-macroglobulin. Kim et al. were
the first to claim in their published research article that
PEGylation can increase survival of infective phage by delay-
ing immune responses and indicating that this approach
can increase the efficacy of bacteriophage therapy. Their
results show that PEGylation of phages can reduce cellular
immune response such as antigen-specific T-cell prolifera-
tion, decreasing release of associated cytokines. In their work
on both naı̈ve and immunized mice, PEGylated Felix-O1
phage (i) decreased induction of Th1-associated cytokines
such as IFN-γ and other cytokines such as IL-6, (ii) lowered
splenocyte proliferation, which would be expected to support
longer survival of modified phage particles, and did not affect
phage stability [88]. Compared with the survival increases
seen with the PEGylated phages, the increases in antigen-
specific IgG production upon the second challenge with
native phage were only marginal. In addition, no significant
difference in survival of PEGylated or native Felix-O1 in
immunized mice was found. It is suggested that more
modification on the available PEGylation chemistry may
improve the blood circulation in pre-immunized animals
[89].

3.2. Antiphage Adaptive Immunity. A large portion of what
we know to be adaptive immunity concerns the activation of
complex pathways, more specifically those that are activated
by the innate system and are memory dependent. In most
cases T and B cells of the adaptive branch of immunity ul-
timately clear pathogens from the body and provide long-
lived memory cells to prevent further activation or damage
[90]. The activation of the complement cascade by cell sur-
face recognition proteins or by secreted antibody results in
the release complement cleavage products that interact with
a wide range of cell surface receptors found on myeloid, lym-
phoid, and stromal cells. This intricate interaction among
complement activation products and cell surface receptors
provides a basis for the regulation of both B- and T-cell
responses [91]. Three potential ways that the complement
system can be activated prior to an acquired response by
nonclonal means are the alternative pathway which recog-
nizes surfaces lacking certain carbohydrates that are common
to eukaryotic organisms, the classical pathway, which can
be triggered by low-affinity “polyspecific” or cross-reactive
IgM antibodies binding to repetitive epitopes that bacterial
and viral surfaces characteristically present, and a pathway
that is initiated by mannan-binding lectin [92]. A central
protein of the complement system that provides a link bet-
ween innate and adaptive immunity is C3, which is critical to
immune defense. The above three pathways of complement
activation converge at the activation of C3 yielding a diverse
set of biological responses [93]. As foreign exogenous anti-
gens, the administration of phage will generally induce a
strong antiphage humoral response. Phage endocytosis
by specialized antigen-presenting cells (APCs), whereby
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immunogenic epitopes are presented to antigen-specific
T-helper cells, will result in the formation of memory
cells following primary immunization. This confers rapid
and efficient neutralization and clearance of the antigen
upon subsequent exposure. Bacteriophages circulating in
the blood are inactivated by macrophages of the RES
in synergy with antiphage antibodies—an outcome that
would quickly diminish the efficacy of bacteriophage ther-
apy upon subsequent exposures [28]. Repeated use of
a phage as a therapeutic, in addition to the interac-
tions with the innate immune system, would stimulate
memory cells and result in the production of antibodies.
Such activation of the adaptive immune system relies
on somatic mutations and clonal expansion of T and
B cells, which can take at least three to five days. Immuniza-
tion with bacteriophage phiX174 has been used extensively
to diagnose and monitor primary and secondary immun-
odeficiencies [62, 94]. Patients with a variety of conditions,
including T-cell or T/B-cell interaction dysfunctions such as
adenosine deaminase deficiency [95], X-linked immunode-
ficiency with hyper IgM and CD40 ligand deficiency [96],
major histocompatibility complex class II deficiency [97],
and HIV disease itself [98, 99] have been evaluated with
this method. Patient immune responses to bacteriophage
phiX174 immunization with T-cell or T/B-cell interaction
deficiencies are characterized by abated or absent antibody
titers after repeated immunizations as well as limited immu-
noglobulin isotype switching from IgM to IgG. In normal
individuals injected with the highly immunogenic phage
phiX174, the phage is normally cleared within three days and
a primary immunoglobulin M response can be observed that
peaks two weeks after the initial injection or immunization
[100]. If another injection is made six weeks later, the IgM
and IgG antibody titers increase and peak within one week
of the second injection; subsequent phage injections result
in further increases in the IgG titers. However, no detectable
antibody response to phage, even after repeated injections
was seen in patients with severe combined immune defi-
ciency (SCID), which is characterized by the absence of
both B and T cell functions. These patients also had pro-
longed phage circulation period [83]. Further, bacteriophage
phiX174 immunization has been used to measure CD4 T
cell function in vivo in human immunodeficiency virus
(HIV)-infected patients across all disease stages and phiX174
immunization seems to be a useful tool for measuring
immune function in vivo [101]. In this study, function was
evaluated by measuring the ability of T cells to provide help
to B cells in antibody production, amplification, and isotype
switching. In vivo humoral responses to phage phiX174 have
been used for more than 30 years in clinical immunology as
a measure of T helper cell-dependent antibody production
[73, 101, 102].

Interestingly, phage immunological responses may vary,
in particular with respect to prior infection with host strains
of bacteria. In patients with acute staphylococcal infection,
antiphage antibody titer was reported to arise very strongly.
The titers were particularly elevated during infections: a
fourfold rise was observed within 6–14 days of acute staphy-
lococcal infections, whereas a fall in the titer correlated with

treatment and was usually slow and followed the clinical
regression of the infection [103, 104]. Synnott et al. explored
the possibility of oral administration of a recombinant T2
bacteriophage oral vaccine against Salmonella typhimurium
in mice, where they fused segments of the Salmonella flagellin
proteins FliC and FljB to the N terminal of the T2 SOC (small
outer capsid protein) [105]. Over a 14-day period BALB/c
mice were orally administered twice daily, either purified
recombinant protein or fused T2 protein, then monitored
for anti-FliCm or anti-FlijBm IgA production. No significant
response was seen until day 33, with concentrations peaking
47 days after the initial administration and subsiding after
61 days. While they noted that 465 times less protein was
displayed by the phage as compared to the recombinant
protein dose, the degree of immune response was similar.
This finding suggests that phage display increases the immu-
nogenicity of the displayed protein, and in fact the phage
particle could act as an adjuvant in clinical trials [105]. How-
ever, the mechanism by which a peptide displayed on a phage
particle produces a greater immune response than a greater
quantity of the same peptide in free form requires further
investigation. In addition, there was a large variation between
individual mice in a given group, with some showing no
response at all. Mice administered with recombinant protein
in particular showed a large disparity between three mice
with no reaction, one with a moderate reaction, and one
that had a huge reaction in this recent study and therefore
requires verification from further studies.

3.3. Factors Affecting Phage Immune Responses. The nature of
an immune response versus the formation of phage antigens
is influenced by number of factors: (1) the physicochemical
properties of the phage including the size and number of dif-
ferent surface epitopes, (2) the route of immunization; some
routes tend to impart active immunity, while others confer
tolerance, (3) the dose of phage administered; low doses
of antigen have been shown to stimulate cell-mediated Th1
cytokine profiles while higher doses stimulate the Th2
pathway, (4) patient history of exposure; primary antibody
response to phage in naive individuals would be much less
efficient in clearing phage antigens than secondary expo-
sure in primed individuals due to B-cell maturation, iso-
type switching, and affinity maturation; and (5) antibody
and cytokine profile of—different isotypes impart different
functions.

Given the intimate relation bacterial strains and their
phage have with human, the large number of unstudied
phage strains that are associated with the human microbiome
and, in light of the recent studies, the available concerning
phage interactions with animals and humans are still very
limited and need further investigations for their advancing
use as nanomedicine and as phage therapy.

4. Conclusion

Phage has come a long way since first being applied as
antibacterials and is being revisited as with a serious eye in
light of the upsurge of multi-drug-resistant clinical strains.
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These versatile and malleable entities are further being
engineered into new exciting phage-based therapeutics such
as targeted gene-delivery vehicles and as anticancer agents.
However, their usage in mammals requires careful con-
sideration and understanding of the host-specific immune
response when being applied as synergistic antibiotic cother-
apeutics or replacements. Phage can and do interact with
mammalian innate immunity to elicit specific humoral and
cellular immune responses. Although efficient clearance of
phage may be primarily mediated by the RES of innate im-
munity, adaptive responses to phage immunizations cannot
be underestimated. Depending upon the phage display and
structural surface proteins, attenuation of immunogenicity/
tolerance and rapid clearance by the RES could potentially be
modified via alterations to the highly immunogenic surface
antigens. Repeated use of a phage as a therapeutic, in addi-
tion to the interactions with the innate immune system,
stimulates memory cells and results in the production of
antibodies. However, phage immunological responses may
vary, in particular with respect to prior infection with
host strains of bacteria, plus different phage strains may
mediate different effects on the immune system. The im-
mune response is mostly dose and time dependent; thus
experimental conditions in phage therapy trials must be
carefully monitored for variations in time, dose, and route
of administration as well as presence of adjuvants and other
immunogenic agents that all impact tolerance. Given the
intimate relationship of phage with human’s right from the
birth, for phage therapy to develop into a viable clinical
alternative, it will require far more rigorous and controlled
investigation into host-specific immune responses.
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Since the first generation of DNA vaccines was introduced in 1988, remarkable improvements have been made to improve their
efficacy and immunogenicity. Although human clinical trials have shown that delivery of DNA vaccines is well tolerated and safe,
the potency of these vaccines in humans is somewhat less than optimal. The development of a gene-based vaccine that was effective
enough to be approved for clinical use in humans would be one of, if not the most important, advance in vaccines to date. This
paper highlights the literature relating to gene-based vaccines, specifically DNA vaccines, and suggests possible approaches to
boost their performance. In addition, we explore the idea that combining RNA and nanomaterials may hold the key to successful
gene-based vaccines for prevention and treatment of disease.

1. Introduction

Gene-based vaccines have been extensively studied in recent
years in the hope of unlocking their potential as pre-
ventative or therapeutic tools against infectious diseases,
cancer, autoimmune diseases, and other conditions resulting
from molecular defects. An ideal vaccine is safe, highly
immunogenic, nonintegrating, easy to manipulate, stable,
and inexpensive to produce. In addition to these character-
istics, a therapeutic vaccine must not be compromised by
any preexisting immunity of the patient against the vaccine
delivery vehicle [1–5].

Gene-based vaccines approach this ideal and demon-
strate several advantages over conventional vaccines. How-
ever, gene-based vaccines, specifically DNA vaccines, have
produced disappointing results in human clinical trials, sug-
gesting that there is something missing from this puzzle. The
gene-based approach requires a performance boost before
these vaccines will be suitable for the clinic. One approach

may be to explore the benefits of using RNA vaccines rather
than DNA vaccines. This approach raises the issue of stability
and delivery, which in turn suggests potential roles for
nanomaterials as vital components in gene-based vaccines.

Nanomaterials harness the power to act as stabilizing
delivery vehicles for gene-based vaccines. With their small
size and large surface area, nanomaterials have the ability
to deliver a high payload of DNA or RNA [6], thus
increasing the efficacy of gene-based vaccines. Among the
most common nanomaterials studied for vaccine delivery
are metallic and magnetic nanoparticles, nanoliposomes,
and dendrimers [7]. This paper touches on the recent
developments in gene-based vaccines and their advantages in
terms of inducing both a cellular and humoral response. The
idea that RNA, along with nanomaterials, could play a critical
role in the development of the ideal gene-based vaccine
is also discussed, as well as the nanomaterials’ potential
advantage in terms of binding, stabilization, and delivery.
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2. Overview of Current Approaches in Vaccines

Conventional vaccines are composed of recombinant pro-
teins, live-attenuated viruses, purified bacterial or virus
components, or conjugates of proteins with polysaccharide
carriers [3]. These vaccines have a long track record and
have been widely used to eradicate numerous infectious
diseases, such as smallpox, poliomyelitis, and diphtheria [8].
However, conventional vaccines suffer from numerous prob-
lems. For example, recombinant protein vaccines are ex-
tremely costly to produce, often tedious to purify, and do
not effectively induce CD8+ T cells [3, 4]. Conventional
vaccines that employ recombinant viruses have their own
risks, including reversion, inadvertent spread of infection,
insertional mutagenesis, and the induction of autoimmunity
[3–5]. In addition to these risks, there are numerous
diseases for which conventional vaccines are not effective;
alternatively, gene-based vaccines demonstrate tremendous
promise in several of these areas, including cancer [7, 9],
tuberculosis [10, 11], HIV [12], and malaria [13, 14].

3. DNA Vaccines

3.1. Delivery. The concept behind DNA vaccines was devel-
oped by Wolff et al. using reporter genes to show that the
types of cells that are transfected are dependent on the route
and method of delivery [15]. DNA vaccines can be delivered
to cells by several different routes, including, but not limited
to, intramuscular, intraepidermal, intravenous, intranasal,
oral, and subcutaneous delivery [1, 4, 16, 17]. Delivery
methods are numerous and include injection, tattooing,
particle-mediated biolistic bombardment, electroporation,
laser, and ultrasound. Intramuscular injection is the most
common method, which leads predominantly to transfection
of myocytes [4, 15, 17, 18].

In the search for a delivery method that induces a
stronger immune response, much attention has been given to
particle-mediated biolistic bombardment via the gene gun.
For this method, recombinant plasmid DNA, containing the
gene coding for a specific antigen, is affixed to an inert
particle, such as a gold microparticle, and forced into the
target cells by high-pressure gun. Delivery by the gene gun
has been employed in the direct transfection of epidermal
keratinocytes, Langerhans cells, and dendritic cells [19, 20].
Studies performed by Mendez et al. demonstrated that the
DNA vaccine dosage required to induce full protection
in mice challenged with Leishmania major was five times
smaller using the gene gun than subcutaneous or intramus-
cular injection [21]. Interestingly, another study reported
that approximately 100-fold less DNA is required for an
equivalent immune response than that achieved with needle
injection in mice [22]. Both these studies clearly indicate that
the efficacy of DNA vaccines is improved when delivered
by particle-mediated biolistic techniques rather than by
intramuscular injection.

3.2. Mechanism of Action. Although the exact mechanisms
and pathways are still under investigation, DNA vaccines are
believed to be relatively simple tools for transfection, leading

to antigen production with the ultimate goal of an immune
response. The plasmid DNA that encodes the desired antigen
is under the control of a mammalian promoter and can be
produced seamlessly in bacteria [23]. The optimized, desired
gene sequence is delivered by one of several methods, and
the plasmid is transported to the nucleus where it uses
the host’s transcriptional and translational machinery to
produce the desired protein product. Proteases cleave the
protein into peptides, which can be presented subsequently
by the MHC class I molecules to induce the CD8+ T
lymphocytes [3, 4, 24, 25]. The dendritic cells endocytose
then express the antigen via MHC class I and MHC class
II molecules, thereby inducing both the CD4+ and CD8+ T
lymphocyte populations [19, 20]. The major advantage of
this vaccination approach is endogenous expression of the
encoded antigen, resulting in either direct processing of the
protein in an antigen presenting cell or in cross-presentation,
as illustrated in Figure 1 [19–29].

3.3. Potential Issues. The general consensus in the current
literature is that DNA vaccines are considered safe because
they are not living and do not replicate. Yet there are a few
concerns that have been raised, such as the induction of
autoimmunity against the patient’s DNA [23, 30], as well
as undirected integration, which may lead to insertional
mutagenesis by inducing oncogenes or silencing tumor
suppressor genes [16, 31]. During plasmid production,
antibiotic resistance genes are used as a selection tool,
and this use has raised concern that antibiotic resistance
could be transferred to the patient’s enteric bacteria [16,
32]. To eliminate this concern entirely, there are other
selection methods that are available, including auxotrophy
complementation [33], repressor titration [34], and protein-
based antidote/poison selection strategies [35]. Despite these
concerns, DNA vaccines have an impeccable safety record
in preclinical work and clinical trials [16, 23]. It is because
of this record that these potential safety concerns, although
closely monitored, have become secondary to the attempts to
enhance the efficacy and immunogenicity of DNA vaccines.

3.4. Enhancing DNA Vaccines. There are many possible
approaches to enhancing the efficacy and immunogenic-
ity. As previously mentioned, the route and method of
delivery can have a profound effect on the outcome of
vaccination. Codon optimization, promoter sequences, in-
trons, enhancers, polyadenylation signals, and unmethylated
cytosine-guanine dinucleotide (CpG) repeats can be mod-
ified within the plasmid to yield maximum expression of
the protein product [32, 36–41]. Another popular option
is using formulation adjuvants. The most common of these
include proteins, conjugates of small molecules, liposomes,
and micro- and nanoparticles [3, 6, 7]. The answer to the
problem of enhancing the efficacy and immunogenicity of
DNA vaccines likely resides in a novel combined approach.
The goal is to enhance the benefits by an effective delivery
system combined with various adjuvants. Nanomaterials,
which can act as both the delivery vehicle and stabilizing
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Biolistic bombardment: gold microparticle-mediated
epidermal delivery of plasmid DNA containing a gene
coding for a specific antigen of pathogenic material.
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Figure 1: Basic mechanism of action for DNA vaccines delivered by particle-mediated biolistic bombardment and the resulting immune
response. Using DNA attached to the gold particles provides increased stability and higher payload, and the dosage requirement is
significantly lower than that for intramuscular injection.

adjuvant [7, 42], are likely to play a crucial role and will be
discussed later.

4. RNA Vaccines

4.1. Simplified Mechanism of Action. One major advantage
of RNA vaccines is that the RNA acts in the cytoplasm and
is translated directly to proteins, therefore bypassing nuclear
localization and transcription necessary for DNA vaccines [3,
4]. Just as in DNA vaccines, RNA vaccines activate both the
cellular and humoral pathways of the immune response [42–
52]. Other advantages of RNA are that it is easily degraded
and is rapidly cleared from the tissue, resulting in greater
control of the outcome [47]. This situation is in contrast to
DNA vaccines that carry the risk of insertional mutagenesis,
thus altering the host cell gene expression in an undesirable
and uncontrollable fashion.

A substantial amount of research exists regarding the use
of RNA in diverse forms, including messenger RNA, short
interfering RNA, and splice-site switching oligomers [42–
52], some of which are discussed later in this paper. There
has also been a surge in the interest in double-stranded RNA,

especially polyinosinic:polycytidilic acid, also known as poly
I:C. Poly I:C is a promising adjuvant for vaccines, especially
cancer, since it is a potent immunostimulant and powerful
activator of the toll-like receptor-3 (TLR3) and melanoma
differentiation-associated protein-5 (MDA5) [42, 53].

4.2. Stability in Storage and Delivery. Another widespread
concern is that RNA is too unstable for storage and delivery
to be an effective player in gene therapy. Although RNA is
unstable, new evidence shows that it may be better suited
for vaccines than researchers had originally thought [43, 44].
Just as the difficulties pertaining to RNA stability during
storage are being solved, solutions to problems associated
with stability during delivery are being addressed. Although
a few studies have demonstrated that even unprotected RNA
may be able to induce cytotoxic T lymphocyte responses
in patients [5, 51–55], there are ongoing efforts to stabilize
RNA molecules in order to make delivery more efficient and
enhance the effect.

RNA vaccines avoid many of the potential problems
with DNA vaccines, and they require a less complicated
pathway to exert their effect. RNA vaccines may very well
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be essential to the success of future vaccine strategies for
fighting infectious diseases, cancer, and other conditions
caused by molecular defects. However, just as with DNA
vaccines, there are some difficulties that need to be overcome
before RNA vaccines can be optimized into the ideal gene-
based vaccine. Stability and delivery are the main targets for
optimization, and nanomaterials offer promising candidates
for these targets.

5. Nanomaterials: The Missing
Piece to the Puzzle

The term nanomaterials encompasses a broad and fasci-
nating range of molecules and compounds. However, for
the purposes of this paper, the focus will be on select
nanomaterials with the ability to enhance the delivery and
effect of gene-based vaccines, especially RNA vaccines. Due
to their unique physicochemical properties, nanomaterials
are promising platforms for gene-based vaccines. They offer
many biomedical advantages, including increased stability,
efficient delivery, desirable biodistribution, and specific cell
targeting, just to name a few [53]. The uptake of nano-
materials by cells, specifically cells of the immune system,
is influenced by numerous factors [53, 56–60]. Different
nanomaterials and their distinct characteristics, such as size,
morphology, and surface chemistry, play a role in the specific
internalization pathway, the effect of the nanomaterial on the
cell, and its biodistribution [56–59].

There are numerous approaches and advantages for
nanomaterial-mediated delivery of nucleic acids. Com-
pared to viral delivery systems for gene-based vaccines,
nanomaterial-mediated delivery systems offer a higher pay-
load and greater stabilization potential. Often when nano-
materials are complexed with biomolecules, the result is an
improvement in stability, biocompatibility, and retention of
other desirable characteristics for both the nanoparticle and
the biomolecule [42, 55]. These improvements are important
for delivery into the body where exposure to physiological
fluids, nucleases, and other biological components create
endless obstacles for the nanomaterial:nucleic acid complex
to reach its target.

5.1. Gold Nanoparticles. Like DNA vaccines, RNA can be
affixed onto functionalized gold micro- or nanoparticles
and delivered by particle-mediated biolistic bombardment
[48, 56, 57]. The surface of the gold can be functionalized
with specific tumor targeting agents, which are often a ligand
for a specific receptor on the target cell surface not expressed
on other cells. This targeting agent increases the transfection
efficiency of the vaccine. Qui et al. used the functionalized
gold particle-mediated gene gun to deliver three different
mRNA molecules into several tissue types. Protein expression
from RNA transcripts of the three reporter genes was
detected after in vitro delivery in monolayer and suspension
cell cultures, and in rat liver tissues, mouse liver, and
epidermal tissues after in vivo delivery [48].

Experiments performed by Sandhu et al. indicate that
gold nanoparticles were eight times more efficient at con-
densing and delivering nucleic acid compared to the com-
monly used polyethyleneimine polymer [57]. Protamine, an
arginine-rich protein, can be used in conjunction with the
RNA and gold nanoparticles. Protamine, which is necessary
for DNA condensation in spermatogenesis, also enhances
the stability of the RNA and protects it from degradation
by RNases by condensing the RNA into a nanoparticle. In
addition to its function as a stabilizer for RNA, protamine
is known to be a cell-penetrating molecule and acts as a
strong danger signal to the immune system, activating the
immune response through a MyD-88-dependent pathway
[46]. Delong et al. reported that combining the nucleic
acid: protamine complex with gold nanoparticles forms
a nanocomplex that can be analyzed by dynamic laser
light scattering particle analysis (DLLS), gel shift mobility
assays, and fluorescence [55]. In other work, the researchers
reported that the RNA structure and vaccine bioactivity
were retained even after exposure to physical, chemical, and
thermal degradation. They demonstrated that the biological
activity of the RNA was conserved by using a splice-
site switching assay and delivering siRNA against a key
cancer target, B-Raf [55]. A schematic of the nanocomplex
formation for siRNA delivery is shown in Figure 2. It is
important to note that condensing the RNA with protamine
and attaching it to gold nanoparticles may be useful for
numerous types of RNA, including siRNA, antisense RNA,
and messenger RNA.

5.2. Nanoliposomes. Another common method of stabiliza-
tion is to use liposomes, or nanoliposomes, as protective
carriers of nucleic acids. Liposomes are cationic lipids that
form stable complexes with negatively charged nucleic acids
through electrostatic interactions [49]. The association of
nucleic acids with lipids or polymers results in positively
charged particles small enough for entry through the nega-
tively charged plasma membrane by endocytosis, resulting in
the formation of a double-bilayer vesicle. In the process of
maturation of the endosome into a lysosome, the endosome
may rupture, and the nucleic acid cargo could be released
into the cytoplasm. Translocation to the nucleus might
result in gene expression for DNA [49–51]. In addition
to cellular entry by endocytosis, as illustrated in Figure 3,
nanoliposomes may also fuse with the membrane and unload
their cargo directly into the cytosol.

Changes in the surface charge on nanoliposomes can
improve delivery and cellular uptake. Liposomes themselves
can be immunostimulatory, a characteristic that could
enhance the immunogenicity of the vaccine, or they can be
coated with a polymer, such as derivatives of polyethylene
glycol and others, to prevent recognition by the immune
system [3, 7, 50, 51]. The data suggest that antigen-
presenting cells are better able to sequester nanoliposomes
than larger-sized liposomes. Cationic liposomes are much
more potent in eliciting an immune response than anionic
or neutral liposomes. The surface of the liposome can also be
modified with various ligands to allow targeting to specific
tissues or cells [49, 50].



Journal of Nanotechnology 5

siRNA
Condensation of siRNA into 
nanoparticle by protamine

Cationic 
protamine

Gold 
nanoparticle

Conjugate of gold, 
protamine, siRNA

++
+

+ +
+
++

+ +
+++

+ +
+ +
++ + + +

++

+
−

−
−
− − −

−
−

−−

− −−
− −

−−−
−

Figure 2: Graphical representation of the formation of complexes
between gold nanoparticles, protamine, and siRNA. The cationic
protamine condenses the RNA into nanoparticles, assisting its
stabilization and protecting it from degradation. The protamine:
RNA complexes then bind to the surface of the gold nanoparticle,
which confers more stability and protection.

5.3. Dendrimers. Dendrimers are highly branched syn-
thetic polymers with a high-density positive surface charge.
Polyamidoamine (PAMAM) dendrimers are able to con-
dense nucleic acids into a nanoparticle; such condensation
has been shown to protect them from nuclease degra-
dation [7, 55]. Dendrimers are also known to be cell-
penetrating molecules. There are different generations of
PAMAM dendrimers, and this parameter, along with the
size-to-charge ratio, is important in the formation of stable
nanoparticles [61]. An increase in the PAMAM dendrimer
generation has been correlated to an increase in the delivery
efficiency, yet it is well-known that the higher generation
dendrimers are also cytotoxic [59–65]. The nucleic acid
binding characteristics must be carefully balanced with
the cytotoxicity, often executed by functionalization of the
dendrimer branches. An example of this functionalization is
amine acetylation of PAMAM dendrimers. This acetylation
decreases the interaction of siRNA with the dendrimers,
thereby facilitating the unpackaging of siRNA in target cells.
The increased release of the siRNA cargo from the dendrimer
in the cell leads to an increase in transfection efficiency
[61, 64].

Different generations of PAMAM dendrimers have
been complexed to other nanoparticles to stabilize and
deliver DNA and RNA [61]. Pan et al. complexed mag-
netic nanopartcles to PAMAM dendrimers and antisense
survivin oligonucleotides. Human cells from breast and
liver tumors were incubated with these nanocomplexes
and subsequently, the samples were subjected to analy-
sis by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), quantitative RT-PCR, Western blot, and
transmission electron microscopy. The results demonstrated
that within 15 minutes, the nanocomplexes had entered the
tumor cells and significant downregulation of the targeted
survivin gene and its protein product were observed. The
authors reported in addition that cell proliferation was
inhibited in a dose-dependent and time-dependent manner
[61].

5.4. Nanomaterials and Nanotoxicity. Nanomaterials can
have very different physicochemical properties compared
with bulk materials of the same chemical composition. Some
of these properties (small size, large surface area, etc.) that
make nanomaterials desirable for biomedical use also gen-
erate potential risks for cytotoxicity. Results from numerous
experiments with various nanomaterials suggest that size,
surface area, morphology, surface chemistry, and chemical
composition are the major determinants of nanomaterial
uptake and cytotoxicity [54, 56–65, 67, 68]. Just like many
other nanosciences, the study of nanotoxicity has become
an area of intense focus; however, researchers are still trying
to develop an improved understanding of the pathways and
mechanisms involved.

Experiments performed by Kroll et al. [62] demonstrated
the influence of physicochemical properties on cytotoxicity
by using different groups of engineered nanoparticles with
the same chemical composition. For example, some of the
samples used were prepared using identical particle prepa-
rations, but one sample was dispersed at a different pH.
Other samples varied in their surface area, particle size, or
surface chemistry. The researchers used three in vitro assays
on ten different cell lines to monitor different stages of
cytotoxicity: oxidative stress, cellular metabolic activity, and
cell death. The outcome of this study, although too extensive
to elaborate here, confirms that in vitro toxicity cannot be
linked to a single, specific physicochemical property of the
nanomaterial. Kroll et al. suggest that the response is due
to the combined effects of the size, morphology, surface
chemistry, and chemical composition of the nanomaterial,
yet the effects are also cell-type dependent, and the results
vary depending on the endpoint used to measure toxicity.

Because dendrimers have enormous potential as delivery
vehicles for therapeutic nucleic acids, it is important to
harness that potential while still balancing the cytotoxic
effects. There are numerous approaches to reducing the
cytotoxicity while maintaining optimal function, including
binding hydrophilic polymers to the outermost branches of
the dendrimers, creating half-generation dendrimers, and
modifying some of the cationic amine groups to neutralize
them [59–65].
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Table 1: Summary of current data and future direction for gene-based vaccines.

DNA Vaccines [1–42, 66] RNA Vaccines [5, 42–55]
Future Direction: RNA and Nano-
materials [6, 53, 55–65, 67–77]

Design

Relatively easy, inexpensive, and
quick to construct. Easy to
manipulate. Does not require cold
chain.

Relatively easy, inexpensive, and quick to
construct. Can be produced in large
amounts in vitro from DNA template.

Functionalized nanomaterials can
be conjugated to further stabilize
RNA and to increase penetration.

Delivery

IM injection is most common, but
often requires prime/boost. Biolistic
bombardment with DNA-coated
gold microparticles is currently
most efficient. Needle-free delivery
via Bioinjector.

Currently, there is no standard delivery
method; IM injection is most common.
Liposome carriers can also be used.

Gene gun delivery of RNA conju-
gated with dendrimers and various
nanoparticles as stabilizing delivery
vehicles.

Stability
Generally stable at room
temperature. Long shelf life.

Unstable for storage unless oxidation,
hydrolysis, and contact with nucleases are
prevented. Quickly degraded in
physiological fluid, although studies show
unprotected RNA can induce immune
response.

Complexing the RNA with multi-
ple nanomaterials can have a com-
pounding effect to increase stability
for storage and delivery.

Safety

Considered relatively safe, though
there is theoretical risk of
insertional mutagenesis after
integration, induction of
autoimmunity, and transfer of
antibiotic resistance.

Rapidly cleared from tissue and does not
need to enter nucleus; therefore, there is
no risk of insertional mutagenesis after
integration, induction of autoimmunity,
or transfer of antibiotic resistance.

Continue researching the effect of
shape, size, and surface chemistry on
biocompatibility and cellular inter-
actions of various nanomaterials.

Immunogenicity

Activate both cellular and humoral
pathways. Poor result in human
clinical trials. Must be transported
to the nucleus in order to exert
biological effect.

Activate both cellular and humoral
pathways. No need to cross nuclear
membrane to exert its biological effect.
No need to be replicated or transcribed.

Complex RNA to nanomaterials that
recognize and target specific cells.
Continue research on nanomaterials
that penetrate the cell membrane
with adverse cellular effects.

Gold nanoparticles are generally considered safe and
biocompatible [68–72]. Studies performed by Chithrani et
al. indicate that 50 nm spheres of citric acid ligand-stabilized
gold nanoparticles are endocytosed by HeLa cells more
rapidly than 14 nm and 74 nm spheres [68]. Goodman et
al. studied cationic and anionic gold nanoparticles and
determined that the cationic particles exhibit moderate
toxicity, while anionic gold particles were nontoxic [69].
The researchers suggested that the mechanism for toxicity
was related to the initial electrostatic binding of the cationic
particles to the negatively charged cell membrane, while the
anionic particles were repelled from the cell surface, thereby
reducing the toxicity. In experiments studying the effect of
the morphology of gold nanoparticles on uptake and toxicity,
again executed by Chithrani et al., it was determined that

nanorods and nanospheres are both taken up by HeLa cells,
although nanorods were taken up at a much slower rate
[70]. Other nanomaterials, such as iron oxide [73, 74], zinc
oxide [75–77], silicon dioxide [78, 79], quantum dots [80],
and many more are under investigation for their potential as
biocompatible gene-delivery vehicles.

6. Summary

In summary, the search for an ideal vaccine has led to gene-
based approaches because they have numerous advantages
over conventional vaccines. The fundamental advantage of
gene-based vaccines is that they induce both the cellular
and humoral pathways of the immune system, a capability
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that conventional vaccines have been unable to achieve. The
problems with the performance of DNA vaccines have given
rise to the idea of using various forms of RNA in place of
DNA. Although RNA offers definite advantages over DNA
for use in vaccines, this approach generates new questions
relating to RNA stability for storage and delivery. Many of
the concerns about RNA stability have been addressed, and
using nanomaterials as stabilizing delivery vehicles could be
essential to the solution of these issues. Table 1 summarizes
the current advantages and challenges not only of DNA
and RNA vaccines, but also of RNA vaccines enhanced with
nanomaterials, which we see as the future of gene-based
vaccines.

7. Conclusion

On the horizon, nanomaterials may tip the balance and
finally be able to deliver on the promise of gene vaccines and
achieve a beneficial change in the proteome. RNA vaccines,
which can be robustly translated into protein antigens
that can more effectively elicit an immunotherapeutic Th1
and Th2 response, represent a powerful and promising
solution for cancer and infectious diseases that have eluded
cures so far. Critical to this solution will be identifying
nanomaterials that permit RNA entry into cells, bypassing
the cell membrane while at the same time protecting the
RNA from many nucleases that can destroy it. This route
could potentially enable a more prolonged and sustained
expression of the encoded proteins, and hence, weighing in
more heavily on the overall proteomic pattern on the key
cells of the immune system. With further work, it may be
possible to construct RNA nanoconjugates having these key
capabilities built into them.

At present, there is a massive effort to identify nanoma-
terials that, while providing the above advantages, elicit the
desired alterations in the cellular proteome, but which do
not have untoward, off-target, or other undesirable effects.
The proteome is complex and our understanding of how it
can be modulated selectively is evolving. The effects of these
bionanoconjugates on the binding, stabilization, and delivery
of DNA and RNA vaccines, in addition to how these novel
bionanomaterials “tip the proteome” is perhaps one of the
critical scientific questions of the 21st century.
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The aim of this study was to develop a new formulation of a curcumin lipid nanoemulsion having the smallest particle size,
the highest loading, and a good physical stability for cancer chemotherapy. Curcumin lipid nanoemulsions were prepared by a
modified thin-film hydration method followed by sonication. Soybean oil, hydrogenated l-α-phosphatidylcholine from egg yolk,
and cosurfactants were used to formulate the emulsions. The resultant nanoemulsions showed mean particle diameter of 47–
55 nm, could incorporate 23–28 mg curcumin per 30 mL, and were stable in particle size for 60 days at 4◦C. The cytotoxicity
studies of curucumin solution and curcumin-loaded nanoemulsion using B16F10 and leukemic cell lines showed IC50 values
ranging from 3.5 to 30.1 and 22.2 to 53.7 μM, respectively. These results demonstrated the successful incorporation of curcumin
into lipid nanoemulsion particles with small particle size, high loading capacity, good physical stability, and preserved cytotoxicity.

1. Introduction

Curcumin (diferuloylmethane), a phenolic compound be-
lieved to be the main pharmacological agent in turmeric,
possesses antioxidant activity in vitro [1, 2] and is used
in lipid peroxidation tests [3]. Curcumin is effective for
preventing and ameliorating gastric lesions. It also pos-
sesses anti-inflammatory [4], antibacterial [5, 6], antifungal
and antiyeast [7], antihypocholesterolemic [8], anticancer
[9–12], antimutagen [13], antiparasitic [14], antitumor-
promoting [15], antiproliferative [16], MDR modulator
effects [17], and so on.

The chemical structure of curcumin isolated from tur-
meric powder is shown in Figure 1. Commercial-grade
curcumin (such as from Sigma-Aldrich), when isolated from
the powdered dry rhizome of Curcuma longa Linn, contains
approximately 77% curcumin, 17% demethoxycurcumin,
and 3% bisdemethoxycurcumin. Curcumin pigments can
absorb the visible light at a wavelength between 420–425 nm.

The safety of Curcuma longa Linn and its derivatives has
been studied in various animal models [18]. It has been
shown that turmeric is not toxic to animals even at high
doses. A single feeding of a 30% turmeric diet to rats did
not produce any toxic effects. In a 24-h acute toxicity study,
mice were fed turmeric extracts at a daily dosage of 0.5, 1.0,
or 3.0 g/kg. No increase in the mortality rate was observed
when compared to the respective controls. A 90-day feeding
of turmeric extracts resulted in no significant weight gain
[18].

The cytotoxicity of curcumin was examined using the
MTT assay in cancer cell lines; Hep-2 (human larynx), PC-
9, PC-14 (human lung cancers), Hep-1 (mouse hepatoma),
F-25 (mutate H-ras transfected NIH mouse fibroblast), and
leukemic cell lines. The authors found that curcumin is
a potent antiproliferative agent for the tested cancer cell
lines [19, 20]. A recent report indicates that pure curcumin
concentration for oncogene target inhibition and inhibitory
effect on cancer cell proliferation is ∼15–20 μM [21].
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Figure 1: Chemical structure of curcumin.

In order to deliver curcumin to targeted organs, its
hydrophobic property needs to be modified. A wide variety
of drug carriers has been studied as a mean of improving the
therapeutic efficacy of drugs. The small size of carriers is very
important for the biodistribution in the body. The capillaries
are so small that red blood cells can only travel through
them in single file. The capillaries measure approximately
5–10 μm in diameter. Particles larger than this size cannot
be circulated in the body and become entrapped in the
capillary bed. Thus, the particle diameter should be generally
smaller than micrometers for the particles to be circulated
in the blood vessels. In addition, reduction in the particle
diameter to less than 100 nm is thought to decrease their
removal by the reticuloendothelial system and increase their
extravasation from the smallest capillaries [22, 23]. Thus,
nanotechnology is one of the effective methods to be used
for the delivery of curcumin.

Many studies have been published on the production
of nanoparticles to incorporate curcumin. Bisht et al. [24]
proposed the polymeric nanoparticle formulation encap-
sulating curcumin as “nanocurcumin” for human cancer
therapy. The nanocurcumin was confirmed to have a narrow
particle size distribution with an average size of 50 nm. Fur-
thermore, nanocurcumin could induce cellular apoptosis,
inhibit nuclear factor kappa B (NFκB), and downregulate
the steady state levels of multiple proinflammatory cytokines
(interleukin-(IL-) 6, IL-8, and tumor necrosis factor alpha
(TNFα)) in pancreatic cancer cells [24]. In a recent report,
curcumin was also prepared in the form of liposomes (nan-
odelivery vehicles primarily composed of phospholipids)
coated with antibodies specific to a prostate membrane-
specific antigen. The coated-liposomes were approximately
100–150 nm. The liposomal curcumin showed antiprolifer-
ative activity on human prostate cancer cell lines (LNCaP
and C42B) in a tetrazolium dye-based (MTT) assay [25].
Furthermore, curcumin was encapsulated in the form of
alginate-chitosan-pluronic composite nanoparticles for its
delivery to cancer cells. The particles were spherical in shape
with an average size of 100 ± 20 nm. The half-maximal
inhibitory concentration for encapsulated curcumin was
14.34 μM [26].

Lipid emulsions have also been used as a promising
drug delivery device to target tissues [27, 28]. Many studies
have shown the validity of a lipid emulsion as parenteral
drug delivery device [29–31]. Emulsions are heterogeneous
mixtures of 2 or more immiscible liquids with an emulsifier
used to stabilize the dispersed droplets. They have certain
advantages such as good biocompatibility, biodegradability,
physical stability, and ease of large-scale production. In

addition, they can incorporate hydrophobic and amphi-
pathic drugs because of their structural characteristics. Since
curcumin has a hydrophobic nature, it can be the payload of
a lipid emulsion. Thus, a lipid emulsion can be a promising
device for the delivery of curcumin.

The aim of this study was to prepare curcumin in
the form of a lipid emulsion with reduced particle size
and increased curcumin loading. The preparation of the
formulation was modified from the standard formulation
of gadolinium-containing nanoemulsions described in our
previous reports [32, 33]. The effects of the type of oil and
cosurfactant on particle diameter were studied. Moreover,
the curcumin lipid emulsion was also evaluated on incor-
poration efficiency, physical stability after production, and
cytotoxicity in cancer cell lines.

2. Materials and Methods

2.1. Chemicals. Hydrogenated l-α-phosphatidylcholine from
egg yolk (HEPC), soybean oil, polysorbate 80 (polyoxyethy-
lene (20) sorbitanmonooleate, Tween 80), and chloroform
were purchased from NacalaiTesque Inc., Kyoto, Japan. In
HEPC, the phospholipid content was more than 99% and
the phosphatidylcholine content was approximately 70%.
Lecithin from soybean was purchased from WAKO Pure
Chemical Industries, Osaka, Japan. Curcumin from Curcuma
Longa Linn (Turmeric) was purchased from Sigma-Aldrich,
St. Louis, MO, USA. Polyoxyethylene hydrogenated castor
oil 60 (Cremophor-HR60, HCO-60) was supplied by BASF,
Ludwigshafen, Germany. Dimethyl sulfoxide (DMSO), 3-
(4,5-dimethylthiazolyl-2)-2, 5-diphenyl tetrazolium bro-
mide (MTT) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). RPMI-1640 and penicillin-streptomycin were
purchased from GIBCO Invitrogen (Grand Island, NY, USA).
Fetal bovine serum (FBS) was obtained from Biochrom
AG (Berlin, Germany). Ethanol was purchased from Fluka
Chemicals (Buchs, Switzerland).

2.2. Preparation of Curcumin-Containing Lipid Nanoemul-
sion. Curcumin-containing lipid nanoemulsions were pre-
pared by a modified thin-film hydration method at room
temperature (24◦C) as previously reported [32, 33]. Briefly,
the emulsions consisted of soybean oil or lecithin (phos-
phatidylcholine), water, curcumin, HEPC, and an appropri-
ate co-surfactant. The oil and HEPC were dissolved in 2 mL
of chloroform. Curcumin was dissolved in 4 mL of chloro-
form. Co-surfactant (HCO-60 or Tween 80) was dissolved
in 2 mL of chloroform (HCO-60) or distilled water (Tween
80). The mixture of the 3 solutions was dried by rotary
evaporation and subjected to subsequent vacuum desicca-
tion for 3–5 h to generate the dried thin film. The dried thin
film was hydrated with 30 mL of distilled water warmed at
55–60◦C in a bath-type sonicator (BRANSON-Yamato 2510,
BRANSONIC, Emerson-Japan, Kanagawa, Japan), followed
by vigorous mixing and sonicating for 5 min to create coarse
lipid emulsions. The fine lipid emulsions were prepared by
30–60 min sonication under N2 atmosphere with a bath-
type sonicator, which was thermostated at 55–60◦C. The
sonication was performed as follows: 3 min sonication and
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subsequent 2 min cooling, which were repeated for 30–
60 min. Excess curcumin was removed by centrifugation at
3000 rpm for 15 min. The supernatant was collected as cur-
cumin lipid nanoemulsion sample. Three different batches of
lipid nanoemulsions were prepared with each formulation.
The prepared curcumin lipid nanoemulsions were evaluated
regarding particle size, curcumin concentration, and percent
incorporation efficiency (% IE) described below.

2.3. Particle Size Measurement. The particle diameter of the
nanoemulsions was measured by a dynamic light scattering
method using Zetasizer 3000HSA (Malvern Instrument, UK)
at room temperature. Particle size data were expressed as
the mean of the Z-average of 3 independent batches of the
nanoemulsions.

2.4. Determination of Curcumin Concentration and Incor-
poration Efficiency. Curcumin in lipid nanoemulsions was
quantified using a simple colorimetric assay at 450 nm as
described previously [25]. Briefly, a standard curve was
generated from known concentrations of curcumin in HBSE-
Triton X-100 (10 mM HEPES, 140 mM NaCl, 4 mM EDTA,
and 1% Triton X-100). After centrifugation, 4 mL of HBSE-
Triton X-100 was added to 25 μL of the curcumin lipid
nanoemulsion to determine the curcumin concentration
in the nanoemulsion. The absorbance was measured on a
spectrophotometer (UV-150-02, SHIMADZU Corporation,
Japan). The amount of curcumin in the lipid nanoemulsion
was calculated from the final concentration of curcumin after
preparation. The curcumin incorporation efficiency (% IE)
in the lipid nanoemulsion was calculated by the following
equation:

% IE =
(
Measured amount of curcumin in lipid nanoemulsion

)

(
Total amount of curcumin applied in preparing lipid nanoemulsion

) × 100. (1)

2.5. Solubility of Curcumin. To determine the solubility of
curcumin, 3 different solutions, including soybean oil, 1.25%
(w/v) Tween 80 in distilled water, and 1.25% Tween 80 with
0.83% HEPC in distilled water were tested in this study.
For determining the solubility of curcumin in soybean oil,
3.5 mg of curcumin was added to a test tube containing
1 mL of soybean oil. The mixture solutions were vortexed,
allowed to cool, and kept at 24◦C overnight. Thereafter,
they were centrifuged at 3000 rpm for 15 min at 24◦C.
Undissolved curcumin, which was observed at the bottom
of the test tube, was eliminated by centrifugation. Then,
the amount of curcumin in soybean oil was determined by
spectrophotometry at an absorbance of 450 nm.

For determining the solubility of curcumin in the Tween
80 aqueous solutions without (Tween 80 solution) or with
HEPC (Tween 80-HEPC solution), 1.0 mg of curcumin
was added to a test tube containing 1 mL of the aqueous
solutions, followed by vortexing. The solutions were warmed
and vortexed every 5 min in a water bath (60◦C) for 1 h.
After being allowed to cool and stand at 24◦C overnight,
they were centrifuged at 3000 rpm for 15 min at 24◦C. The
concentrations of curcumin in the supernatant of both
Tween 80 and Tween 80-HEPC solutions were measured
spectrophotometrically.

2.6. Cells and Cell Culture Conditions. B16F10 (mouse
melanoma cell line) was cultured in DMEM contain-
ing 10% fetal calf serum, 100 units/mL penicillin, and
100 μg/mL streptomycin. Four types of leukemic cell lines,
including HL60 (promyelocytic leukemia), K562 (chronic
myelocytic leukemia), Molt4 (lymphoblastic leukemia), and
U937 (monocytic leukemia), were cultured in RPMI-
1640 medium containing 10% fetal calf serum, 1 mM L-
glutamine, 100 units/mL penicillin, and 100 μg/mL strepto-
mycin. These cell lines were maintained in a humidified

incubator with an atmosphere of 95% air and 5% CO2 at
37◦C. When the cells reached confluency, they were harvested
and plated for consequent passages or for nanoemulsion
curcumin treatments.

2.7. MTT Assay. Cell viability was determined by the
MTT test method. MTT (5 mg/mL) was dissolved in PBS.
B16F10 and leukemic cells were cultured in 96-well plates
(1.0 × 104 and 3.0 × 103 cells/well, resp.) containing 100 μL
medium prior to treatment with curcumin and curcumin-
loaded nanoemulsion at 37◦C for 24 h. Subsequently, 100 μL
fresh medium containing various concentrations (4.23, 8.47,
16.97, 33.93, and 67.86 μM) of curcumin or the correspond-
ing curcumin-loaded nanoemulsion were added to each well,
and incubated for another 48 h. Diluted curcumin solutions
were freshly prepared in DMSO prior to each experiment.
The final concentration of DMSO in culture medium was
0.2% (v/v). Diluted curcumin-loaded nanoemulsion was
prepared in completed RPMI-1640 medium. The curcumin
concentrations from curcumin-loaded nanoemulsion were
determined by the colorimetric assay as previously described
[24] using the HBSE buffer containing Triton X-100. The
amount of curcumin in nanoemulsion was determined by
comparing to the standard curcumin curve. Then, curcumin
concentrations were calculated and diluted for the equal
concentrations with equimolar of conventional curcumin to
test cytotoxicity by MTT assay. The nanoemulsion without
curcumin was used as vehicle control. The metabolic activity
of each well was determined by MTT assay and compared
to those of untreated cells. After removal of 100 μL medium,
MTT dye solution was added (15 μL/100 μL medium) and
the plates were incubated at 37◦C for 4 h in a humidified
5% CO2 atmosphere. After that, 200 μL of DMSO were
added to each well, and mixed thoroughly to dissolve the
dye crystals. The absorbance was measured using an ELISA
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Table 1: Formulations of curcumin-loaded lipid nanoemulsion.

Component
Formulation

1 2 3 4 5 6 7 8

Soybean oil (mL) 1 1 — — 1 1 1 1

Lecithin (mL) — — 1 1 — — — —

HCO-60 (mg) — 375 — 375 — — — —

Tween 80 (mg) 375 — 375 — 375 375 375 375

HEPC (mg) 250 250 250 250 250 250 250 250

Curcumin (mg) 15 15 15 15 30 60 120 240

Distilled water (mL) 30 30 30 30 30 30 30 30

plate reader (Biotek EL 311) at 570 nm with a reference
wavelength of 630 nm. High optical density readings cor-
responded to a high intensity of dye color, that is, to a
high number of viable cells able to metabolize MTT salts.
The fractional absorbance was calculated by the following
formula:

% Cell survival = Mean absorbance in test wells
Mean absorbance in control wells

× 100.

(2)

The average cell survival obtained from triplicate deter-
minations at each concentration was plotted as a dose
response curve. The experiment was carried out in 3 batches
of nanoemulsion preparations in 3 time-independent exper-
iments. The 50% inhibition concentration (IC50) of the
active substances was determined as the lowest concentration
which reduced cell growth by 50% in treated compared to
untreated culture or vehicle control culture (0.4% DMSO
in culture medium). The IC50s were mean ± standard error
(SE) and compared for their activities.

2.8. In Vitro Release Kinetics of Curcumin-Loaded Nanoemul-
sion. Curcumin-loaded nanoemulsion at the concentration
of 7 mg in 25% human serum in PBS was put into dialysis
bag with pore size of 50◦A (5 nm). The dialysis bag was
kept in dark bottle containing 25% human serum in PBS
with total volume of 150 mL. The condition was controlled
under constant stirring in water bath set as 37◦C. Sample
(1 mL) was collected at certain time intervals of 2, 4, 6,
12, 24, 36, 48, 60, and 72 h. The fresh medium was added
after withdrawal. The curcumin concentration in the sample
was determined by colorimetric assay measured at 450 nm
as compared to standard curcumin as described previously
[25].

2.9. Statistical Analysis. Statistical analysis was performed
using the SPSS software (version 10.0). All experiments were
repeated at least 3 times. The data were expressed as the
mean (standard deviation and standard error; SD and SE).
Statistical differences between the means were tested by one-
way ANOVA. Probability values P < 0.01 and P < 0.05 were
considered as significant.

0

20

40

60

80

100

120

140

160

30 45 60

Pa
rt

ic
le

 d
ia

m
et

er
 (

n
m

)

Sonication time (min)

∗∗∗∗∗∗

Figure 2: Effect of co-surfactants and sonication time on the
particle diameter of curcumin-loaded lipid nanoemulsions. Closed
bar: Tween 80, formulation 1. Open bar: HCO-60, formulation
2. Data are represented as the mean ± standard deviation of 3
independent experiments (n = 3). ∗∗Significantly different from
the HCO-60 formulation (P < 0.01) by one-way ANOVA.

3. Results

3.1. Formulations and Operational Factors. The formulations
and preparation conditions were optimized by changing
the co-surfactant type, sonication time, and oil type. First
of all, in order to evaluate the effect of co-surfactant and
sonication time on the mean particle diameter of lipid
nanoemulsions, a series of nanoemulsions was prepared with
increasing sonication times in the presence of Tween 80
(formulation 1) or HCO-60 (formulation 2; Table 1). Herein,
15 mg of curcumin was used as the initial loading dose. In
this experiment, soybean oil was used as oil component for
curcumin lipid nanoemulsions.

The nanoemulsions prepared by using Tween 80 as a
co-surfactant revealed the significant decrease in size as
compared to HCO-60 (P < 0.01; Figure 2). The sonication
time did not result in a difference in particle diameter among
the nanoemulsions prepared with different sonication times
(30, 45, or 60 min) in both HCO-60 and Tween 80 formula-
tions. The mean particle diameters of lipid nanoemulsions
with HCO-60 prepared with a sonication time of 30, 45,
and 60 min were 136.5, 120.2, and 120.0 nm, respectively,
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Figure 3: Effect of lipid type on the particle diameter (a) and
percent incorporation efficiency (% IE) (b) of curcumin lipid
nanoemulsions. Formulation: 1, 2, 3, and 4 in Table 1. Data are
represented as the mean ± standard deviation of 3 independent
experiments (n = 3). ∗Significantly different (P < 0.05) by one-way
ANOVA.

while those with Tween 80 were 64.6, 56.0, and 58.2 nm,
respectively. The prolongation of the sonication time from
30 min to 45 min resulted only in a slight decrease in the
mean particle diameter in HCO-60 and Tween 80 (11.8 and
13.9%, resp.). The polydispersity indices ranged from 0.24 to
0.32. Thus, 30 min of sonication was chosen for the following
experiments.

3.2. Effect of Oil Type on Particle Size of Emulsion. The 4
formulations of curcumin-loaded lipid nanoemulsions in
this experiment are shown in Table 1 (formulations 1–4).
Curcumin nanoemulsions using soybean oil showed smaller
particle sizes than those using lecithin (Figure 3(a)). The
mean particle diameters of the nanoemulsions composed of
soybean oil with Tween 80 and those of lecithin with Tween
80 were 51.0 and 74.6 nm, respectively. The nanoemulsions
composed of soybean oil with Tween 80 were significantly
smaller in particle diameter (by 31.6%; P < 0.05) than
those composed of lecithin with Tween 80. The mean particle
diameter of soybean oil nanoemulsions with Tween 80 was
significantly smaller (by 46.5%; P < 0.05) than those with
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Figure 4: Effect of the amount of curcumin on the particle diameter
of the emulsion. Formulation: 1, 5 to 8 in Table 1.

HCO-60. While the nanoemulsions composed of lecithin
and soybean oil with HCO-60 did not show any significant
difference in particle diameter in the statistical analysis, the
polydispersity indices ranged from 0.22 to 0.37.

Figure 3(b) shows the % IE values of curcumin in the
4 lipid nanoemulsions prepared with formulations 1 to
4. The % IE in these 4 formulations was in the range
of 93.8%–100%. The incorporated amount of curcumin
in the nanoemulsions was in the range of 14.1–15.0 mg
in total. Macroscopic observation clearly showed that free
curcumin was poorly soluble in distilled water; in contrast,
the prepared curcumin lipid nanoemulsions were absolutely
transparent, with the hue derived from the natural color of
curcumin. Furthermore, the curcumin lipid nanoemulsions
with lecithin showed more transparency than those with
soybean oil.

3.3. Enrichment of Curcumin in Nanoemulsions. The 5 for-
mulations of curcumin-enriched lipid nanoemulsion are
also listed in Table 1 (formulations 1, 5–8). The effects
of the weight ratio of curcumin to HEPC on the mean
particle diameters and particle size distributions of the
emulsions are shown in Figures 4 and 5, respectively. Here,
Tween 80 was used as a co-surfactant. As the amount of
curcumin applied increased from 15 mg (formulation 1)
to 30 mg (formulation 5), 60 mg (formulation 6), 120 mg
(formulation 7), and 240 mg (formulation 8), the particle
diameter of the nanoemulsion increased from 47.9 to 58.6,
59.5, 74.1, and 77.8 nm, respectively (Figure 4). When the
nanoemulsions were centrifuged for separation of excess
curcumin after sonication, pellets of excess curcumin could
be observed when more than 30 mg of curcumin were
added, in a manner depending on the amount applied. The
particle size distributions had a single peak each, with the
polydispersity indices ranging from 0.22 to 0.51 (Figure 5).

When all lipid nanoemulsions were examined for % IE
after centrifugation, we found that % IE decreased depending
on the amount of curcumin applied (Figure 6). However,
the % IEs at 15 and 30 mg were not significantly different.
Moreover, the color of the curcumin lipid nanoemulsion
exhibited no difference when more than 30 mg of curcumin-
was applied, suggesting a similar concentration of curcumin.



6 Journal of Nanotechnology

Size distribution(s)

10 50  100 500 5000

10

20

Diameter (nm)

5

 I
n

 c
la

ss
(%

)

(a)

50  100

Size distribution(s)

10 500 5000

10

20

Diameter (nm)

5

 I
n

 c
la

ss
(%

)

(b)

50  100

Size distribution(s)

10 500 5000

10

20

30

5

 I
n

 c
la

ss
(%

)

Diameter (nm)

(c)

50  100

Size distribution(s)

10 500 5000

10

20

5

30

 I
n

 c
la

ss
(%

)

Diameter (nm)

(d)

50  100

Size distribution(s)

10 500 5000

10

20

5

 I
n

 c
la

ss
(%

)

Diameter (nm)

(e)

Figure 5: Particle size distributions of curcumin-loaded lipid nanoemulsions in formulations 1(a), 5(b) to 8(e).

3.4. Physical Stability Study. The time course-dependent
change in the mean particle diameter of the lipid nanoemul-
sions prepared with 15, 30, and 60 mg of curcumin during
storage at 4◦C for 60 days is presented in Figure 7. The mean
particle diameters at day 60 were 54.9, 58.2, and 56.8 nm,
corresponding to 15, 30, and 60 mg of curcumin applied.
No significant changes due to dispersion instability were
observed.

3.5. Effect of Curcumin-Loaded Nanoemulsionon Cytotox-
icity. By using curcumin-loaded nanoemulsion prepared
with formulation 5 (Table 1), the cytotoxic effects of the
nanoemulsion at various concentrations (0–67.86 μM or 0–
25 μg/mL) on B16F10, K562, Molt4, U937, and HL-60 cell
lines for 48 h by MTT assay were investigated. The results
are shown in Figure 8. Cucumin-loaded nanoemulsion is
capable of inhibiting cell growth of all cell lines. The
IC50 values (mean ± SE) of cucumin-loaded nanoemulsion
treatment were 22.2± 0.6, 53.7± 0.23, 30.3± 4.4, 35.8± 1.7,

and 23.5± 1.1, respectively, whereas the curcumin treatment
were 3.5 ± 0.5, 38.7 ± 2.0, 14.4 ± 2.3, 30.1 ± 0.9, and 15.7 ±
1.6μM, respectively (Table 2). The IC50 value of curcumin-
loaded nanoemulsion is significantly different when com-
pared to curcumin treatment in B16F10 cells (P < 0.05).
However, four leukemic cell lines did not show different
inhibitory effect between curcumin-loaded nanoemulsion
and curcumin treatments. The nanoemulsion control did not
show any different cytotoxic effect on all cancer cells (IC50

values > 67.86 μM).

3.6. In Vitro Release Kinetics of Curcumin-Loaded Nanoemul-
sion. The release kinetics of curcumin-loaded nanoemulsion
prepared with formulation 5 (Table 1) demonstrated approx-
imately a 25% release of curcumin from the nanoemulsion
at 72 h, when dispersed in 25% human serum containing-
phosphate buffer saline at pH 7.4 (Figure 9). However, the
release kinetics in phosphate buffer saline was 1.4% at
72 h.
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Table 2: IC50 values (μM) of curcumin and curcumin-loaded nanoemulsion on B16F10, K562, Molt4, U937, and HL-60 cell lines.

Treatment
IC50 (μM)

B16F10 K562 Molt4 U937 HL-60

Curcumin 3.5± 0.5 38.7± 2.0 14.4± 2.3 30.1± 0.9 15.7± 1.6

Curcumin-loaded
nanoemulsion

22.2± 0.6∗ 53.7± 0.23 30.3± 4.4 35.8± 1.7 23.5± 1.1

Nanoemulsion control >67.9 >67.9 >67.9 >67.9 >67.9

Each value denotes the mean ± SE of three independent experiments (n = 3).
∗Significantly different from the curcumin (P < 0.05).
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Figure 6: Effect of the amount of curcumin applied on the percent
incorporation efficiency (% IE) in formulations 1, 5 to 8. Data are
the mean ± standard deviation of 3 independent experiments (n =
3).
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Figure 7: Physical stability of curcumin lipid emulsion in formula-
tions 1, 5, and 6 during storage at 4◦C for 60 days. Curcumin applied
(mg): circle, 15; triangle, 30; square, 60. Data are represented as the
mean ± standard deviation of 3 independent experiments (n = 3).

4. Discussion

The criteria for designing curcumin-containing lipid nanoe-
mulsions for cancer therapy were as follows: the particle
diameter of the emulsion had to be smaller than 100 nm
(50–90 nm); the curcumin content had to be as high as
possible; the surface of the emulsions had to be modified
with hydrophilic moieties to allow prolonged circulation in
the blood.

Curcumin is a lipophilic molecule and exists in its
enol-tautomer form (Figure 1). It exhibits limited solu-
bility in water, slight solubility in methanol, and good
solubility in DMSO and chloroform [34]. To overcome
its limited water solubility, a number of new approaches
have been investigated to deliver curcumin effectively by
using lipid-based nanoparticulate carriers such as liposome
encapsulation [35, 36]. The formulation of the curcumin
lipid nanoemulsion in this study was modified from the
one used for the preparation of gadolinium-containing
emulsions in the previous studies [32, 33]. The main
components of those emulsions were soybean oil, water,
Gd-diethylenetriaminepentaacetic acid-distearylamine (Gd-
DTPA-SA, a highly lipophilic compound), and HEPC. HCO-
60 was used as an effective co-surfactant, which could
reduce the particle size and also enrich gadolinium in the
nanoemulsion. Moreover, Tween 80 was also one of the
effective co-surfactants to reduce the particle diameter to
52.7 nm in gadolinium-containing nanoemulsions, whereas
it increased the particle diameter with increasing amounts
of Gd-DTPA-SA in the nanoemulsion. Thus, this experiment
was designed to study the effect of both HCO-60 and
Tween 80 on particle size reduction and physical stability
to identify the appropriate co-surfactant for curcumin lipid
nanoemulsions.

A good emulsion was obtained in the preliminary
experiments with HEPC. Hence, HEPC was selected as
an emulsifier for curcumin-containing lipid nanoemulsions
(Table 1). Then, the formulation and preparation conditions
were optimized by changing the co-surfactant type, soni-
cation time, and oil type. In order to evaluate the effect
of co-surfactant and sonication time on the mean particle
diameter of the lipid nanoemulsions, a series of samples were
prepared with HCO-60 or Tween 80 as co-surfactant and
soybean oil as oil component by increasing the sonication
time at 15 mg of the initial curcumin loading (formulations
1 to 4, Table 1). The nanoemulsions were prepared at an
HEPC-to-co-surfactant weight ratio of 1 : 1.5. Thus, the
outer monolayer of the oil core in the lipid nanoemulsions
would be composed of a HEPC-to-HCO-60 molar ratio of
7.6 : 2.4 or an HEPC-to-Tween 80 molar ratio of 5.4 : 4.6,
assuming that all surfactant molecules were arranged on the
interface of the oil core and water.

The sonication was effective to reduce the particle size
of the nanoemulsions. In case of the Gd-DTPA-SA emulsion
study, the particle diameter was gradually reduced by pro-
longing the sonication time [32, 33], leading to a decrease in
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Figure 8: Cytotoxicity of curcumin and curcumin-loaded nanoemulsionon B16F10, K562, Molt4, U937, and HL-60 cell lines. �: curcumin
treatment, �: curcumin-loaded nanoemulsion, �: nanoemulsion control. Data are the mean ± standard error (SE) of three independent
experiments (n = 3).

the diameter from 306 to 239 nm within 2 h. In the present
study, 30 min sonication could rapidly decrease the particle
diameter of the lipid nanoemulsions (Figure 2).

In this study, Tween 80 and HCO-60 were selected
because they were effective co-surfactants in terms of particle

size reduction in Gd-DTPA-SA-containing nanoemulsions
[32, 33]. The present results showed that emulsion particles
using Tween 80 were much smaller than those using HCO-
60 (Figure 2). Thus, Tween 80 was selected to be the co-
surfactant in our further studies. Nevertheless, both Tween
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Figure 9: In vitro release kinetics of curcumin-loaded nanoemul-
sion. �: 25% Human serum in PBS, �: PBS.

80 and HCO-60 have been commonly used as stabilizers in
commercially available lipid emulsion preparations for a long
period of time [37, 38]. Thus, they can possibly be used
as co-surfactants in curcumin nanoemulsions because they
provided the curcumin emulsions with a particle diameter
small enough for long-term circulation in the blood and also
to extravasate through blood capillaries in tumors.

Soybean oil and lecithin obtained from soybean were
examined as oil components. Both oil types have been widely
used as a model system for lipid emulsion studies and are
generally used for commercially available fat emulsions. In
general, the formula of intralipid was made of 10–30% w/w
soybean oil and 1.2% w/w lecithin. Lecithin also comes
from soybean oil products. The amount of phospholipids
in soybean oil and lecithin is 1.48–3.08% and 28.9–44.1%,
respectively [39]. However, the viscosities of soybean oil
and lecithin are 69 mPa·s and 10000 mPa·s, respectively,
at 24◦C. In this study, the curcumin nanoemulsion with
soybean oil showed smaller particle diameters than that with
lecithin (Figure 3(a)). This difference in the particle diameter
can be attributed to the lower viscosity of soybean oil: it
can allow breakup of the oil droplets readily by the sonic
wave generated from the ultrasonication treatment and thus
possibly allow to form the smaller-sized nanoemulsion [32].

The % IE of the curcumin lipid nanoemulsion was mark-
edly decreased by the increasing total amount of curcumin
applied (Figure 6), thereby implying that there were excess
amounts of free curcumin after the emulsifying process. This
result indicated that the lipid nanoemulsions were limited
in their capacity to incorporate curcumin. Compared to the
loading amount of curcumin in liposomes in the previous
report [25], our formulation exhibited an 8-fold higher load-
ing amount of curcumin.

According to solubility test based on formulation 5
(Table 1), the value of solubility of curcumin in 30 mL of
Tween 80-HEPC (0.375 g and 0.250 g in 30 mL distilled
water) aqueous solution was 20.5 ± 1.4 mg while that in

HEPC

Cosurfactant

Soybean oil

Polyoxyethylene unit

Lipid monolayer

Curcumin

Figure 10: Schematic drawing of the particle structure of the
curcumin-loaded lipid nanoemulsion.

1 mL of soybean oil was confirmed to be 2.4 mg. Thus, it
would be reasonable to consider that curcumin could be well
solubilized in part of surfactant-phospholipid layer of the
nanoemulsion rather than in soybean oil core particles. As
shown in Figure 6, the amounts of curcumin incorporated
in the emulsions prepared with formulations 5 to 8 were
calculated as 27.7, 22.7, 27.6, and 26.4 mg for 30, 60, 120,
and 240 mg of curcumin applied, respectively. These values
agreed well with the value estimated from the solubility data
(22.9 mg in total), suggesting that approximately 90% of
curcumin incorporated in the emulsion might exist in the
surface phospholipid-surfactant monolayer of the oil core
particles. This might allow us to draw a possible structural
scheme of the lipid nanoemulsion incorporating curcumin
(Figure 10).

The anticancer properties of curcumin-loaded nanoe-
mulsion, using mouse melanoma and leukemic cell lines as
an experimental model system, and directly comparing its
activities to curcumin were investigated. As demonstrated
in Table 2, the curcumin-loaded nanoemulsion showed
cytotoxicities to all cancer cells. The IC50 values were
ranged from 22.2 to 53.7 μM. However, curcumin-loaded
nanoemulsion exhibited higher cytotoxic effects in B16F10
than those of leukemic cells and showed the significant
difference when compared to curcumin treatment. This
might be the reason of the difference in cell phenotype
that B16F10 is fibroblast cell and obtained from mouse.
The B16F10 cell itself was more sensitive to curcumin
than leukemic cell lines with the IC50 value of 3.5 μM.
There were no significant difference of curcumin-loaded
nanoemulsion and curcumin in four leukemic cell lines.
Nevertheless, curcumin-loaded nanoemulsion showed lower
cytotoxic effects on mouse melanoma and slightly lower on
human leukemic cells possibly due to the limited availability
of curcumin by slow and uncompleted release of curcumin
from the nanoemulsion particles within 24 to 72 h. The result
is in parallel to the cytotoxicity of polymeric nanoparticle-
encapsulated curcumin (nanocurcumin) in pancreatic XPA-
1 cell line with the IC50 value of ∼20 μM [24]. Inhibitory
effect of liposomal curcumin (5–10 μM) for 24–48 h on
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human prostate cancer cell lines (LNCaP and C42B) resulted
in at least 70–80% inhibition of cellular proliferation without
affecting cell viability [25]. In comparison to nanoemulsion
control, it was much less cytotoxic on cancer cells. There
was a report that showed that the surfactants themselves can
influence MTT assay [40]. However, concentration of Tween
80 in nanoemulsion of this experiment did not affect cell
cytotoxicity as shown in Figure 8. Taken together, the activity
of curcumin after incorporation into nanoemulsion seems
to be determined by the curcumin release kinetics and the
stability in activity on cancer cells.

5. Conclusions

This study showed the successful production of a curcumin
lipid nanoemulsion with small particle size at a high yield.
The curcumin lipid nanoemulsion was prepared by the thin-
layer hydration method in a bath-type sonicator. The use
of Tween 80 in the lipid nanoemulsion formulation instead
of HCO-60 used previously resulted in a small particle size.
The particle diameter of the lipid emulsion was decreased
to 47–56 nm with small polydispersity. When increasing
amounts of curcumin were added, the amount of curcumin
incorporated in the emulsion was saturated. Approximately
90% of curcumin in the nanoemulsion was estimated to be in
the surface layer of the oil core particles. Through the present
study, an appropriate formulation for producing curcumin
lipid nanoemulsions was found to be 1 mL soybean oil, 30 mg
of cucumin, 250 mg of HEPC, 375 mg of Tween 80, and
30 mL of water. This formulation resulted in a curcumin-
loaded lipid nanoemulsion stable in size for 60 days at
4◦C. The results from the cytotoxicity test provide a strong
evidence for curcumin-loaded nanoemulsion as effective
nanodelivery vehicles that present the bioavaialbility of
curcumin. Moreover, we demonstrated the noncytotoxicity
of the nanoemulsion formulation in vitro, underscoring the
potential of this nanoparticle as a carrier for hydrophobic
drugs.
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An important technique to increase the solubility and reactivity of carbon nanotube is through functionalization. In this study, the
effects of functionalization of some single-walled carbon nanotubes (SWCNTs) were investigated with the aid of density functional
theory. The SWCNT model used in the study consists of a finite, (5, 0) zigzag nanotube segment containing 60 C atoms with
hydrogen atoms added to the dangling bonds of the perimeter carbons. There are three water-dispersible SWCNTs used in this
study that were functionalized with (a) formic acid, as a model of carboxylic acid, (b) isophthalic acid, as a model aromatic
dicarboxylic acid, and (c) benzenesulfonic acid, as a model aromatic sulfonic acid. Binding energies of the organic radicals to the
nanotubes are calculated, as well as the HOMO-LUMO gaps and dipole moments of both nanotubes and functionalized nanotubes.
Binding was found out to be thermodynamically favorable. The functionalization increases the electrical dipole moments and
results in an enhancement in the solubility of the nanotubes in water manifested through favorable changes in the free energies of
solvation. This should lower the toxicity of nanotubes and improve their biocompatibility.

1. Introduction

Single-walled carbon nanotubes (SWCNTs) are allotropes of
carbon and possess various novel properties that make them
useful in the field of nanotechnology and pharmaceuticals.
SWCNTs are tubular in shape, made of graphite, nanometers
in diameter, and several millimeters in length and have a very
broad range of electronic, thermal, and structural properties.
These properties vary with the kind of nanotubes defined by
its diameter, length, chirality or twist, and wall nature. Their
unique surface area, stiffness, strength, and resilience have led
to much excitement in the field of pharmacy. Nanostructured
materials hold promise for a wide range of technological
applications and are increasingly studied, not only for their
possible applications in electronics, optics and mechanical
materials, but also specifically having enormous potential
in nanomedicine [1–11]. Because of this, it is imperative to
examine the toxicity of these carbon-based nanostructures.
Previous toxicological evaluations of single-walled carbon
nanotubes have been conducted, both in cell culture and in

vivo. One example, using an SWCNT surfactant stabilized
system where the Fe content was significantly high, reported
an elevated cytotoxic response [12]. Warheit et al. [13]
observed an increase in inflammatory response in the lung
cavities of rats. While these studies report potential negative
implications of SWCNT, they did not use a SWCNT sample
easily dispersed in water via covalently bound functional
groups.

Carbon nanotubes (CNTs) are insoluble in water. For
successful biomedical applications of nanotubes the solu-
bility problem may be overcome in part by chemical func-
tionalization of the CNT surface, resulting in an increased
compatibility of the functionalized CNT with water [1].
Functionalization has led to improved compatibility with a
variety of biological components. Functionalization has been
obtained both through non-covalent-binding schemes [10]
or covalent binding at the CNT surface [7–9].

Studies done previously, evaluated the differential cyto-
toxicity of water-suspendable fullerenes on human dermal
fibroblasts (HDFs) in culture [14]. It was concluded that as
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Figure 1: Optimized geometry of the finite (5, 0) zigzag SWCNT
(C60H20). Gray color depicts carbon atoms and light gray is
hydrogen.

the degree of functionalization on the surface of the fullerene
cage increases, the cytotoxicity of the fullerene decreases
significantly. The simple act of functionalizing the fullerene
with either carboxyl or hydroxyl groups decreased the
cytotoxic response over seven orders of magnitudes for HDF,
human liver carcinoma cells, and neuronal human astrocyte
cell lines. Different molecules have been employed to func-
tionalize CNT into customized species that may simultane-
ously carry several nanostructures (multifunctionalization)
to detect, allow imaging; and deliver therapeutical loads [15].

Essentially, the need to improve biodistribution, pharma-
cokinetics, and solubility, as well as the need to diminish the
toxicity of the CNT [1] are fundamental problems addressed
through computational simulation and modeling. The aim
of this research is to perform density functional theory
(DFT) calculations [16] to investigate how the nanotube
properties change due to covalent functionalization of
certain organic groups to side walls and tips of the nanotubes,
improving its solubility in water. Functionalization enhances
the biocompatibility, potentially diminishing toxicity and
therefore paves the way to rational modifications and/or
design of new nanostructured species for efficient targeting
and drug delivery.

2. Methodology

To investigate the effects of functionalization of SWCNT in
increasing their solubility we build a finite model (5, 0) zigzag
nanotube segment containing 60 C atoms with hydrogen
atoms added to the dangling bonds of the perimeter carbons
and the resulting formula is C60H20, see Figure 1. This
nanotube model system is similar to Jaffe’s model [17]. The
nanotubes are covalently functionalized with the following
organic molecules: (a) formic acid, CO2H2, as a model
of carboxylic acid, Figure 2 shows the functionalization at
the sidewall and Figure 3 shows the functionalization at
the tip of the SWCNT which is a typical product of the
oxidation of carbon nanotubes [9, 10], (b) isophthalic acid,
C6H4(CO2H)2, as a model aromatic dicarboxylic acid, see
Figure 4, [18], and (c) benzenesulfonic acid, C6H5SO3H, as
a model aromatic sulfonic acid, see Figure 5 [18]. These
molecules have been investigated for their capability of drug
delivery and diagnostic applications.

All calculations were performed using DFT with a hybrid
functional B3LYP [19–22] and a 3–21 G basis set [23].
Charge densities were analyzed by the Mulliken method
[24]. For open-shell molecular radicals, the unrestricted

Figure 2: Optimized geometry of the finite (5, 0) zigzag SWCNT
(C60H20) with the formic acid radical at the tube sidewall. Gray
color depicts carbon atoms; light gray is hydrogen and red is oxygen.

Figure 3: Optimized geometry of the finite (5, 0) zigzag SWCNT
(C60H19) with the formic acid radical at the tube tip. Gray color
depicts carbon atoms; light gray is hydrogen and red is oxygen.

formalism was used. The present level of calculation, DFT
(UB3LYP)/3–21 G, is known to produce reasonable results
[25] for bond lengths, bond angles, and bond energies
for a wide range of molecules. The computations were
carried out on a computer using the ab initio quantum
chemistry package, Gaussian 09 (G09) [26], with the default
convergence thresholds for DFT optimization calculations.

Electronic structure descriptors have been computed to
analyze the geometrical and electronic changes that may
lead to a better solubility of the functionalized nanotubes.
Among them are the electronic HOMO-LUMO gap (H-L
gap), the dipole moment (µdip), and the Gibbs free energy
of solvation (ΔGsolv). The HOMO-LUMO gap, in the case
of open electronic shell systems, is computed between the
highest of the HOMOs and the lowest of the LUMOs,
regardless of the spin type. For all systems with a doublet
multiplicity (one unpaired electron), this always resulted in
the HOMO (alpha)-LUMO (beta) gap.

The solubility of a given molecule in a solvent can be
assessed by measuring its Gibbs free energy of solvation. A
number of quantum mechanical continuum solvation mod-
els were developed for this purpose [27, 28]. We have chosen
the polarizable continuum model (PCM) as implemented in
G09. This originated from the Onsager continuum model
[28] and was formulated by Tomasi et al. [27, 29–31], which
takes into account the solute interactions with the solvent,
modeled as a continuum dielectric medium in which a cavity
is built to accommodate the solute molecule.

3. Results and Discussions

3.1. Structural Parameters. We have used the G09 code to
optimize the geometries for the finite SWCNT. The resulting
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Figure 4: Optimized geometry of the finite (5, 0) zigzag SWCNT
(C60H20) with the isophthalic acid radical at the tube sidewall. Gray
color depicts carbon atoms; light gray is hydrogen and red is oxygen.

Figure 5: Optimized geometry of the finite (5, 0) zigzag SWCNT
(C60H20) with the benzenesulfonic acid radical at the tube sidewall.
Gray color depicts carbon atoms; light gray is hydrogen, yellow is
sulfur and red is oxygen.

optimized structures are shown in Figure 1. The finite (5, 0)
nanotube C60H20 has an optimized length of 11.32 Å and
a diameter of 3.90 Å. Computed length agrees with a value
of 11.36 Å obtained by Jaffe’s model [17] and computed
SWCNT diameter also compares well with the value 3.92 Å
in their paper.

Presented in Figures 2 and 3 are the optimized structures
for two possible ways of functionalizing the finite SWCNT
with formic acid. Figure 2 shows the functionalization at
the sidewall of the nanotube wherein we take the organic
molecule already in its radical form, .CO2H, attached by
its C atom to the nanotube sidewall. In Figure 3 the
functionalization at the tip of the SWCNT was carried
out as another possibility because it is known that closed
nanotube tips react with strong oxidizing agents, opening
the tip and filling the dangling bonds with carboxylic acid
molecules. The optimized structure for the functionalization
of the SWCNT sidewall with the isophthalic acid radical
.C6H3(CO2H)2. is given in Figure 4. We have also studied

the functionalization of the SWCNT sidewall with the
benzenesulfonic acid, .C6H4SO3H; the optimized structure
is shown in Figure 5. These molecules have been used in
studies of covalent functionalization of SWCNT capability
for drug delivery [15, 18].

3.2. Binding Energies. Binding energies of the radicals to the
nanotube, Eb, are defined for the reaction

ORG + SWCNT −→ ORG-SWCNT, (1)

where ORG is any of the studied organic radicals and ORG-
SWCNT is the corresponding functionalized nanotube.
Therefore

Eb = E(ORG-SWCNT)− E(SWCNT)− E(ORG). (2)

The binding energy is negative if functionalization is ther-
modynamically favorable. To avoid considering the artificial
rupture of C–H bonds involving functionalization at the
tip, one H atom was previously removed and the nanotube
structure was reoptimized before functionalization with the
formic acid radical. The studied reactions are:

.CO2H + C60H20

−→ CO2H-SWCNT (on sidewall)
(3)

.C6H3(CO2H)2 + C60H20

−→ C6H3(CO2H)2-SWCNT (on sidewall)
(4)

.C6H4SO3H + C60H20

−→ C6H4SO3H− SWCNT (on sidewall)
(5)

.CO2H + C60H19

−→ CO2H-SWCNT
(
on tip

) (6)

Since the energies of the organic radicals are required in (2),
their structures were also optimized. The functionalization
reactions (3) to (6) are thermodynamically favorable, as can
be seen in Table 1, and the resulting binding energies are
between −2 eV to –4 eV.

3.3. Electronic Properties. Electronic properties computed for
the functionalized SWCNT is displayed in Table 1 for the
C60H20 nanotube and the functionalized SWCNT. These
include the HOMO-LUMO gaps (H-L gap), the dipole
moments (µdip); and the Gibbs free energy of solvation
(ΔGsolv). The HOMO-LUMO gap of the infinite (5, 0)
SWCNT is zero, because that nanotube is metallic. A neg-
ligible HOMO-LUMO gap develops in the finite nanotube
model (0.05 eV), in agreement. The spatial distributions
of the HOMO orbitals of the SWCNT and the tube with
H atom missing from the tip, SWCNT radical, are shown
in Figure 6. These orbitals display a similar delocalization
over the whole tube, but the main difference is that the
HOMO of the SWCNT radical has a noticeable lobe at
the defect, suggesting a dangling bond at this site. Spatial
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Table 1: Electronic properties for the C60H20 nanotube and
the functionalized SWCNT formed in the reactions (3)–(6). The
properties are HOMO-LUMO gap (H-L gap), magnitude of the
dipole moment (µdip), and the Gibbs free energy of solvation
(ΔGsolv).

System Eb (eV)
H-L gap

(eV)
µdip

(debye)
ΔGsolv

(eV)

SWCNT — 0.05 0.34 −0.73

CO2H-SWCNT
(sidewall)

−2.00 0.38 3.60 −0.98

C6H3(CO2H)2-
SWCNT
(sidewall)

−2.73 0.41 3.96 −1.16

C6H4SO3H-
SWCNT
(sidewall)

−3.59 0.38 3.80 −1.12

CO2H-SWCNT
radical (tip)

−3.88 0.41 9.79 −1.05

distributions of the LUMO orbitals for the same nanotubes
are given in Figure 7. A prominent accumulation of the
orbital distribution appears at the vacancy position of the
missing H atom in the SWCNT radical. The localized lobes
are responsible for the reactivity of the nanotube.

In Table 1 we can observe an important increase of the
magnitude of the dipole moments of the functionalized
nanotubes compared to the nanotube that is not function-
alized. The C60H20 has a small dipole moment of 0.34 debye
and the values of the dipole moments of the functionalized
SWCNT are much larger. The substantial increase in the
dipole moment is expected to modify the interaction of the
functionalized nanotubes with a polar solvent such as water,
potentially increasing their solubilities in the physiological
medium.

3.4. Solubilization. Solubility can be assessed by measuring
its Gibbs free energy of solvation. The Gibbs free energy of
solvation, ΔGsolv, is computed as the difference between the
optimized energies of the species in the solvent (PCM) and
vacuum (gas phase),

ΔGsolv = EPCM − Egas. (7)

The PCM; as implemented in G09 which takes into account
the solvent interactions with the solute within a cavity
in a continuum dielectric medium approximation for the
solvent; was used to calculate the optimized energies of the
species in the solvent such as water. Solubility of a given
molecule in water requires a negative value of ΔGsolv. All the
calculated ΔGsolv of the functionalized nanotubes, given in
Table 1, are negative. If we compare with the ΔGsolv obtained
for the unfunctionalized nanotube, we see that solubility
in water is larger for the functionalized nanotubes. This
is in agreement with the experiment performed in vitro
cytotoxicity screens on HDF by Sayes et al. [18] wherein
the sidewall functionalized SWCNT with phenyl-SO3H and
phenyl-(COOH)2 samples are found out to be substantially
less cytotoxic than unfunctionalized SWCNT in water. On

(a) (b)

Figure 6: Spatial distribution of the HOMO orbitals for (a) the
C60H20 nanotube and (b) the nanotube radical with a missing H
atom from the tip C60H19. The wave function isosurfaces of values
+0.01 and −0.01 (e/Å3)1/2 are shown in red and green, respectively.

(a) (b)

Figure 7: Spatial distribution of the LUMO orbitals for (a) the
C60H20 nanotube and (b) the nanotube radical with a missing H
atom from the tip C60H19. The wave function isosurfaces of values
+0.01 and −0.01 (e/Å3)1/2 are shown in red and green, respectively.

the other hand, the solvation Gibbs free energy for the
SWCNT is –0.73 eV, which is predicted to be slightly soluble.
It is a little surprising for the tube, but this is an artifact
of the finite model with artificial C–H bonds at the tips.
These slightly polarizable bonds induce an artificial minor
solubility in the model SWCNT. However, in all cases, the
solubility increases dramatically and substantially by using
the technique of functionalization with the said organic
radicals.
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4. Conclusions

Density functional theory using mainly the G09 code was
used to investigate the functionalization of SWCNT with
open ends capped with H atoms with three different kinds of
acids that help to improve their solubility in water and could
make nanotubes more biocompatible. The nanotube has
been functionalized with formic acid, isophthalic acid; and
benzenesulfonic acid. Electronic exchange and correlation
effects have been treated with the gradient-corrected B3LYP
functional.

The functionalization with these organic molecules,
either on the nanotube sidewall or tip sites where a hydrogen
atom has been removed, is thermodynamically favorable.
The enhanced dipole moment of the nanotubes due to
functionalization is manifested in the improvement of their
solubility in water as assessed by a calculation of the solvation
free energies of the functionalized nanotubes employing
the PCM polarizable continuum model. Functionalization
enhances nanotubes biocompatibility, thus reducing the
toxicity and the chance of tissue accumulation, for their
future use in drug delivery.
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We investigated the relationship between differences in multiwalled carbon nanotubes (MWCNTs) and the biological responses
they elicit in order to develop biocompatible MWCNTs. We exposed human bronchial epithelial (BEAS-2B) cells to two sizes
and six grades of MWCNTs and measured the resulting cell viability, total reactive oxygen and/or nitrogen species (tROS/RNS)
production, and cytokine secretion. Although differences in cellular tROS production were associated with differences in grades of
MWCNTs, the graphitization temperature of MWCNTs apparently did not influence tROS production. However, cell viability was
affected by MWCNT graphitization temperature and diameter. Moreover, cytokine secretion was apparently affected by treatment
temperature, but not MWCNT diameter. We concluded that the highest temperature resulted in the most biocompatibility
because impurities and carbon defects were removed from the MWCNTs. However, other mechanisms are possible. Therefore,
it is important to optimize each type of MWCNT by monitoring biological responses that type elicits during the manufacturing
stage for applications involving biology and medicine.

1. Introduction

Due to their unique properties, MWCNTs have poten-
tial applications in a wide variety of industries including
biomedical fields [1]. Many uses for MWCNTs have been
proposed including biosensors, drug and vaccine delivery
vehicles, and novel biomaterials [2]. However, before such
biomaterials can be incorporated into new and existing
biomedical devices, the biocompatibility of MWCNTs must
be thoroughly investigated because Takagi et al. and Poland
et al. reported that mice injected intraperitoneally with
MWCNTs exhibited toxicological responses similar to those
seen in mice exposed to asbestos [3, 4]. Although some
investigators have investigated the safety of inhalation or

intratracheal administration of MWCNTs in vivo, a clear
conclusion cannot be drawn from the results of these
experiments [5–9]. Similarly, results from in vitro studies do
not provide a consistent picture of the safety of MWCNTs;
some studies indicate that MWCNTs cause cytotoxicity
and cytokine production [10–12], but others indicate that
MWCNTs did not cause any significant biological responses
[13, 14].

It is a crucial to determine whether MWCNTs cause
inflammation when used as a biomaterial. Oxidant stress
is thought to be a likely cause of some possible MWCNT-
mediated biological responses. Therefore, oxidative stress,
as a cause of inflammation, attracts attention, and the
transition metal catalyst residues CNTs might be major
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Table 1: Basic properties of MWCNTs.

MWCNT type MWCNT-150
Testing method

abbreviation name NT15 NT15+Fe NT15-30 NT15-26 NT15-22 NT15-13

Graphitization temperature (◦C) 3000b 3000b 3000c 2600c 2200c —

Additional treatment — Fe2O3
d — — — —

Diameter (nm) 150 FE-SEM

Length (μm) 7–10 FE-SEM

Iron content (ppm) 34 730 <20 <20 60 13000 ICP-MS

R value (Id/I)a 0.3 0.3 0.2 0.5 0.9 1.4 Raman spectroscopy (785 nm)

MWCNT type MWCNT-80
Testing method

abbreviation name NT08 NT08+Fe NT08-30 NT08-26 NT08-22 NT08-13

Graphitization temperature (◦C) 3000b 3000b 3000c 2600c 2200c —

Additional treatment — Fe2O3
d — — — —

Diameter (nm) 80 FE-SEM

Length (μm) 7–10 FE-SEM

Iron content (ppm) 1700 2200 <20 <20 360 21000 ICP-MS

R value (Id/I)a n/a Raman spectroscopy (785 nm)
a
R refers to the intensity of D band over the intensity of G band.

bMWCNTs were heated at Showa denko.
cMWCNTs were heated in our laboratory.
dNT15 and NT08 were added Fe2O3 (1000 : 1), mixed, and sonicated in 0.02% triton-X100 solution. Then, they were filtered and dried at 120◦C.
n/a = not available.

cause of oxidative stress [15, 16]. It is known that the
impurities in MWCNTs before graphitization (We named
the MWCNTs “As-grown.”) can be removed by thermal
treatment for graphitization, and MWCNTs produced for
commercial uses are additionally heat treated. In fact, we
reported that the heat-treated MWCNTs did not represent
cell proliferation inhibition although As-grown MWCNTs
indicated cytotoxicity on U937 human monoblastic leukemia
cells [17]. However, U937 cells do not endocytose MWCNTs,
and the results were different for a human bronchial epithe-
lial cell line (BEAS-2B cells), which endocytoses heat-treated
MWCNTs [18]. BEAS-2B cells are of bronchial epithelium
cell origin and are susceptible to cytotoxicity.

In this study, we examined cytotoxicity, oxidative stress,
and inflammation, as for index of biological responses, using
two sizes of MWCNTs with varying iron concentration in
BEAS-2B cells to clarify more important factor during the
manufacturing stage to improve the biocompatibility.

2. Materials and Methods
2.1. Carbon Nanotubes. We used commercial MWCNT
materials, vapor-grown carbon fiber (VGCF, Showa Denko,
Tokyo, Japan) and vapor-grown carbon fiber-S (VGCF-S,
Showa Denko, Tokyo, Japan), that were manufactured by
a chemical vapor deposition method [19], and As-grown
MWCNTs before the graphitization were also provided
by Showa Denko. Information on each type of MWCNT,
including the abbreviated name (e.g., NT15, NT08), addi-
tional treatments in our laboratory, and properties, is listed
in Table 1. MWCNTs were sterilized in an autoclave at 121◦C
for 15 min. MWCNTs were vortexed for 1 min in PBS (−)
containing 0.1% gelatin (Nacalai Tesque, Kyoto, Japan) and
sonicated with a water-bath sonicator for 30 min. Dispersed

100

80

60

40

20

0

C
el

lv
ia

bi
lit

y
(%

of
co

n
tr

ol
)

100

80

60

40

20

0

C
el

lv
ia

bi
lit

y
(%

of
co

n
tr

ol
)

50
µ

g/
m

L

10
µ

g/
m

L

1
µ

g/
m

L

50
µ

g/
m

L

10
µ

g/
m

L

1
µ

g/
m

L
NT15 NT08

∗∗

∗∗∗∗
∗∗
∗∗ ∗∗

∗∗
∗∗

∗∗
∗∗

∗∗

∗∗
∗∗∗∗∗∗

∗∗ ∗∗
∗∗

∗

∗

N
T

15

N
T

15
+

Fe

N
T

15
-3

0

N
T

15
-2

6

N
T

15
-2

2

N
T

15
-1

3

N
T

08

N
T

08
+

Fe

N
T

08
-3

0

N
T

08
-2

6

N
T

08
-2

2

N
T

08
-1

3

Figure 1: The viability of BEAS-2B cells treated with different
MWCNTs. The cells were exposed to MWCNTs for 24 h. The small
graph shows the dose effects of NT15 and NT08 on the cell viability.
The large graph shows the cell viability associated with 10 μg/mL
treatment of each MWCNT in the MWCNT-150 and MWCNT-80
series. (Mean ± SE, n = 6, ∗P < 0.05, ∗∗P < 0.01.)

MWCNTs suspended in the PBS-gelatin dispersant were
added to cell culture medium at 1/100 volume in each of the
following experiments.

2.2. Cell Culture. The human bronchial epithelial cell line,
BEAS-2B, was purchased from the American Type Culture
Collection (Manassas, Va, USA). BEAS-2B cells were cultured
in Ham’s nutrient mixture F-12 with 10% fetal bovine serum
at 37◦C in a 5% CO2 humidified incubator and passaged
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Figure 2: The tROS production in BEAS-2B cells treated with different MWCNTs. The cells were exposed to MWCNTs for 1 or 24 h,
then stained with two color ROS detection reagents, and analyzed using FCM. Image shows the cell population of the fraction separated by
oxidative stress and superoxide for 1 h (10,000 cells). The numbers in the image reflect the percentage of the cell population in each quadrant.

twice each week. For each study, the cells were seeded at a
density of 5 × 105 cells/mL and adhered for 24 h.

2.3. Alamar Blue (AB) Assay. To assess the viability of cells
exposed to different MWCNTs, we performed an Alamar
blue assay (AlamarBlue cell viability reagent; Invitrogen,
Carlsbad, Calif, USA), according to the manufacturer’s
instructions. Cells were plated in 96-well plates and incu-
bated for 24 h at 37◦C in the culture medium containing
VGCF in dispersant or only dispersant control medium.
Viable cells metabolized the dye, resulting in an increase
of fluorescence following excitation/emission at 550/600 nm
with a fluorescence multiplate reader (PowerScan 4, DS
Pharma Biomedical, Osaka, Japan). Cytotoxic activity was
calculated as follows: percent cytotoxicity = 100 × experi-
mental value/control value. Test media were assayed six times
for each treatment condition.

2.4. Total ROS/Superoxide Production. To determine total
reactive oxygen and/or nitrogen species (tROS/RNS) pro-
duction in the cells exposed to MWCNTs, we used a total
ROS/superoxide detection kit (Enzo Life Sciences, Plymouth
Meeting, Pa, USA). Cells were plated into 24-well plates and
incubated for 24 h so cells could adhere to the substrate. Cells
were then incubated for 1 or 24 h at 37◦C in the presence
or absence of MWCNTs. Pyocyanin (100 μM) was used as a
reactive oxygen species (ROS) inducer. Following exposing
to MWCNTs, the cells were treated with oxidative stress
detection reagent (OSDR) and superoxide detection reagent
(SDR) for 30 min. Cells were then washed once in 1 × wash
buffer and harvested with trypsin-EDTA. Finally, the cells
were suspended with 0.3 mL of 10% FBS in 1 × wash buffer
and passed through nylon mesh. These cells were subjected to
flow cytometry (FCM; FACSCalibur, Becton Dickinson, San
Jose, Calif, USA) in the FL1 channel for OSDR signals and
FL2 channel for SDR signals. The cells were separated into
four fractions, and the fractions were named tROS (FL1 and
FL2 positive), superoxide (FL1 negative and FL2 positive),

peroxide (FL1 positive and FL2 negative), and negative (FL1
and FL2 negative).

2.5. Cytokine Measurement. Cytokines in the culture super-
natant were measured by a BD cytometric bead array flex set
assay (Human soluble protein master buffer kit & Human
IL-6 and IL-8 flex sets; BD Biosciences, San Jose, Calif, USA),
according to the manufacturer’s protocol Briefly, BEAS-2B
cells that had been cultured in 24-well plate for 24 h were
exposed to 10 μg/mL of MWCNT in dispersant for 24 h, and
the resulting supernatant was collected by centrifugation.
Then cytokine capture beads (for IL-6 and IL-8) were
mixed with supernatant samples or cytokine standards in
FCM tubes. The mixtures were vortexed, and antibody for
fluorescence detection was added to each tube. The samples
were then incubated at room temperature for 2 h. Following
incubation, beads were washed once by wash buffer and
resuspended prior to reading with an FCM.

2.6. Statistical Analysis. Data are presented as mean ± SE.
Statistical significant was determined by analysis of variance
(ANOVA) followed by the Student’s t-test to compare the
controls with each sample, and the Tukey-Kramer method
for comparisons between different types of MWCNTs. P <
0.05 was considered statistically significant.

3. Results

3.1. Cell Viability. Cell viability was measured using AB
assay method. The viability value for each experimental
sample was expressed as percentage of the control sample,
which was designated as 100% viable (Figure 1). NT15 and
NT08 which are commercial MWCNTs decreased the cell
viability depending on the concentration. At a concentration
of 10 μg/mL, all MWCNTs in the NT08 series were associated
with a viability associated higher than that associated
with MWCNTs in the NT15 series. Moreover, commercial
MWCNTs (NT15 and NT08) were associated with lower
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Table 2: Fractionation rate using two fluorescent reagents for tROS/RNS with FCM on BEAS-2B cells exposed to MWCNTs at 1 and 24 h.

(a) Fractionation rate (%) of 10,000 cells at 1 h (mean ± SE, n = 3)

Fraction Control NT15 NT15+Fe NT15-30 NT15-26 NT15-22 NT15-13

tROS 3.8± 0.4 5.3± 0.7 5.9± 0.4 5.1± 0.6 5.1± 0.2 4.5± 0.3 10.0± 0.2

Superoxide 9.9± 0.2 5.7± 0.1 5.0± 0.6 3.7± 0.2 5.5± 0.5 5.5± 0.7 13.2± 2.2

Peroxide 2.0± 0.2 5.7± 1.2 8.4± 1.3 7.6± 1.4 5.9± 0.7 4.6± 0.9 8.6± 1.3

Negative 84.3± 0.3 83.3± 1.8 80.7± 1.2 83.6± 2.0 83.5± 0.3 85.4± 0.7 68.2± 1.0

Fraction Pyocyanin NT08 NT08+Fe NT08-30 NT08-26 NT08-22 NT08-13

tROS 42.2± 2.1 6.6± 0.8 7.6± 0.6 7.3± 0.6 8.1± 0.3 7.7± 0.8 9.2± 0.4

Superoxide 1.8± 0.3 3.7± 0.5 2.8± 0.3 3.9± 1.0 4.0± 0.7 5.0± 0.8 6.3± 0.7

Peroxide 26.7± 1.5 10.7± 0.8 15.1± 1.6 12.4± 2.5 11.3± 1.6 10.5± 2.0 11.9± 1.4

Negative 29.3± 2.6 79.0± 1.3 74.5± 1.9 76.4± 1.9 76.6± 1.0 76.8± 2.0 72.6± 0.9

(b) Statistical significance compared between different types of MWCNTs by the Tukey-Kramer method (mean ± SE, n = 3, ∗P < 0.05, ∗∗P < 0.01)

Fraction MWCNT-150 MWCNT-80

tROS
Control versus NT15+Fe∗, NT15-13∗∗

Control versus NT08+Fe∗, NT08-30∗, NT08-26∗∗,
NT08-22∗, NT08-13∗∗NT15-13 versus NT15∗∗, NT15+Fe∗∗, NT15-30∗∗,

NT15-26∗∗, NT15-22∗∗

Superoxide
Conrol versus NT15∗∗, NT15+Fe∗, NT15-30∗∗, NT15-26∗∗,
NT15-22∗

Control versus NT08∗∗, NT08+Fe∗∗, NT08-30∗, NT08-26∗,
NT08-22∗, NT08-13∗,

NT15-13 versus NT15∗∗, NT15+Fe∗∗, NT15-30∗∗,
NT15-26∗∗, NT15-22∗∗

NT08+Fe versus NT08-13∗

Peroxide Control versus NT15+Fe∗, NT15-26∗, NT15-13∗ Conrol versus NT08∗∗, NT08+Fe∗, NT08-26∗, NT08-13∗

Negative
Control versus NT15-13∗

Conrol versus NT08∗, NT08+Fe∗, NT08-26∗, NT08-13∗∗
NT15-13 versus NT15∗∗, NT15+Fe∗∗, NT15-30∗∗,
NT15-26∗∗, NT15-22∗∗

(c) Fractionation rate (%) of 3,000 or fewer cells at 24 h (mean ± SE, n = 3)

Fraction Control NT15# NT15+Fe# NT15-30# NT15-26 NT15-22 NT15-13#

tROS 3.4 ± 2.1 6.3 ± 0.6 7.1 ± 0.6 11.1± 1.8 7.0± 0.4 7.4± 0.9 18.9± 3.4

Superoxide 5.9 ± 0.3 17.9± 2.6 14.5± 1.0 19.8± 2.0 17.7± 3.2 17.6± 2.6 20.1± 1.7

Peroxide 2.0± 1.5 4.7± 0.2 7.3 ± 0.6 8.9 ± 0.9 5.8± 0.2 5.5± 1.0 8.9± 1.8

Negative 88.7± 3.5 71.1± 2.1 71.2± 1.6 60.2± 4.2 69.5± 3.1 69.5± 1.9 52.1± 3.8

Fraction Pyocyanin NT08 NT08+Fe NT08-30 NT08-26 NT08-22 NT08-13

tROS 50.5± 2.3 9.9 ± 1.0 9.9± 2.3 9.6± 2.2 10.1± 1.8 9.9± 1.3 10.7± 1.5

Superoxide 20.8± 0.7 21.5± 1.9 17.6± 1.4 17.3± 1.6 25.3± 1.3 28.7± 2.5 41.7± 3.1

Peroxide 1.3± 0.1 4.2± 0.8 5.6± 1.3 4.3± 1.6 3.0± 0.6 2.5± 0.4 1.4± 0.4

Negative 27.4± 1.7 64.5± 0.3 66.9± 2.3 68.8± 2.2 61.6± 1.4 58.9± 0.9 46.2± 1.4

# = less than 3,000 cells.

cell viability than the MWCNTs treated thermally in our
laboratory for each series except the NT15-26. Based on
these observations, MWCNT treatment temperature was
apparently not directly related to cell viability, indicating
that the impurities (i.e., mainly iron) and/or carbon defects
were not the principal cause of cytotoxicity. Interestingly,
NT15 MWCNTs were associated with higher viability than
NT15+Fe and NT15-13, which both contain substantial
amounts of iron, but NT08 MWCNTs were associated with
lower cell viability than NT08+Fe and NT08-13.

3.2. tROS/RNS Production. Generally, cellular tROS/RNS
are produced and eliminated rapidly. However, we assayed
tROS/RNS at 1 h and at 24 h after exposing cells to MWCNTs

because the cells internalized MWCNTs over time. Only
3,000 or fewer cells were assayed for the 24 h time point
because the cells were injured, but we assayed 10,000 cells at
the 1 h time point. Figure 2 and Tables 2(a) and 2(b) show
each fraction of the population resulting from FCM analysis.
At 1 hr, the fraction of tROS-positive cells was significantly
higher in NT15+Fe and the MWCNT-80 series without NT-
08 than in the control samples. However, the tROS-positive
fractions were no higher in the experimental sample than in
the pyocyanin sample, which was a positive control. At 1 hr,
the superoxide-positive fraction was significantly lower in
all experimental samples than in the control sample, except
that the superoxide-positive fraction in NT15-13 sample was
not significantly different from that in the control sample.
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Although the peroxide-positive fraction of cells treated with
some grades of MWCNTs was significantly higher than that
of the control cells, the values were consistently less than
half of the values associated with the pyocyanin samples.
The alteration of MWCNT-80 series was larger than that
of MWCNT-150 series in the peroxide-positive fractions.
NT15-13 MWCNTs were significantly different from the
MWCNT-150 series in the tROS, superoxide, and negative
fractions, and there was a significant difference between
only NT08+Fe and NT08-13 in the MWCNT-80 series for
the superoxide fraction. The cell counts from the 24 h
timepoint were too low to result in statistically significant
differences; nevertheless, we present the results as reference
data (Table 2(c)). At 24 hr, the tROS, superoxide, and
peroxide fractions were larger in all MWCNT-treated cells
than in control cells, and the tROS and superoxide fractions
were larger in all 24 h samples than in the 1 h samples.

3.3. Cytokine Secretion. Recently, we reported that BEAS-2B
cells exposed to MWCNTs secreted IL-6 and IL-8 [18]. All
MWCNT treatments resulted in significant increased IL-6
and IL-8 secretions when compared to the control treatment,
and all, except NT15-30, resulted in higher IL-8 secretion
than did LPS, which was a positive control (Figure 3). There
were statistically significant differences in the MWCNT-
150 series though there were no significant differences in
the MWCNT-80 series. However, secretion associated with
NT15-30 and NT15-13 in the MWCNT-150 series and with
NT08-30 and NT08-13 in MWCNT-80 tended to be lower
than that with other MWCNTs in the respective series for
both cytokines.

4. Discussion

Carbon nanotubes (CNTs) are expected to be useful for a
wide variety of industrial applications, and postprocessing
procedures will depend on the individual application. In
the biomedical field, the research on drug delivery systems
and diagnostic imaging that use CNTs is advanced [20, 21].
However, doubts about efficacy and safety of modified CNT
remain [22], and the influence of different manufacturing
processes for CNTs, as biomaterials, has not been examined
thoroughly. In this study, we evaluated the influence of
different graphitization temperatures on the MWCNTs of
two different diameters.

The graphitization temperature has a crucial influence
on the impurities content and crystalline of MWCNTs, and
these factors are reportedly critical for the safety of CNTs
[23–25]. However, our results did not indicate that carbon
defects and impurities directly affected three biological
responses, cell viability, tROS production, and cytokine
secretion. Each biological response did not show mutual
relativity and did not correlate to impurities or the defects,
although both the MWCNT-150 and MWCNT-80 series had
fewer defects and impurities depending on the treatment
temperature. However, the diameter of MWCNTs did affect
cell viability and tROS production. MWCNT-80 series gave
rise to the seemingly contradictory results that relative cell
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Figure 3: The cytokine secretion from BEAS-2B cells treated with
different MWCNTs. The cells were exposed to MWCNTs for 24 h.
The upper graph shows IL-6 secretion, and the lower graph shows
IL-8 secretion from cells treated with 10 μg/mL of each MWCNT,
the MWCNT-150 and MWCNT-80 series (mean ± SE, n = 3, ∗P <
0.05, ∗∗P < 0.01).

viability was high while tROS production was also high.
Therefore, cellular tROS production may have been critical
to cytotoxicity. IL-6 and IL-8 secretion increased with all
MWCNT exposure regardless of the MWCNT diameter,
and secretion associated with NT15-30 and NT15-13 and
NT08-30 and NT08-13, treatments tended to be lower than
secretion associated with treatments involving MWCNT of
the same diameter. However, the data from NT15-30 or
NT08-30 treated with graphitization at 3000◦C and NT-13
or NT08-13 without graphitization were not able to clarify
commonalities in this research. Additional iron did not
affect the biological responses of original MWCNTs except
for the cell viability counts associated with the N15 and
N15+Fe treatments. These results also indicated that the
iron contained in the MWCNTs is not crucial because the
cell viability of NT15-13, which included 13,000 ppm iron,
was the lowest in the MWCNT-150 series, but NT08-13,
which included 21,000 ppm iron, was associated with high
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viability. Finally, the MWCNTs processed at the maximum
temperature in the lab had the highest biocompatibility
overall regardless of diameter.

In this study, we found that the graphitization temper-
ature of MWCNTs in the manufacturing process affected
biological response to the MWCNTs, but the biological
responses did not have regularity and was affected by the
diameter of the MWCNTs. In other words, we should
investigate the condition that results in the lowest biological
responses for each MWCNT in the manufacturing process
before that MWCNT is used for applications in biology and
medicine. It is our duty to optimize the biocompatibility of
the nanomaterial itself in order to develop application for the
nanomaterials.
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Single-walled carbon nanotubes (SWCNTs) have been proposed to have great therapeutic potential. SWCNTs conjugated with
drugs or genes travel in the systemic circulation to reach target cells or tissues following extravasation from microvessels although
the interaction between SWCNT conjugates and the microvascular endothelial cells (ECs) remains unknown. We hypothesized that
SWCNT-DNA conjugates would be taken up by microvascular ECs and that this process would be facilitated by SWCNTs compared
to facilitation by DNA alone. ECs were treated with various concentrations of SWCNT-DNA-FITC conjugates, and the uptake and
intracellular distribution of these conjugates were determined by a confocal microscope imaging system followed by quantitative
analysis of fluorescence intensity. The uptake of SWCNT-DNA-FITC conjugates (2 µg/mL) by microvascular ECs was significantly
greater than that of DNA-FITC (2 µg/mL), observed at 6 hrs after treatment. For the intracellular distribution, SWCNT-DNA-
FITC conjugates were detected in the nucleus of ECs, while DNA-FITC was restricted to the cytoplasm. The fluorescence intensity
and distribution of SWCNTs were concentration and time independent. The findings demonstrate that SWCNTs facilitate DNA
delivery into microvascular ECs, thus suggesting that SWCNTs serving as drug and gene vehicles have therapeutic potential.

1. Introduction

Emerging evidence supports the great potential of nanotech-
nology for medical applications with respect to diagnosis
and therapeutic treatment of disease [1, 2]. Most recently,
Welsher et al. reported promising findings by using a second
near-infrared window imaging system in real time [3].
They found that single-walled carbon nanotubes (SWCNTs),
intravenously injected into mice, were distributed through-
out the body and reached a steady level approximately 30 sec
after injection. Meanwhile, the liver, lungs, muscles, and
kidneys all generated constant signal, indicating consistent
blood flow in these organs. These findings indicate that
SWCNTs are able to traverse the microvascular barrier
into surrounding tissues. Furthermore, they reported that
no toxic side effects were detected by necropsy, histology,
and blood chemistry measures in those mice three months
after receiving SWCNT injection [4]. The data support the

promising potential of SWCNTs in medical applications,
yet the mechanism(s) underlying extravasation of SWCNTs
remains unknown.

Understanding how SWCNTs interact with microvascu-
lar endothelial cells (ECs) is critical for developing thera-
peutic treatments using highly efficient gene/drug delivery
systems due to the pivotal roles of microvascular ECs in the
structure and function of the microvasculature. Vascular ECs
are in the vanguard for exposure to blood-born elements
because they serve as the lining surface of blood vessels. In
addition to being a major component of the microvascular
wall, microvascular ECs dynamically mediate a variety of
vascular functions, including EC-dependent vasomotion,
thrombosis formation, vascular inflammation, and vascular
exchange (permeability). Most drugs and genes need to be
delivered to their target tissues by the systemic circulation
after they are absorbed or injected into the blood stream.
Subsequently, these drugs and genes traverse the vascular
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barrier and arrive at the surrounding tissues, a situation
referred to as solute exchange. Importantly, all solute
exchanges between circulating blood and metabolizing tissue
as well as angiogenesis occur at the level of microvessels.

SWCNT uptake by microvascular ECs is an initial step
in the process of drug and gene delivery into either vascular
ECs or parenchymal cells. For all the therapeutic treatments
with a strategy of specifically targeting microvascular ECs
(e.g., antiangiogenesis to reduce tumor growth), SWCNTs
conjugated with molecular cargo need to be transported into
microvascular ECs. For the treatments targeting parenchy-
mal cells (e.g., tumor cells), the SWCNT-drug conjugates
must interact with microvascular ECs in the process of
extravasation. In general, there are two pathways (paracellu-
lar and transcellular) responsible for large molecules to pass
through the vascular barrier. Because SWCNTs often have
lengths from hundreds of nanometers to several microm-
eters and are considered to be in the same size range as
macromolecules, we predict that SWCNT-DNA conjugates
will predominantly traverse the microvascular barrier via
the transcellular pathway (transcytosis) [5]. Entering the
microvascular ECs is an initial step in the process of tran-
scytosis. Therefore, understanding the interaction between
SWCNTs and microvascular ECs is critical for developing
advanced drug and gene delivery systems using SWCNTs. To
date, the effect of carbon nanotubes on microvascular ECs
remains unknown.

Only a limited number of studies exist concerning the
interactions between SWCNTs and vascular ECs [6, 7].
Moreover, large vascular ECs, including HUVECs (human
umbilical vein endothelial cells) or aortic ECs [8], were typ-
ically used for these studies. Heterogenic properties between
large vascular and microvascular ECs [9, 10], however,
should be considered. It is inappropriate to extrapolate the
findings from studies using large vascular to microvascular
ECs. Appropriately, this is the first study, to our knowledge,
designed to determine the interactions between SWCNTs
and microvascular ECs. We hypothesized that SWCNT-DNA
conjugates would be taken up by microvascular ECs and
that this process would be facilitated by SWCNTs compared
with DNA alone. We employed a biocompatible SWCNT-
DNA conjugate [11, 12] labeled with FITC fluorophore
(SWCNT-DNA-FITC) and primary cultured microvascular
ECs derived from rat skeletal muscles [13] to study the inter-
actions between them. We report here that SWCNT-DNA-
FITC conjugates were detected in the nuclei of microvascular
ECs at 6 hrs after the cells were exposed to the conjugates (at
a concentration as low as 2 µg/mL), while DNA-FITC alone
was restricted to the cytoplasm under identical conditions.
Quantitative analysis of confocal images provided evidence
to support the hypothesis that SWCNTs facilitated DNA
uptake by microvascular ECs.

2. Materials and Methods

2.1. Preparation of SWCNT-DNA-FITC Conjugates. To pre-
pare an aqueous SWCNT solution, 1 mg of SWCNT powder
(BuckyUSA Company) was dispersed in 1 mL ssDNA (5′

CCT GAG CCA TGA TCA AAC CTG TGC AGT) or DNA-

FITC (5′ FITC CCT GAG CCA TGA TCA AAC CTG TGC
AGT, Alpha DNA, 1 mg/mL) solution. The suspension was
sonicated on ice for 60 minutes to avoid the degradation
of DNA molecules and then centrifuged at 120,000 g for
60 minutes. After centrifugation, the supernatant containing
individual SWCNTs was decanted, whereas the precipitates
containing catalyst particles, bundled nanotubes, and amor-
phous carbon debris were discarded [11, 12].

2.2. Rat Microvascular ECs. Microvascular ECs were isolated
from abdominal skeletal muscles of rats, cultured with M199
medium containing essential supplements, and characterized
as previously described [13]. Briefly, the excised abdominal
skeletal muscles were digested with an enzyme solution
consisting of dispase (0.12 mg/mL; Worthington, Lakewood,
NJ), trypsin (0.12 mg/mL; Invitrogen, Carlsbad, Calif), col-
lagenase type II (0.84 mg/mL), and bovine serum albumin
(BSA; 1.62 mg/mL) in M199 medium. Microvascular ECs
were isolated by using Dynabeads (Dynal, Brown Deer, Wis)
coated with Griffonia simplicifolia lectin and then cultured.
The culture medium consisted of M199 medium sup-
plemented with 5 mg/mL endothelial growth supplement,
0.1 mg/mL glutamine, 10000 unit/mL antibiotic/antimycotic
(Gibco, Carlsbad, Calif), 5 unit/mL heparin sodium (Sigma
Aldrich, St. Louis, Mo), and 20% Fetal Bovine Serum (FBS;
HyClone Lab, Inc. Logan, Utah) for the first two passages,
then 10% FBS afterward.

2.3. Nanoparticle Distribution in Primary Cultured Microvas-
cular ECs. ECs were seeded on gelatin (0.2%)-coated Lab-
Tek II Chamber Slides with a cell density of 104 cells/cm2.
Grown to approximately 80% confluency in 48 hrs, cells
were treated with either SWCNT-DNA-FITC or DNA-FITC
solution at various concentrations. After various incubation
times, ECs were fixed by using 2% paraformaldehyde for
10 min at 37◦C and subsequently stained with 1% DAPI
(0.5 µg/mL) for 1 min at room temperature. Dulbecco’s
phosphate buffered saline (DPBS) containing 0.05% Tween-
20 (DPBST-20) was used to wash the cells following fixation
and staining procedures.

2.4. Spinning Confocal Microscopy. The microvascular ECs
were examined with an Olympus IX81 inverted microscope
equipped with a laser light source, motorized stage capable
of 1 µm z-axis increments, spinning confocal box (Yoko-
gawa X1M1L), and electron multiplying EM-CCD camera
(Hamamatsu, ImagEM). All the images were acquired with a
60X oil immersion objective lens and identical exposure time
and appropriate filter setup controlled by Slidebook software
(v5.0).

2.5. Quantification of Fluorescence Intensity. Fluorescence
intensity of SWCNT-DNA-FITC or DNA-FITC in microvas-
cular ECs was quantitatively analyzed by using Image-Pro
Plus 6.0 software. Briefly, a background signal level for each
image was set using the average optical density (OD) value
from four regions (each region contains >15,000 square
pixels), where no cells or any fluorescence were detected.
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Figure 1: A series of z-stack images demonstrating differential distribution of SWCNT-DNA-FITC (2 µg/mL) versus DNA-FITC (2 µg/mL)
conjugates in microvascular ECs: (A) (a to i), representative optical section series of SWCNT-DNA-FITC conjugates in microvascular
ECs at 24 hrs post incubation; (B) (j to r), representative optical section series of DNA-FITC present in microvascular ECs at 24 hrs post
incubation; (C), sample 3-D image from a video (supplemental materials) acquired from ECs by a spinning confocal imaging system 48 hrs
after incubation with SWCNT-DNA-FITC (2 µg/mL). The scale bar in (B) (o) is applicable to all images (a–r).

Consequently, each OD value obtained from this image was
subtracted from the background OD. To assess fluorescence
intensity of SWCNT-DNA-FITC or DNA-FITC within a
cell, 5 areas of interest (AOI) from each cell were selected.
The average OD value from 5 identical AOI within a cell
represented the fluorescence intensity for this cell. Each
image OD value, calculated as the average OD from up to
5 cells per image, represented one experiment (n = 1). The
criteria for cell and AOI selection were as follows: (1) cells
with well-defined cell shape and the strongest signal; (2) each

AOI (100∼200 pixels2 in surface area) with the brightest area
in the cell body excluding cell processes.

2.6. Statistical Analysis. All values are presented as mean ±
SEM. GraphPad Prism 5 software was employed for statistical
analysis. Comparisons between two groups, SWCNT-DNA-
FITC versus DNA-FITC, at given concentrations and specific
time points, were analyzed by unpaired student’s t-test.
Values of P < 0.05 were accepted as being statistically sig-
nificant.
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3. Results and Discussion

3.1. Uptake and Intracellular Distribution of SWCNT-DNA
Conjugates in Microvascular ECs. To investigate the interac-
tions between microvascular ECs and SWCNTs, we isolated,
cultured, and characterized primary microvascular ECs from
rat skeletal muscles. Importantly, the results derived from
this in vitro study using primary cultured microvascular ECs
will guide us to investigate further the efficacy of the drug- or
gene-SWCNT delivery system in species- and tissue-matched
intact microvessels in living animals [13, 14].

Individual short SWCNTs with 800–900 nm in average
length [11, 12] were used in the SWCNT-DNA-FITC con-
jugates. To identify the effect of SWCNTs on DNA uptake
by microvascular ECs, the cells were treated with SWCNT-
DNA-FITC (2 µg/mL) and DNA-FITC (2 µg/mL), respec-
tively. The images of microvascular ECs exposed to SWCNT-
DNA-FITC conjugates for 24 hrs were acquired by a spinning
scanning confocal imaging system and demonstrated in
Figure 1. SWCNT-DNA-FITC conjugates appeared to be lo-
calized in the EC nuclei, a conclusion determined by the
position, shape, and area of FITC fluorescence as shown in
a set of z-stack images in Figure 1(A). In contrast, DNA-
FITC was dispersed weakly in the cytoplasm of microvascular
ECs (Figure 1(B)) and often found on or close to the
plasma membrane (Figure 2(a)), but not in the nucleus. The
nuclear localization of SWCNTs was also manifested in a 3D
projection image (Figure 1(C)) and a supplementary z-scan
video (see Supplementary Materials available online at doi:
10.1155/2012.196189). The results support our hypothesis
that DNA conjugated to SWCNTs is taken up by microvas-
cular ECs. In view of the finding that SWCNT-DNA-FITC,
but not DNA-FITC, accumulates in the nucleus, it is likely
that SWCNTs play a facilitating role in delivering the DNA
to the nuclei of microvascular ECs. Thus, our results suggest
that SWCNTs could be used as vectors for gene delivery to
microvascular EC targets.

SWCNTs used in this study did not appear to have
adverse effects on cellular morphology and proliferation,
observations supported by the previous studies using astro-
cytoma cells [11, 12]. However, the formation of aggregates
was observed in the culture medium following the addi-
tion of SWCNT-DNA-FITC solution for the cell treatment
groups, but not DNA-FITC solution for the control groups.
The aggregates adhered to the surfaces of microvascular ECs
even after fixation and washing procedures. The morphology
and numbers of microvascular ECs treated with SWCNT-
DNA-FITC conjugates at various concentrations within
48 hrs did not differ with control ECs treated with DNA-
FITC alone (data not shown), assessed by a transmitted light
imaging system. The functional and molecular influence of
the aggregations on microvascular ECs remains to be studied.

3.2. Quantitative Evidence for the Facilitation of DNA Uptake
by Microvascular ECs through SWCNTs. To quantitatively
assess the amount of DNA conjugated to SWCNTs taken up
by microvascular ECs, we analyzed the fluorescence intensity
of SWCNT-DNA-FITC conjugates by measuring OD values.
For this purpose, images of microvascular ECs, treated with
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Figure 2: Distribution and fluorescence intensity of SWCNT-DNA-
FITC (2 µg/mL) and DNA-FITC (2 µg/mL) at various time intervals
within 48 hrs. (a) Representative projection images suggest that
SWCNT-DNA-FITC conjugates are distributed in microvascular EC
nuclei (lower panel); DNA-FITC appears to be restricted to the
cytoplasm (upper panel). (b) SWCNT-facilitated DNA transport
into microvascular ECs. Fluorescence intensity was quantitatively
assessed by measuring optical density of confocal images as
described in Materials and Methods. The P-values less than 0.05
and 0.01 are expressed as ∗ and ∗∗, respectively (n = 3–11). The
scale bar is applicable to all images.

SWCNT-DNA-FITC conjugates or DNA-FITC at various
concentrations (2, 4, and 10 µg/mL) for up to 48 hrs (at
6, 12, 24, and 48 hrs), were acquired. Interestingly, the OD
value of SWCNT-DNA-FITC conjugate in microvascular ECs
registered approximately a 3∼4-fold increase compared to
that of DNA-FITC after incubation at a concentration of
2 µg/mL (33.5±6.3 (n = 4) versus 11.3±3.8 (n = 3) at 6 hrs;
47.0±3.4 (n = 6) versus 14.8±3.4 (n = 6) at 12 hrs; 40.4±3.3
(n = 7) versus 12.7± 1.0 (n = 6) at 24 hrs; 53.7± 5.4 (n = 6)
versus 13.2 ± 2.2 (n = 11) at 48 hrs) as shown in Figure 2.
As microvascular ECs were treated with SWCNT-DNA-FITC
conjugates at a concentration of 10 µg/mL, the uptake of
SWCNT-DNA-FITC by microvascular ECs was also found to
be greater than that of DNA-FITC (40.3± 5.5 (n = 4) versus
12.7 ± 2.2 (n = 3) 6 hrs; 46.7 ± 2.7 (n = 3) versus 2.3 ± 0.9
(n = 3) at 12 hrs; 38.7±7.6 (n = 6) versus 18.3±2.9 (n = 6) at
24 hrs; 37.6±4.5 (n = 12) versus 16.5±1.8 (n = 6) at 48 hrs)
(Figure 3). These data demonstrate again that SWCNTs
facilitate DNA uptake by microvascular ECs. However, this
action was neither concentration dependent within the
tested range from 2 µg/mL to10 µg/mL (Figure 4(a)) nor
time dependent within the periods from 6 hrs to 48 hrs
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Figure 3: Intracellular compartmentalization and fluorescence
intensity of SWCNT-DNA-FITC (10 µg/mL) and DNA-FITC
(10 µg/mL) in microvascular ECs and observed at 6, 12, 24, and
48 hrs. (a) Representative projection images acquired by confocal
microscopy; (b) Quantitative analysis of fluorescence intensity of
SWCNT-DNA-FITC and DNA-FITC conjugates. The P-values less
than 0.05 and 0.01 are expressed as ∗ and ∗∗, respectively (n = 3–
12). The scale bar is applicable to all images.

(Figure 4(b)). Although there were no major differences
in the fluorescence intensity of internalized SWCNT-DNA-
FITC conjugates over the time course and among treatments
with various concentrations of SWCNTs, we observed a trend
that 2 µg/mL SWCNTs combined with 12 hrs incubation
yields optimal, efficacious delivery (Figure 4). Therefore,
for future studies, we recommend that microvascular ECs
be treated with 2 µg/mL SWCNT-DNA-FITC for 12 hrs in
order to understand mechanisms by which SWCNTs enter
microvascular ECs.

The mechanisms underlying SWCNT uptake by micro-
vascular ECs remain unknown at the present time. In
general, there are three ways by which extracellular molecules
enter a cell: simple diffusion, carrier-mediated transport
(e.g., ion channels or transporters), and endocytosis. SWC-
NTs, macromolecules, are internalized into the intracellu-
lar compartment through endocytosis, evidenced by sev-
eral studies using different types of mammalian cells [6,
15]. Endocytosis can be further categorized as pinocyto-
sis, phagocytosis, and clathrin- and caveolae-mediated endo-
cytosis. Pinocytosis and phagocytosis are main pathways for
macrophages, while clathrin- and caveolae-mediated path-
ways are used by most cells including endothelial cells [16,
17]. Kam found that the uptake of SWCNT-DNA conju-
gates by two tumor cell lines, HeLa and HL60 tumor cells,

was attenuated by disrupting the formation of clathrin-
coated vesicles. The evidence supports the internalization
of SWCNT-DNA via clathrin-mediated endocytotic mech-
anism [15]. Compared with Kam’s study, the current one
used primary skeletal muscle microvascular ECs derived
from the exchange microvessels to investigate the uptake
of SWCNT-DNA. To our best knowledge, different types
of cells have heterogeneous functions, structures, and
mechanisms, even within vascular endothelial cells across
vascular trees [10]. Lining the inner side of exchange mi-
crovessels, microvascular ECs used in the current study
engage in transcytosis to allow macromolecules traversing
the microvascular barrier. Endothelial cells possess more
caveolae than clathrin-coated pits. The number of caveo-
lae is the highest in capillary endothelial cells, compared
with arteries, arterioles, venules, and veins, particularly in
heart, lung, and skeletal muscle [10]. In the process of
transcytosis, caveolae-mediated endocytosis plays an impor-
tant role as an initial step of the transcellular pathway
across endothelial cells [5, 10, 18]. In addition to clathrin-
and caveolae-mediated endocytosis, Muro and coworkers
demonstrate that nanoparticles, composed of polystyrene
latex microspheres, were taken up by HUVECs via the cell-
adhesion-molecule- (CAM-) mediated endocytotic process.
The CAM-mediated endocytosis was revealed by colocal-
ization of nanoparticles and endocytotic markers, including
early endosome antigen [19] and Na+/H+ exchange ion
channel (associated with CAM-mediated endocytosis) [20].
It was noted that Muro’s study used HUVEC, while we
used microvascular EC besides different nanoparticles. In
addition, studies using a mathematical model to calculate the
energy cost needed for carbon nanotubes piercing through
the bilayer of the plasma membrane demonstrate indirectly
that the most likely pathway of carbon nanotube delivery
into cells is by endocytosis due to a substantial energy
requirement [21].

So far, the answer to whether or not microvascular ECs
take up SWCNTs by endocytotic processes and what endo-
cytotic mechanisms are employed remain to be determined.
Understanding these mechanisms requires characterizing
the spatial-temporal relationship between SWCNTs and
microvascular ECs.

We found that the fluorescence intensity of the SWCNT-
DNA-FITC conjugate in microvascular ECs was concen-
tration and time independent. These results indicate that
SWCNTs do not accumulate over time in microvascular ECs
and that the level of SWCNTs in cells reached a plateau
6 hrs after incubation. Since SWCNTs are highly stable
structures [6], we predict that microvascular ECs are not
able to degrade internalized SWCNTs via lysosomes but
expel them over time (exocytosis). The process, in which
molecules, in this case of SWCNTs, undergo endocytosis and
then exocytosis, is referred to as transcytosis. Transcytosis
is one of the pathways by which macromolecules, such as
drugs and large proteins, pass through microvascular barriers
[5, 22]. This concept has significant implications in terms
of using SWCNTs as carriers to deliver drugs/genes into
parenchymal cells after SWCNTs move from microvessels
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Figure 4: Quantity of SWCNT-DNA-FITC conjugates retained in
EC nuclei is concentration- and time-independent. (a) Relationship
between quantity of SWCNTDNA-FITC in the nuclei and the
concentrations of SWCNT-DNA-FITC conjugates; (b) Time-course
of fluorescence intensity of SWCNT-DNA-FITC in the nuclei of
microvascular ECs.

into the surrounding interstitium. However, the timing of
DNA release from SWCNT-DNA conjugates, critical infor-
mation for designing a drug delivery system with high effi-
cacy, remains to be studied.

4. Conclusions

This study is the first to demonstrate that SWCNT-DNA
conjugates are taken up by microvascular ECs. We observed
that intracellular fluorescence intensity of SWCNT-DNA-
FITC in microvascular ECs was greater than the fluorescence
intensity of DNA-FITC alone, suggesting that the uptake was
facilitated by SWCNTs. In addition, SWCNT-DNA conju-
gates were most likely localized in the nuclei of microvascular
ECs, whereas DNA was distributed in the cytoplasm. The

SWCNT uptake by microvascular ECs was concentration
and time independent. These data suggest that SWCNTs
may provide impressive therapeutic potential as vehicles for
delivery of drugs or genes to either microvascular ECs or pa-
renchymal cells.
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We investigated the antibacterial activity of single-walled carbon nanotubes (SWCNTs) dispersed in surfactant solutions of sodium
cholate, sodium dodecylbenzene sulfonate, and sodium dodecyl sulfate. Among the three surfactants, sodium cholate demon-
strated the weakest antibacterial activity against Salmonella enterica, Escherichia coli, and Enterococcus faecium and thereby was
used to disperse bundled SWCNTs in order to study nanotube antibiotic activity. SWCNTs exhibited antibacterial characteristics
for both S. enterica and E. coli. With the increase of nanotube concentrations from 0.3 mg/mL to 1.5 mg/mL, the growth curves
had plateaus at lower absorbance values whereas the absorbance value was not obviously affected by the incubation ranging from
5 min to 2 h. Our findings indicate that carbon nanotubes could become an effective alternative to antibiotics in dealing with
drug-resistant and multidrug-resistant bacterial strains because of the physical mode of bactericidal action that SWCNTs display.

1. Introduction

Due to their unique chemical and physical properties, single-
walled carbon nanotubes (SWCNTs) have been extensively
investigated as the building blocks for nanoscale elec-
tronic devices [1–3] and the catalyst supports for direct
ethanol/methanol fuel cells [4–6]. For these applications,
the bundled nanotubes usually need to be dispersed into
individual nanotubes through surfactant stabilization of the
hydrophobic nanotube surfaces. Several surfactants, such
as sodium dodecyl sulfate (SDS), sodium dodecylbenzene
sulfonate (SDBS), and sodium cholate (SC), were reported
to efficiently disperse bundled nanotubes into suspensions of
individual nanotubes [7, 8]. With the increasing production
of SWCNTs and their broad applications, it is critical to
evaluate the biomedical implications of nanotubes in terms
of antibacterial activities and human health impacts. In our
previous study, both SDS and SDBS and their conjugates
with SWCNTs demonstrated toxicity to 1321N1 human
astrocytoma cells even as low as 0.05 mg/mL for 30 min. On
the other hand, the proliferation and viability of the cells
were not affected by SWCNTs alone or by conjugates of
SWCNTs with various concentrations of SC [9, 10]. In this

study, we investigated further the antimicrobial activity of
the same SWCNTs and their conjugates with SDS, SDBS, and
SC. The utilization of the same solutions of SWCNTs and
their surfactant conjugates provides comparative results of
the effects of the SWCNTs on bacterial and mammalian cells.
As reported in the literature, SWCNTs have given different
and sometimes contradictory toxicity results, likely due to
the heterogeneous nanotube samples consisting of metal
catalysts, catalyst supports, amorphous carbon, and carbon
nanoparticles [11, 12].

The antimicrobial activity of SWCNTs has been reported
to be related to a number of factors. Yang et al. tested three
different lengths of SWCNTs (<1 µm, 1–5 µm, and ∼5 µm).
At the same weight concentrations, longer nanotubes exhib-
ited stronger antimicrobial activity [13]. Arias and Yang et al.
also demonstrated that SWCNTs having surface groups of
–OH and –COOH exhibited extremely strong antimicrobial
activity to both Gram-positive and Gram-negative bacterial
cells, whereas SWCNTs-NH2 demonstrated little toxicity
[14]. Vecitis et al. reported that electronic structure is an im-
portant factor regulating SWCNT antimicrobial activity [15].
Kang et al. reported that the size (diameter) of nano-tubes is
a key factor governing their antibacterial effects [16]. In this
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Figure 1: OD growth curves of S. enterica in BHI broth at 37◦C after treatment with surfactant-only solutions and incubation for 1 h: (a)
treated with 0.4, 1, 8, 10, 12, 14, and 16% SC; (b) treated with 0.1, 0.4, 1, 2, 4, and 8% SDS, and (c) treated with 0.1, 0.4, 1, 2, and 4% SDBS.
Controls were cells without surfactant treatments. A blank was used before each reading. Blanks were samples without cells or surfactant.

study, the antimicrobial activity of SWCNTs suspended in
different surfactants was evaluated by the appearance of the
exponential bacterial growth phase. The effects of SWCNTs’
concentration and treatment time on their antimicrobial
activity were also tested.

2. Materials and Methods

2.1. Chemicals. brain heart infusion (BHI) was purchased
from Becton, Dickinson, and Company (Sparks, MD). SDS,
SC, and SDBS were purchased from Sigma-Aldrich (St.
Louis, MO). Solution concentrations were made by diluting

a stock surfactant solution to the specified concentration
using sterile Milli-Q (mQ) water. Carbon nanotubes were
purchased from BuckyUSA (Houston, TX).

2.2. Bacterial Cultures. The cultures were prepared by inoc-
ulating BHI broth in a test tube with bacteria transferred
from a plate to the test tube using a cotton swab. The
cultures grown were Escherichia coli (E. coli) (ATCC #11303),
Salmonella enterica (S. enterica) (ATCC #19585), and Entero-
coccus faecium (E. faecium) (ATCC #19634). The culture to
be studied the next day was incubated in a 37◦C shaker with
constant agitation at 200 rpm overnight. Incubation time
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Figure 2: OD growth curves of E. coli after treatment with surfactant-only solutions and incubation for 1 h: (a) treated with 0.4, 1, 2, 4, 6,
and 8% SC; (b) treated with 0.1, 0.4, 1, 2, 3, and 4% SDBS, and (c) treated with 0.1, 1, 4, 8, 12, and 16% SDS. Other conditions are the same
as in Figure 1.

was approximately 18–20 h. One milliliter of the incubated
culture was centrifuged at 3300 g for 2 min. The supernatant
was removed, and the remaining pellet was washed with 1 mL
mQ water three times. The bacterial cells were resuspended
in 1 mL mQ water.

2.3. Treatment of Bacterial Cells with SWCNTs. Fifty micro-
liters of the cell suspension were diluted in 500 µL of surfac-
tant or SWCNT/surfactant solution and allowed to incubate
at 37◦C and 200 rpm for 1 h or for a designed treatment time.

The blank solution contained 550 µL of mQ water, and the
control solution contained 500 µL of mQ water and 50 µL of
cell solution. After the incubation, 1.45 mL of BHI broth was
added to each solution for a final volume of 2 mL.

2.4. Optical Density (OD) Growth Curve Measurements.
After the addition of BHI, 100 µL aliquots were taken from
the solutions every 30 min for the next 5 h and tested
for optical density. The remaining solutions continued to
incubate in the shaker at 37◦C and 200 rpm. Cell growth
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Figure 3: OD growth curves of E. faecium after treatment with surfactant-only solutions and incubation for 1 h: (a) treated with 0.4, 1, 2, 4,
6, and 8% SC; (b) treated with 0.1, 0.4, 1, 2, 3, and 4% SDBS, and (c) treated with 0.1, 1, 4, 8, 12, and 16% SDS. Other conditions are the
same as in Figure 1.

was measured using a Beckman Coulter DU 520 spec-
trophotometer at 600 nm. Growth curves were created by
plotting OD values versus time. The SWCNT-containing
graphs were created by subtracting a blank containing the
same SWCNT concentration as the experimental sample in
order to create values consistent with the control that did
not contain SWCNTs. After subtracting the SWCNT blank,
absorbance was related to the quantity of cells. The time
delay of exponential growth directly results from the initial
viable bacterial cell number. Therefore, a delay in growth

time indicates a lower initial viable cell number. This result
means that a negative deviation from the control growth
curve indicates antibacterial activity. All experiments were
executed in triplicate.

3. Results and Discussion

3.1. Antibacterial Effects of Various Surfactants. Prior to
the investigation on nanotube interactions with bacteria
cells, we studied how various surfactants interacted with
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Figure 4: OD growth curves of (a) S. enterica and (b) E. coli after treatment with SWCNT + surfactant solutions and incubation for 1 h. The
legend shows SWCNT concentration in mg/mL and SC surfactant concentration in %. A blank containing the same SWCNT concentration
as the experimental sample was subtracted from each of the SWCNT-containing data sets in order to measure absorbance created by cells.
Other conditions are the same as in Figure 1.

the S. enterica, E. coli, and E. faecium in the absence of
SWCNTs. Figure 1(a) shows SC interaction with S. enterica.
Sodium cholate displayed nearly complete killing of S. enter-
ica at treatment concentrations of 12% and greater. Ten per-
cent SC treatment delayed exponential growth for approx-
imately 3 h. Eight percent SC delayed growth for approxi-
mately 1.5 h. Sodium cholate did not inhibit growth at 0.4%
and 1% treatments. Figure 1(b) displays SDS interaction
with S. enterica. All concentrations greater than 0.4% showed
similar results, delaying growth for approximately 2 h. Inter-
estingly, 1% SDS generated a slightly enhanced antibacterial
effect compared to other concentrations. S. enterica in SDBS
is displayed in Figure 1(c). One percent and greater SDBS
treatments demonstrated complete bacterial killing. Levels
lower than 1% did not deviate much from the control.

Figure 2(a) shows the SC effect on E. coli. Eight percent
SC treatments demonstrated the strongest antibacterial
activity while concentrations of 2% and smaller showed
minimal antibacterial effects. E. coli in SDBS is given in
Figure 2(b). Treatments with concentrations of 2% and
greater provided complete killing, yet concentrations of
1% and lower caused minimal deviation from the con-
trol. Sodium dodecyl sulfate had similar effects on E. coli
(Figure 2(c)) as it did on S. enterica. Each concentration,
other than 0.1%, demonstrated comparable results, delaying
exponential growth for approximately 3 hours.

Cultured E. faecium was much more sensitive to the sur-
factants than either S. enterica or E. coli. In SC (Figure 3(a)),
the growth curves decreased in order of increasing surfactant
concentration. Sodium dodecylbenzene sulfonate, shown in
Figure 3(b), demonstrated complete effectiveness at all tested
concentrations, and SDS also showed complete effectiveness

at all tested concentrations (Figure 3(c)). Due to its vulner-
ability with our tested surfactants, no further experiments
were conducted on E. faecium.

3.2. Antibacterial Effects of SWCNTs. Based on the results
above, SC proved to be the best candidate to investigate
antibacterial effects of SWCNTs since it contained the
highest surfactant concentration without inhibiting bacterial
growth. A treatment concentration of 1% was selected due
to its ability to disperse SWCNTs effectively yet not inhibit
bacterial cell growth. This indicates that all or almost all of
the growth inhibition created by SC + SWCNT solutions is
due to carbon nanotube activity. In addition to using 1% SC
solutions, we also included a 0.25% SC trial in order to verify
how different surfactant concentrations affect SWCNT activ-
ity through increased or decreased dispersion. Figure 4(a)
displays S. enterica tested in SC solutions with varying
SWCNT concentrations. The growth curves decreased in
order of increasing SWCNT concentration. Interestingly, the
solutions of 1 mg/mL SWCNTs + 0.25% SC and 1 mg/mL
SWCNTs + 1% SC showed similar curves. These results
suggest that concentrations of 0.25% SC were able to disperse
1 mg/mL SWCNTs as well as 1% SC. Figure 4(b) shows E.
coli tested in SC solutions with varying concentrations of
SWCNTs. The growth curves decreased in order of increasing
SWCNT concentration and generated a curve similar to that
of S. enterica in the solutions containing 1 mg/mL SWCNTs
+ 0.25% SC and 1 mg/mL SWCNTs + 1% SC. A plateau
effect is seen in these trials in which higher concentrations
of SWCNTs cause the growth curve to plateau at lower
absorbance values. This observation suggests that SWCNTs
limit cell growth via a concentration-dependent mechanism.
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Figure 5: OD growth curves of bacterial cells after treatment with SWCNT + surfactant solutions. The legend shows SWCNT concentration
in mg/mL, SC surfactant concentrations in %, and incubation times in h or min: (a) S. enterica and (b) E. coli treated with 1.5 mg/mL and
1% for 1 h and 2 h, (c) S. enterica treated with 1 mg/mL and 0.25% for 0.5 h, 1 h, 1.5 h, and 2 h, and (d) S. enterica treated with 1 mg/mL and
0.25% for 5 min, 10 min, 15 min, and 20 min. Nanotube blanks were created as in Figure 4. Other conditions are the same as in Figure 1.

Figures 5(a) and 5(b) show S. enterica and E. coli in
solutions of 1.5 mg/mL SWCNTs + 1% SC with incubation
times of 1 h and 2 h, respectively. There was no discernible
difference in cell growth between the two incubation times.
Figure 5(c) shows S. enterica in solutions of 1 mg/mL
SWCNTs + 0.25% SC with incubation times of 0.5 h, 1 h,
1.5 h, and 2 h. These differences in incubation time had no
effect on cell growth. Because 0.5 h incubation produced
no difference in growth rate, a test was executed using

identical SWCNT and SC concentrations with incubation
times of 5 min, 10 min, and 15 min (Figure 5(d)). These
results also show that incubation time is not a factor at
the times tested, thus providing indication that SWCNTs
produce an antibacterial effect quickly (<5 min). Growth
curves in Figures 5(a)–5(d) also exhibit a lowered plateau as
seen in Figures 4(a)-4(b), providing additional evidence that
SWCNT concentration is the primary factor in producing the
antibacterial effect.
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4. Conclusions

Sodium cholate proved to be a desired surfactant with
which we examine SWCNT antibacterial activity because
it displayed the weakest inhibitory activity among broadly
used surfactants. Sodium cholate did not provide complete
bactericidal effects on S. enterica until the bacterium was
treated with 12% SC in solution. By contrast, SDS and
SDBS demonstrated total or nearly total effectiveness at 1%
concentrations. Similar findings with E. coli indicated that
SC can be used to disperse bundled SWCNTs into individual
nanotubes and thereby examine SWCNT antibiotic ability.
On the other hand, E. faecium is too sensitive to the
surfactants to examine SWCNT implications. Results from
the SWCNT tests indicate that nanotube concentration is
the deciding factor in antibacterial effect. Incubation times
ranging from 5 min to 2 h did not produce different results. It
is promising to see the strong antibacterial effect of SWCNTs
in solution with SC, because this same combination of
materials proved to have low toxicity for 1321N1 human
astrocytoma cells in our previous studies. Low toxicity to
humans and high antibiotic effect make SWCNT-surfactant
solutions relevant in biomedical applications and problems
surrounding drug-resistant and multidrug-resistant bacterial
strains. Further studies are required to test the legitimacy of a
SWCNT-SC mixture and understand the mechanisms which
could explain both low human toxicity and high antibacterial
effect.

Acknowledgments

This work was partially supported by a Summer Faculty
Fellowship from Missouri State University, the Cottrell
College Science Award from Research Corporation for
Science Advancement, and the American Chemical Society
Petroleum Research Fund (47532-GB10). The authors thank
Dr. Michael M. Craig for helpful discussions and editing.

References

[1] S. J. Tans, A. R. M. Verschueren, and C. Dekker, “Room-
temperature transistor based on a single carbon nanotube,”
Nature, vol. 393, no. 6680, pp. 49–52, 1998.

[2] L. Dong, J. Jiao, C. Pan, and D. W. Tuggle, “Effects of catalysts
on the internal structures of carbon nanotubes and corresp-
onding electron field-emission properties,” Applied Physics A,
vol. 78, no. 1, pp. 9–14, 2004.

[3] L. Dong, V. Chirayos, J. Bush et al., “Floating-potential di-
electrophoresis-controlled fabrication of single-carbon-
nanotube transistors and their electrical properties,” Journal
of Physical Chemistry B, vol. 109, no. 27, pp. 13148–13153,
2005.

[4] T. Maiyalagan, B. Viswanathan, and U. V. Varadaraju, “Nitro-
gen containing carbon nanotubes as supports for Pt -
Alternate anodes for fuel cell applications,” Electrochemistry
Communications, vol. 7, no. 9, pp. 905–912, 2005.

[5] A. Halder, S. Sharma, M. S. Hegde, and N. Ravishankar,
“Controlled attachment of ultrafine platinum nanoparticles
on functionalized carbon nanotubes with high electrocat-
alytic activity for methanol oxidation,” Journal of Physical
Chemistry C, vol. 113, no. 4, pp. 1466–1473, 2009.

[6] H. Z. Dong and L. F. Dong, “Electrocatalytic activity of carbon
nanotube-supported Pt-Cr-Co tri-metallic nanoparticles for
methanol and ethanol oxidations,” Journal of Inorganic and
Organometallic Polymers and Materials. In press.

[7] M. S. Arnold, A. A. Green, J. F. Hulvat, S. I. Stupp, and M.
C. Hersam, “Sorting carbon nanotubes by electronic structure
using density differentiation,” Nature Nanotechnology, vol. 1,
no. 1, pp. 60–65, 2006.

[8] V. C. Moore, M. S. Strano, E. H. Haroz et al., “Individually
suspended single-walled carbon nanotubes in various surfac-
tants,” Nano Letters, vol. 3, no. 10, pp. 1379–1382, 2003.

[9] L. Dong, K. L. Joseph, C. M. Witkowski, and M. M. Craig,
“Cytotoxicity of single-walled carbon nanotubes suspended in
various surfactants,” Nanotechnology, vol. 19, no. 25, Article
ID 255702, 2008.

[10] L. Dong, C. M. Witkowski, M. M. Craig, M. M. Greenwade,
and K. L. Joseph, “Cytotoxicity effects of different surfactant
molecules conjugated to carbon nanotubes on human astro-
cytoma cells,” Nanoscale Research Letters, vol. 4, no. 12, pp.
1517–1523, 2009.

[11] S. Liu, L. Wei, L. Hao et al., “Sharper and faster “Nano darts”
kill more bacteria: a study of antibacterial activity of individ-
ually dispersed pristine single-walled carbon nanotube,” ACS
Nano, vol. 3, no. 12, pp. 3891–3902, 2009.

[12] G. Jia, H. Wang, L. Yan et al., “Cytotoxicity of carbon
nanomaterials: single-wall nanotube, multi-wall nanotube,
and fullerene,” Environmental Science & Technology, vol. 39,
no. 5, pp. 1378–1383, 2005.

[13] C. Yang, J. Mamouni, Y. Tang, and L. Yang, “Antimicrobial
activity of single-walled carbon nanotubes: length effect,”
Langmuir, vol. 26, no. 20, pp. 16013–16019, 2010.

[14] L. R. Arias and L. Yang, “Inactivation of bacterial pathogens
by carbon nanotubes in suspensions,” Langmuir, vol. 25, no.
5, pp. 3003–3012, 2009.

[15] C. D. Vecitis, K. R. Zodrow, S. Kang, and M. Elim-
elech, “Electronic-structure-dependent bacterial cytotoxicity
of single-walled carbon nanotubes,” ACS Nano, vol. 4, no. 9,
pp. 5471–5479, 2010.

[16] S. Kang, M. Herzberg, D. F. Rodrigues, and M. Elimelech,
“Antibacterial effects of carbon nanotubes: size does matter!,”
Langmuir, vol. 24, no. 13, pp. 6409–6413, 2008.



Hindawi Publishing Corporation
Journal of Nanotechnology
Volume 2012, Article ID 954601, 9 pages
doi:10.1155/2012/954601

Research Article

Biomolecular Triconjugates Formed between Gold, Protamine,
and Nucleic Acid: Comparative Characterization on the Nanoscale

Robert K. DeLong,1 Lisa Cillessen,2 Chris Reynolds,3 Adam Wanekaya,3

Tiffany Severs,3 Kartik Ghosh,4 Michael Fisher,5 Stephanie Barber,6 John Black,7

Ashley Schaeffer,1 and Kristin J. Flores1

1 Cell and Molecular Biology Program, Department of Biomedical Sciences, Missouri State University, Springfield, MO 65897, USA
2 College of Pharmacy, The Ohio State University, Columbus, OH 43210, USA
3 Department of Chemistry, Missouri State University, Springfield, MO 65897, USA
4 Department of Physics Astronomy and Materials Science, Missouri State University, Springfield, MO 65897, USA
5 School of Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA
6 George Warren Brown School of Social Work, Washington University in St. Louis, St. Louis, MO 63130, USA
7 School of Medicine, University of Pittsburgh, Pittsburg, PA 15261, USA

Correspondence should be addressed to Robert K. DeLong, robertdelong@missouristate.edu

Received 15 June 2011; Accepted 11 August 2011

Academic Editor: Dongwoo Khang

Copyright © 2012 Robert K. DeLong et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

DNA and RNA micro- and nanoparticles are increasingly being used for gene and siRNA drug delivery and a variety of
other applications in bionanotechnology. On the nanoscale, these entities represent unique challenges from a physicochemical
characterization perspective. Here, nucleic acid conjugates with protamine and gold nanoparticles (GNP) were characterized
comparatively in the nanorange of concentration by UV/Vis NanoDrop spectroscopy, fluorimetry, and gel electrophoresis. Given
the intense interest in splice-site switching oligomers (SSOs), we utilized a human tumor cell culture system (HeLa pLuc-705), in
which SSO-directed splicing repair upregulates luciferase expression, in order to investigate bioactivity of the bionanoconjugates.
Process parameters important for bioactivity were investigated, and the bimolecular nanoconjugates were confirmed by shifts in
the dynamic laser light scatter (DLLS), UV/Vis spectrum, gel electrophoresis, or sedimentation pattern. The data presented herein
may be useful in the future development of pharmaceutical and biotechnology formulations, processes, and analyses concerning
protein, DNA, or RNA bionanoconjugates.

1. Introduction

Nanoparticles bearing siRNA have been tested recently in
clinical trials [1]. RNA oligonucleotides known as splice-
shifting oligomers (SSOs) have the ability to correct errors
that occur in gene splicing at the RNA level, potentially a
novel means of controlling an important molecular pathol-
ogy underlying cancer [2] and possibly other human diseases
[3]. Although protamine has long been known to bind and
condense DNA into nanoparticles [4] active for gene delivery
[5], condensation of RNA is more controversial [6, 7].

Considering the well-known cell-penetrating and nuclear
localization capabilities of protamine [8], we presume it
could play a critical role for the delivery of SSOs [9].

To investigate the bioactivity and biocompatibility of
the conjugates in this study, we utilize the well-described
HeLa pLuc-705 cell culture system, in which luciferase
is upregulated by delivery of specific SSOs [10–12]. This
luminescence-based assay can be used for quantifying RNA
nanoconjugate delivery. We use this system, along with
high-throughput screening, to explore the process param-
eters that are important for the RNA nanoconjugate SSO
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bioactivity. To demonstrate the biocompatibility of the
triconjugates, we use the MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay to investigate
the metabolic activity of the HeLa pLuc-705 cell line,
after incubation with the conjugates. Recently, we reported
detection of RNA nanoparticles after protamine complex-
ation to RNA by dynamic laser light scatter spectroscopy
(DLLS) [9]. Moreover, gold nanoparticles (GNPs) are taken
up by HeLa cells [13], and surface modification of GNPs
has been shown to affect their interaction at the plasma
membrane and intracellular activity [14]. In this study
we characterize conjugates of GNP, with protamine and
RNA, in comparative analyses using luminometery, UV/Vis
spectroscopy, fluorescence, and gel electrophoresis assays.

2. Experimental

2.1. GNP, Protamine, and Other Reagents. GNPs with a
uniform size of ∼20–30 nm were synthesized using the
standard method of citrate reduction of HAuCl4 salt. Hydro-
gen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O) was
obtained from Fisher Scientific (Fair Lawn, NJ). Sodium
citrate was obtained from Spectrum Chemical Corp. (New
Brunswick, NJ). To produce the GNPs, an aqueous solution
of HAuCl4 (1 mM, 500 mL) was brought to reflux while
stirring, and 50 mL of 38.8 mM trisodium citrate solution
was rapidly added. After 15 min, the preparation was allowed
to cool to room temperature and subsequently filtered
through a 0.45 µm filter.

Plasmid DNA encoding Hepatitis B DNA vaccine was
obtained as previously described [9]. In some cases, lambda
phage DNA (Sigma-Aldrich) was used in the spectral and
conjugate studies. The protamine stock was purchased from
Sigma-Aldrich as Grade III protamine sulfate salt, derived
from herring. Ribonucleic acid (RNA) diethylaminoethanol
salt Type IX was also purchased from Sigma-Aldrich and
dissolved in RNase-free water just prior to use. A pro-
tamine : H2O standard curve was prepared by dissolving
protamine in water at 2 mg/mL, then performing serial
dilutions to produce 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL,
0.125 mg/mL, and 0.0625 mg/mL solutions. An RNA : H2O
standard curve was prepared similarly by dissolving RNA
in water at 2 mg/mL, then performing serial dilutions to
produce 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL,
and 0.0625 mg/mL solutions.

2.2. High-Throughput Experimental Design to Analyze the
Parameters That Affect Bioactivity. Using the HeLa pLuc-
705 model, a high-low experimental design was combined
with multiparameter screening with a measurable biological
activity outcome: relative luminescence (RLU) due to the
SSO delivery. The parameters tested included number of
cells, time of transfection, mixation rate, and protamine,
SSO, magnesium, and ethanol concentration, as illustrated
in Figure 2.

2.3. Dynamic Laser Light Scatter Spectroscopy (DLLS). DLLS
was conducted on a Malvern Zetasizer Nano-ZS90. Samples

were analyzed in 1 mL double-distilled deionized water
in UV-transparent Sarstedt cuvettes. Briefly, 1 mg/mL pro-
tamine was added to DNA at 0.1 mg/mL while vortexing
for 5–10 sec and/or to approximately 50 microlitres of GNPs
(3× 10−8 M). The conjugates were then analyzed directly by
DLLS or UV/Vis spectroscopy.

2.4. Fluorimetric and NanoDrop UV/Vis Spectroscopy. Fluori-
metric and NanoDrop UV/Vis spectroscopy was conducted
as described previously [9] for the Hoechst assay, and
the PicoGreen assay was performed in parallel following
manufacturer’s recommendations. RNA stock solutions were
prepared with RNase-free H2O. Experiments were executed
in triplicate, and indicated by Samples A, B, and C for
each graph. Serial dilution was performed with 250 µL
of solution with 250 µL of RNase free H2O. Absorbance
spectral scans were performed from 190 to 300 nm on a
Thermo Fisher NanoDrop 2000c. The UV/Vis absorption
spectrum for RNA was also performed in triplicate for
100 ng/µL along with its serial dilution and standard curve
for the absorbance values (ordinate) versus concentration
(abscissa). For the spectral shift experiments, 90 µL of GNP
stock solution was added to 5 µL (10 mg/mL) RNA solution,
5 µL RNase free water, the suspension was vortexed incubated
at room temperature for 15 to 20 mins mixed and read
on the NanoDrop directly. For GNP-Protamine, 90 µL GNP
stock solution and 5 µL (2 mg/mL) stock protamine solution,
5 µL RNase free water was mixed and read as above. For
the GNP-protamine : RNA, 90 µL GNP stock solution and
5 µL (10 mg/mL) RNA solution with 5 µL (2 mg/mL) stock
protamine solution was mixed and read as above.

2.5. Gel Electrophoresis. Gel electrophoresis was accom-
plished as described previously [9]. Briefly, the gels contained
2% mass/volume agarose in 1X (v/v) TAE buffer. Each
RNA sample contained ethidium bromide (Sigma-Aldrich,
St. Louis, MO) at a final concentration of approximately
0.1 mg/mL. Samples contained equal volumes of bromophe-
nol blue loading dye and 5 mg/mL RNA solution. RNA gels
were run at 60 V visualized on a Gel Logic imaging station.

2.6. Sedimentation Coupled to UV/Vis NanoDrop. For the
sedimentation analysis by UV/Vis NanoDrop, all sam-
ples were prepared in triplicate, from the following stock
solutions: 200 µL aliquot of the GNP solution, 200 µL of
1.0 mg/mL protamine solution, and 200 µL 5.0 mg/mL RNA
solution.

For the GNP only sample, 20 µL of GNP stock solution
was added to each microcentrifuge tube. The absorbance
from each sample was read, in triplicate, at 525 nm, using
the NanoDrop 2000. The samples were centrifuged for 7
minutes at 15,000 rpm, at 10◦C. An absorbance reading of
the supernatant was taken immediately, at 525 nm.

For the GNP : protamine sample, 20 µL of GNP stock
solution was added to each microcentrifuge tube, followed
by the addition of 20 µL of protamine stock solution. The
samples were vortexed for 8 seconds, and allowed to incubate
at room temperature for 5 minutes. The absorbance was
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Figure 1: NanoDrop UV/Vis analysis of protamine : RNA and analysis of the sedimentation profiles at 214, 280, 400, and 600 nm.

read; the samples were centrifuged, followed by another
absorbance reading of the supernatant, as stated above.

For the GNP : RNA sample, 20 µL of GNP stock solution
was added to each microcentrifuge tube, followed by the
addition of 20 µL of RNA stock solution. The samples were
vortexed for 8 seconds, and allowed to incubate at room
temperature for 5 minutes. The absorbance was read at
260 nm. After the samples were centrifuged for 7 minutes
at 15,000 rpm, at 10◦C, an absorbance reading of the super-
natant was taken at 260 nm.

For the sedimentation analysis of the triconjugates, 20 µL
of GNP stock solution was added to each microcentrifuge
tube, followed by the addition of 20 µL of protamine stock

solution, and 20 µL of the RNA stock solution. The samples
were vortexed for 8 seconds, and allowed to incubate at
room temperature for 5 minutes. The absorbance was read
at 260 nm; the samples were centrifuged, followed by another
absorbance reading of the supernatant, at 260 nm.

2.7. MTT Assay to Quantify Metabolic Activity after Incuba-
tion with Conjugates. Metabolic activity of the HeLa pLuc-
705 cells was assessed by the reduction of the yellow
tetrazolium salt MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide) to purple, insoluble formazan.
All cell culture work was performed under the laminar
flow hood, using sterile technique. The HeLa pLuc-705
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Figure 3: Hypothetical formation of biomolecular triconjugates of
GNPs, protamine, and nucleic acid (figure not drawn to scale).

cells, suspended in 1X phenol red-free DMEM/10% FBS/1%
penicillin and streptomycin, were seeded in 96-well plates
in a volume of 100 µL per well. The cells were incubated at
37◦C overnight, to allow them to attach. The DMEM was
removed, and the cells were carefully washed with sterile 1X
PBS. The GNPs and the conjugates, prepared as previously
described, were centrifuged for 7 minutes at 15,000 rpm. The
supernatant was removed, and the pellets were resuspended
in serum-free, phenol red-free DMEM. From these solutions,
100 µL was added to each well, with 24 wells containing the
GNPs and medium only, 24 wells containing the conjugates
and medium, and 24 wells containing only the serum-
free, phenol red-free medium. The plates were incubated
overnight at 37◦C. After incubation, the medium was
removed and the cells were washed with sterile 1X PBS to
remove any GNPs or conjugates, to avoid any interference
with the absorbance readings. To each well, 100 µL of fresh
serum-free, phenol red-free medium was added, along with
10 µL of a 12 mM MTT stock solution, prepared by adding
1 mL of sterile 1X PBS to 5 mg MTT (Invitrogen). The

samples were mixed with the pipettes, and the plates were
incubated for 4 hours at 37◦C. All but 25 µL of the medium
was removed, and 50 µL of DMSO was added to each well
to solubilize the formazan. The solutions were mixed with
the pipette, and allowed to incubate for 10 minutes at
37◦C. The solutions were mixed again with the pipette, and
the absorbance was read at 540 nm. This experiment was
repeated three times, and the results are graphed in Figure 10.

3. Results and Discussion

3.1. Analysis and Sedimentation of Protamine : RNA. Direct
NanoDrop measurement of protamine : RNA and microfuge
sedimentation are shown in Figure 1. Macromolecule
(tRNAphe), rapidly mixed on a dual pump flow head with
protamine, was sedimented at 13 k, and the supernatant
and pellet or supernatant fractions tested on a NanoDrop
UV/Vis instrument at 214, 260, 400, or 600 nm for peptide,
RNA, or particle light scatter properties, respectively. The
data demonstrate quantitative transferal of the protamine
and RNA from the supernatant to the pellet. Light scatter of
the particles formed is measured at 400 or 600 nm.

3.2. Measuring SSO Bioactivity in the HeLa pLuc-705 Model.
We investigated the parameters that are important for SSO
bioactivity in a high-low two-level experimental design. The
experimental design and the data are shown in Figure 2.
By looking at the relative luminescence (RLU), we conclude
that the protamine concentration demonstrated the greatest
positive outcome on splice-shifting activity whereas magne-
sium and ethanol concentration had a negative effect [15].
As shown in Figure 2, formulation-process variables were
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Figure 4: NanoDrop UV/Vis spectra (GNP, protamine, and RNA). Linear range in inset.

shown to affect the cells’ luminescence by as much as 105–
106 over background.

3.3. Au-Protamine : RNA Conjugates. GNPs are taken up by
HeLa cells [13]. SSO delivery requires membrane penetration

and nuclear localization, both of which are known capabili-
ties of protamine [8]. Therefore, our next step was to create
conjugates of GNP with protamine as illustrated in Figure 3.
As diagrammed in Step 1, positively charged protamine
molecules bind to the negatively charged gold nanoparticles
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created by the citrate surface. In Step 2, negatively charged
RNA molecules bind to the positively charged protamine
molecules bound to a gold nanoparticle, completing the
protamine/RNA/gold nanoparticle triconjugate.

3.4. Nano-Drop UV/Vis Analysis of the Nanoconjugate Com-
ponents. The individual components of the triconjugates
(e.g., GNP, protamine, or RNA) can be monitored by

1 2 3

Figure 7: Agarose gel shift of RNA (lane 1), RNA + GNP (lane 2),
or RNA + protamine + GNP (lane 3)).

NanoDrop UV/Vis (see Figure 4). Linear range of the
standard curve is shown in the inset in units of nanograms
per microliter or nanomolar. Maxima were RNA (260 nm),
protamine (214–220 nm), and GNP (520–525 nm).

3.5. Fluorescence Analysis of DNA in the Nanorange. Double-
stranded DNA (dsDNA) triconjugates with GNP and pro-
tamine can also be constructed. Concentration of dsDNA is
obtained in the nanogram per microliter range by PicoGreen
or Hoechst assays. Standard curves for dsDNA analysis,
where fluorescence is a function of the DNA concentration,
are shown in Figure 5.

3.6. Analysis of the Conjugates by Sedimentation. GNP, GNP-
protamine, or GNP-protamine : RNA samples were analyzed
on the UV/Vis NanoDrop before or after sedimentation on a
microcentrifuge. The GNP in the supernatant was monitored
at 525 nm and the RNA at 260 nm as described previously.
These data are shown in Figure 6.

As can be seen in the figure, the greatest loss from
the supernatant, based on the absorbance of the starting
material, occurred for GNP-protamine : RNA triconjugate,
thereby indicating the interaction of all three components.

3.7. Analysis of the Conjugates by Gel Shift. In a parallel
experiment to that shown above in Figure 6, the GNP, GNP-
RNA, or GNP-protamine : RNA were analyzed by agarose
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gel electrophoresis. These data are shown in Figure 7. A
slight shift was observed upon interaction of RNA with GNP,
and a more obvious shift occurred after the introduction of
protamine, again suggesting the presence of the triconjugate
species. Increased staining intensity in the well was observed
previously for protamine : RNA nanoparticles [9].

3.8. Surface Charge and Size of the Conjugates. Zeta potential
of the GNPs in the presence or absence of protamine and/or
nucleic acid (DNA in this case) is shown in Figure 8(a).
Potential of GNP alone was slightly less than zero. On
the other hand, when protamine was added to either the
GNPs or DNA, the zeta potential value increased to 12.5 mV
and 13.4 mV, respectively, due to the positive charges on
protamine. When all three were combined, the zeta potential
value decreased to 1.20 mV, indicating a strong interaction.

Figure 8(b) shows the expected effect of conjugation
on the particle’s size. For the sample containing only the
GNPs, the particle size is estimated to be approximately
38 nm. After complexing the GNP with protamine, as previ-
ously described, the particle size increases to approximately
200 nm. When the DNA is added, the sizes increases accord-
ingly, to approximately 420 nm. This is further evidence that
the conjugates are formed with all three components.

3.9. Spectral Shift upon Conjugate Formation. The GNP
spectrum, shown in Figure 9, demonstrates the absorbance
peak at approximately 520–530 nm, characteristic of particles
in the low nanometer size range used here. The spectrum of
the DNA displays the typical nucleic peak at 260 nm, which
exhibits a greatly increased absorbance after interaction with
protamine or protamine : gold. The mixture of DNA and
protamine produced spectra that indicated strong interac-
tions between the two molecules. The protamine : nucleic
acid interaction is incompletely understood, and although
the zeta potential data above suggest that the interaction is
electrostatic in nature, the data also reveal an enhancement
of absorbance for the DNA peak at 260 nm, thus implicating
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Figure 9: Evidence for bionanoconjugates made between GNPs,
protamine, and DNA by UV/Vis.

some structural rearrangement. RNA : protamine and GNP-
protamine : RNA were amplified and shifted further (data
not shown).

3.10. Biocompatibility of Triconjugates. As previously re-
ported, gold nanoparticles are taken up by HeLa cells [13].
The absorbance readings shown below, in Figure 10, confirm
that the HeLa pLuc-705 cells retained their metabolic activity
after the 24-hour incubation time with gold nanoparticles
only, and with conjugates of gold nanoparticles, protamine,
and RNA. This confirms that the conjugates are not cyto-
toxic, and this is a safe system for SSO delivery.

4. Conclusions

The high-low screening design experiment demonstrated
that protamine, ethanol, and magnesium yielded the greatest
influence on SSO bioactivity. The data, therefore, suggest
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Figure 10: Evidence of continued cellular metabolic activity after
incubation with triconjugates.

that creating conjugates in which protamine could affix RNA
onto the GNP might be warranted. The data contraindicates
condensing and/or precipitating protamine : RNA nanopar-
ticles as a result of varying the ionicity and hydrophobic-
ity [6, 15]. Modeling of protamine, based on dark field
microscopy [16] and earlier studies [17, 18], suggests that
protamine condenses DNA into nanoparticles, which here we
hypothesize (Figure 3) can be extended to entrap RNA onto
the protamine-GNP conjugates.

To understand the triconjugate of RNA, GNPs, and
protamine by UV/Vis spectroscopy, it is first necessary to
determine the spectrum of each component individually.
Changes in the wavelength or peak amplitude after addition
of a second and third component suggests their interaction
whereas unchanged peaks indicate their dispersion. In
erefFigurefig4, the individual peaks for nucleic acid, GNPs,
and protamine are illustrated, which are compared subse-
quently to solutions of these components in combination,
seen in Figure 9. Again, shifts in the amplitude or absorbance
maximum in the RNA or gold UV/Vis spectra suggest tri-
conjugate interaction between the three species: protamine,
RNA, and GNP.

NanoDrop UV/Vis has nanorange sensitivity like its flu-
orescence counterparts, the PicoGreen and Hoechst assays,
yet is not dependent on a double-stranded nucleic acid
fordye binding. Although UV/Vis data suggests interaction
between the triconjugates, at present it is uncertain that
these fluorescent dyes can confirm this putative interaction;
however, we did note a slight gel shift after staining with the
fluorescent dye ethidium and consider this observation to be
consistent with interactions between GNP, protamine, and
RNA.

The NanoDrop instrument can rapidly quantify nucleic
acids, protamine, or gold conjugates in UV or visible mode in

the nanomolar or nanogram per microliter range, although
its utility in evaluating breakdown products or biomaterial
and nanomaterial compatibility with proteins and nucleic
acids remains in question. For on-particle analysis, however,
DLLS and NanoDrop UV/Vis observations are critical for
optimizing preparation and delivery.

There is substantial interest in the formulation and
delivery of therapeutic nucleic acids as nanoparticles for
delivery in humans [1]. Here, methods amenable for the
analysis of macromolecular RNA and DNA, and those
present as nanoparticles, have been compared. DLLS, fluori-
metric, UV/Vis spectroscopic, and electrophoretic methods
are all capable of nanorange detection. Accordingly, these
assays are likely to have mainstay applications in the clinical
progression of delivering nucleic acids into patients in the
form of nanoparticles.
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The objective of this paper is to provide readers with current developments of intra-articular drug delivery systems. In recent years,
although the search for a clinically successful ideal carrier is ongoing, sustained-release systems, such as polymeric micro- and
nanoparticles, liposomes, and hydrogels, are being extensively studied for intra-articular drug delivery purposes. The advantages
associated with long-acting preparations include a longer effect of the drug in the action site and a reduced risk of infection due
to numerous injections consequently. This paper discusses the recent developments in the field of intra-articular sustained-release
delivery systems for the treatment of osteoarthritis.

1. Introduction

Arthritis is a degenerative joint disease common among
elderly people that causes progressive joint degeneration
leading to chronic pain and reduced quality of life [1–4].
Osteoarthritis (OA) and rheumatoid arthritis (RA), two
main kinds of arthritis, are among the most important
inflammatory diseases, afflicting 40 million people (15%)
in the US alone in 1995 and expected to afflict 59.4
million (18.2%) by the year 2020 [5]. And osteoarthritis
(OA) is the most prevalent musculoskeletal condition that
causes joint pain. The incidence of OA increases with age,
and approximately 100% of men and women at age 75–
79 years shows some signs of OA [6]. Current available
treatment is of symptoms, directed to relieve the pain and
regain function [7], but outcomes are limited. For example,
oral administration of NSAID tablets relieves inflammation
and pain but causes gastrointestinal adverse effects; other
effective treatments are surgeries, but they will cause the
second damage to the joint as well as high cost.

Local drug delivery strategies may provide for the
development of more successful OA treatment outcomes
that have potential to reduce local joint inflammation and
joint destruction, offer pain relief, and restore patient activity
levels and joint function [8]. Intra-articular drug delivery is

very useful for treating local disease flareups, synovitis, and
pain in joints. The Food and Drug Administration (FDA) has
approved intra-articular hyaluronic acid formulations for
osteoarthritis of the knee [9]. The intra-articular (IA) route
of administration has potential for targeting drug delivery
to affected tissues in treating arthritis, thereby minimizing
the attendant side effects of systemically administered drugs
[10].

However, current preparations of intra-articular drug
delivery often require frequent injections that have a high
financial burden, impaction to patient’s quality of life,
rapid degradation and clearance of injected pharmacologic
agents, and also increase the risk of complications [11].
Micro- and nanocarrier-mediated drug delivery systems,
including polymeric particles, liposome, and hydrogel, are
well-established as methods for sustained release in intra-
articular applications. These systems could prolong drug
retention time, reduce the clearance of drug into joint
cavity, and increase patient compliance as well as therapeutic
effect of pharmaceutical agents. This process guaranteed a
longer effect of the drug in the action site and consequently,
a reduced risk of infection due to numerous injections
[12]. Sustained therapeutic drug concentrations can also
be achieved with intra-articular slow-release drug delivery
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Figure 1: Schematic representation of a microsphere and a microcapsule. In microspheres, the whole particle consists of a continuous
polymer network. Microcapsules present a core-shell structure with a liquid core surrounded by a polymer shell.

device, rather than repeated injections. It has been shown
that sustained intra-articular drug concentration can be
realized through coupling the desired drug to liposomes,
microparticles, or hydrogels. The purpose of this paper
is to summarize the current state of intra-articular long-
acting injection preparations applied to the treatment of
osteoarthritis. The main goal in the future is to increase the
residence time of the drug in the joint as well as improve its
diffusion within the target tissue [13].

2. Micro- and Nano-Carrier Mediated Drug
Delivery Systems for IA Formulations

2.1. Polymeric Particles. Biodegradable particles have proven
to be very useful drug delivery systems and provide pro-
longed drug release and lasting delivery because of sus-
tained release of the microencapsulated material. Due to
their advantage of being biodegradable and biocompatible,
polymeric micro- and nanocarriers in formulations of
therapeutic drug delivery systems have gained widespread
application. The drug is dispersed or encapsulated in a
microparticle matrix, and, depending on the preparation
method, microspheres or microcapsules can be obtained
(Figure 1). Among the microparticulate systems, micro-
spheres have a special importance since it is possible to
target drugs and provide controlled release [14]. Meanwhile,
micro- and nanoparticulate drug delivery systems have been
studied extensively using various kinds of biodegradable
polymers during the past two decades [15].

Commonly used materials and their derivatives for
preparing micro- and nanoparticles bifurcate natural ma-
terials including chitosan, gelatin, alginate, and other ma-
terials and synthetic materials, such as PLA(polylac-
tide), PLGA(poly(lactic-co-glycolic acid)), PCL(polyca-
prolactone), and other synthetic ones [16]. Prolonged time
of drug release and decreased toxicity and stimulation can
be achieved via intra-articular controlled release system of
polymeric particles [17].

SUV
LUV

MLV MVV

Figure 2: The classification of liposomes. SUV: small unilamellar
vesicles; LUV: large unilamellar vesicles; MLV: large multilamellar
vesicles; MVV: multivesicular vesicles.

The most commonly used methods of microencapsula-
tion encompass solvent extraction or evaporation, coacerva-
tion, and spray drying [18]. The composition and prepa-
ration methods of microcapsules were found to be closely
related to drug release and microcapsule degradation.
Meanwhile, the release profile was monophasic or biphasic
depending on the formulation [19].

2.2. Liposomes. Liposomes are spherical vesicles or cavities
made up of phospholipids that usually, but not by definition,
contain a core of aqueous solution and have been proposed as
efficient carriers for controlled drug delivery (Figure 2). They
are able to entrap hydrophilic drugs in the large aqueous
interior and lipophilic drugs inserted in the lipid bilayer [20].
Moreover, hydrophobic drugs such as dexamethasone are
incorporated in the bilayer structure of liposomes, whereas
hydrophilic drugs such as diclofenac are encapsulated in
the internal aqueous chamber [21]. Derived from naturally
occurring, biodegradable and nontoxic lipids, liposomes are
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good candidates for local targeting of therapeutic agents to
the site of interest, while reducing systemic toxicity. And the
residence of encapsulated drugs within the knee joint was
greatly prolonged. For example, liposomal iohexol declined
biexponentially with a terminal elimination half-life of 134
hours compared with free iohexol which was undetectable 3
hours after injection [20, 22]. Liposomes are good candidates
although a liposomal corticosteroid formulation containing
dexamethasone-21-palmitate (Lipotalon) available in Ger-
many is the only intra-articular liposomal product used in
human patients [20].

Conventional methods of liposome manufacture can be
said to involve four basic stages: drying down of lipids
from organic solvents, dispersion of the lipids in aqueous
media, purification of the resultant liposomes, and analysis
of the final product [23] (Figure 3). In order to optimize
the liposomal formulation for local use, liposomes with
appropriate size, surface properties, and composition should
be selected with respect to the site of administration, the
disease, and the drug used. In a word, a balance is of
importance between the stability of the liposomes and their
ability to deliver drugs [24].

2.3. Hydrogels. Since the pioneering work of Wichterle and
Lim in 1960 on crosslinked HEMA hydrogels, hydrogels
have been of great interest to biomaterial scientists for many
years because of their hydrophilic character and potential to
be biocompatible [25]. Hydrogels are hydrophilic polymer
networks which may absorb from 10–20% (an arbitrary
lower limit) up to thousands of times their dry weight in
water and may be chemically stable or degrade and eventually
disintegrate and dissolve. They are called “reversible” or
“physical” gels when the networks are held together by
molecular entanglements and/or secondary forces including
ionic, H-bonding, or hydrophobic forces [26]. Both natural
and synthetic materials have been used to form scaffolds.
Naturally derived materials often have desirable biological
properties and also possess limited mechanical strength
or fast degradation profiles that may not be suitable for
clinical applications. Synthetic polymers, although not as
bioactive as natural scaffolds, can provide the necessary
properties to produce scaffolds with desired controllable
physical and chemical characteristics. Many kinds of syn-
thetic hydrogel polymers, such as methyl methacrylate,
poly(2-hydroxyethyl)methacrylate (polyHEMA) hydrogel,
poly(vinyl alcohol) (PVA) hydrogel, and are developed
to repair or replace the damaged articular cartilage [27].
Hydrogels are required to have acceptable biodegradability
and biomedical purposes. Figure 4 revealed a great variety of
crossing approaches developed to prepare desired hydrogels.

Not only does sustained drug release reduce admin-
istration times and undesired side effects, but also it
improves the patients’ compliance and comfort significantly.
When applied in a drug delivery system, the injectable
drug/polymer formulation can be free of any organic solvent
in the drug-loading process (an organic solvent might
denature labile therapeutic agents like proteins), and the rate
of drug release is easily adjusted via altering the material

PBS
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Figure 3: Conventional liposome preparation method: film disper-
sion method.

properties. These hydrogel formulations are useful for par-
enteral and topical injection for a site-specific action [28].
Their affinity to absorb water is attributed to the presence
of hydrophilic groups such as –OH, –CONH–, –CONH2–,
and –SO3H in polymers forming hydrogel structures [29].
In contrast, the polymeric networks of hydrophobic char-
acteristics (e.g., poly(lactic acid) (PLA) or poly(lactide-co-
glycolide) (PLGA)) are limiting water-absorbing capacities
(<5–10%), and the polymer is thus hydrated to different
degrees (sometimes more than 90% wt.) depending on the
nature of the aqueous environment and polymer composi-
tion due to the contribution of these groups and domains in
the network [30].

3. NSAIDs Delivery Systems

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a series
of drugs having anti-inflammatory, analgesic, and antipyretic
effects which alleviate pain by counteracting the cyclooxy-
genase (COX) enzyme which synthesizes prostaglandins,
creating inflammation [31]. In whole, the NSAIDs prevent
the prostaglandins from ever being synthesized, reducing or
eliminating the pain [32].

NSAIDs can reduce short-term pain in osteoarthritis
of the knee slightly better than placebo, but the current
analysis does not support long-term use of NSAIDs for
this condition. As serious adverse effects are associated with
oral NSAIDs, only limited use can be recommended [33].
Cyclo-oxygenase-2 (COX 2) inhibitors are selective types of
nonsteroidal anti-inflammatory drugs (NSAIDs) developed
for the treatment of acute inflammation in joints. Although
evidence shows that COX 2 inhibitors are as effective as
traditional NSAIDs in relieving pain [34], they decrease
arthritis without the gastrointestinal side effects associated
with traditional NSAIDs.

Intra-articular administration of NSAIDs could be an
alternative to delivery administration which avoids their
devastating effects. However, the short synovial half-life
of NSAIDs would require frequent injections to maintain
therapeutic intra-articular levels. For this reason, sustained
drug delivery devices are needed to offer an excellent
alternative to multiple intra-articular injections [35]. The
working hypothesis was that increased NSAIDs efficacy and
alleviation of adverse effects can be achieved by local admin-
istration of a new slow-release NSAID-carrier formulation.
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Figure 4: Novel crosslinking methods used in hydrogels [30].

3.1. Polymer Particles. Polymer particles loaded with an
NSAID (such as diclofenac), destined for intra-articular
administration, have been developed using different poly-
mers such as chitosan, PLA, PLGA, and Poli δ-valerolactona
(PV) [36]. In the present study, controlled release parenteral
formulations of diclofenac sodium were prepared for intra-
articular administration [15].

Diclofenac is a nonsteroidal anti-inflammatory drug
(NSAID) advocated for use in painful and inflammatory
rheumatic and certain nonrheumatic conditions. It is avail-
able in a number of administration forms which can
be given orally, rectally, or intramuscularly. Conveniently,
dosage adjustments are not required in the elderly or in
those patients with renal or hepatic impairment. The drug
has a relatively short elimination half-life, which limits the
potential for drug accumulation. The efficacy of diclofenac
in numerous clinical trials is equivalent to that of the
many newer and established NSAIDs with which it has
been compared [37]. Available data suggest that, in patients
with osteoarthritis, diclofenac sodium is comparable in
efficacy and tolerability with naproxen, ibuprofen, sulindac,
and diflunisal. As oral diclofenac is generally given in 3
divided daily doses, it may be at a disadvantage relative to
less frequent administration with naproxen, diflunisal, and
sulindac in osteoarthritis, although there is some evidence of
diclofenac’s efficacy when administered twice daily or once
daily as a slow-release tablet [38].

Saravanan et al. [39] have previously reported on the
targeting of diclofenac sodium in joint inflammation using
gelatin magnetic microspheres which focuses on the for-
mulation of gelatin microspheres for intra-articular admin-
istration to overcome complications in the administration
of magnetic microspheres and achieve higher targeting
efficiency. Drug-loaded microspheres were prepared by the

emulsification/crosslinking method, characterized by size
distribution, drug loading, scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectroscopy,
differential scanning calorimetry (DSC), X-ray diffraction
(XRD), gas chromatography, and in vitro release studies
along with targeting efficiency of microspheres that was
studied in vivo in rabbits. The microspheres showed drug
loading of 9.8, 18.3, and 26.7% w/w with an average size
range of 37–46 μm depending upon the drug-polymer ratio.
They were spherical in nature and free from surface drug
as evidenced by the SEM photographs and the absence of
drug-polymer interaction, and the amorphous nature of
entrapped drug was revealed by FT-IR, DSC, and XRD. Gas
chromatography confirms the absence of residual glutaralde-
hyde. The formulated microspheres could prolong the drug
release up to 30 days in vitro. About 81.2 and 43.7% of
administered drug in the microspheres were recovered from
the target joint after 1 and 7 days of post intra-articular
injection, respectively, revealing good targeting efficiency.
The microspheres prepared were able to prolong the drug
release over 24–30 days, and the application of sonication
during in vitro release study has slightly increased the release
rate. After intra-articular administration of microspheres,
77.7% of injected dose was recovered at the target site which
revealed good targeting efficiency [40].

H. P. Thakkar and R. R. Murthy have compared the
characteristics of the microspheres of chitosan prepared
using two different crosslinking agents: formaldehyde and
glutaraldehyde crosslinking and simple heat treatment.
Chitosan microspheres were prepared by emulsification
crosslinking method and characterized for entrapment
efficiency, particle size, in vitro drug release, and sur-
face morphology studied by scanning electron microscopy
(SEM). The entrapment efficiency of the glutaraldehyde
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and formaldehyde crosslinked microspheres was signifi-
cantly higher (P < .05) than the heat-crosslinked ones
which showed the fastest release in vitro drug release [41].
Meanwhile, in vitro drug release studies indicated that
the microspheres crosslinked using glutaraldehyde showed
slower release rate than those crosslinked with formaldehyde.

3.2. Liposomes. In the case of arthritic diseases, it has been
reported that the intra-articular administration of anti-
inflammatory drugs encapsulated in liposomes shows pro-
longed residence in the joint and reduction of inflammation
[42, 43]. For example, liposome-entrapped methotrexate
injected intra-articularly was 10-fold more potent than
the free drug in suppressing the development of arthritis.
Liposomes are used to encapsulate both hydrophilic and
hydrophobic small molecules as well as macromolecules such
as proteins and genes.

Free lactoferrin disappeared rapidly from the injected
joint, with two-thirds lost by 2 h and only 2% remaining at
24 h. However, entrapment in positively charged liposomes
markedly enhanced retention time, with close to 50% still
present after 6 h and 15% at 24 h. Surprisingly, lactoferrin
entrapped in pH-sensitive negatively charged liposomes was
lost from the joint even more rapidly than the free protein,
being virtually undetectable by 24 h [44].

To increase NSAID efficacy and alleviate the adverse
effects, Inbar Elron-Gross prepared a new slow-release
NSAID-carrier formulation by local administration. Diclo-
fenac was the test NSAID, and collagomers—novel vesicular-
shaped microparticles based on collagen-lipid conjugates—
were the carriers. Collagomers were stable in simulated
synovial fluid and showed high-efficiency drug encapsulation
(85%) and slow drug release (τ 1/2 = 11 days) as well as high
affinity to target cells (Kd = 2.6 nM collagen) [45].

4. Glucocorticoids Delivery Systems

Glucocorticoids are potent drugs that have a multitude of
pharmacological actions both at genomic and nongenomic
levels. It was suggested that intra-articular steroids often
ameliorate acute exacerbations of knee osteoarthritis asso-
ciated with significant effusions, symptomatic involvement
of inter joint and other nonweight-bearing articulations,
synovial cysts, and lumbar facet arthropathy. Judicious use
of intra-articular injections seldom produces significant
adverse effects [46].

Many of the diseases in which glucocorticoids are
routinely administered are featured by angiogenesis and
enhanced capillary permeability, permitting targeted delivery
using long-circulating drug delivery systems. By encapsula-
tion of glucocorticoids in long-circulating liposomes, drug
levels at the site of the pathology are markedly higher,
increasing and prolonging therapeutic efficacy in models of
osteoarthritis, multiple sclerosis, and cancer [47].

Glucocorticoids (GCs) provide one of the most effective
treatments for osteoarthritis; however, their long-term use is
marred by undesired side effects. Increased understanding
of the mechanisms of glucocorticoid action enables the

development of novel drugs, such as SEGRAs or liposomal
glucocorticoids, to improve their benefit/risk ratio [48].

A variety of methods are currently used for intra-
articular glucocorticoids (GCs) injection to the osteoarthri-
tis, each with the goal of minimizing the potential for
tissue damage. However, clinical tests have shown that intra-
articular glucocorticoids are not devoid of side effects despite
their net efficacy. For example, because of their crystalline
structure, a condition referred to as crystal-induced arthritis
was described in 10% of the patients receiving an intra-
articular injection. Moreover, due to lymph drainage or
macrophage uptake, the residence time of corticosteroid
molecules in the joint is very short and frequent intra-
articular injections are required in order to obtain a sustained
clinical result. The complications of such frequent injections
in terms of infections or joint instability remain severe
although rare. All these aspects emphasize the need to
develop drug delivery systems allowing the sustained release
of the active substance in order to reduce the frequency of the
intra-articular injections together with the related potential
deleterious effects [11].

4.1. Polymer Particles. Glucocorticoids are widely used for
the treatment of a number of diseases of nonendocrine
origin. Owing to their strong anti-inflammatory actions,
they have been used for rheumatism, asthma, inflammatory
bowel diseases, as well as for the treatment of dermatitis
and allergies [49]. The prime obstacle for conventional
administration is the dose-dependent systemic side effects.
Selective delivery of drugs to specific target sites would
reduce the necessary dose of a given drug while still achieving
an effective local concentration. As a result, the therapeutic
efficacy would be increased. The use of particulate drug
carriers is a possible strategy to achieve site-specific drug
delivery and to decrease undesirable interactions at other
body sites. In recent years, polymer particles have emerged
as one of the most promising controlled release dosage
forms, and several micro- and nanoparticle-based products
for parenteral use are commercially available (e.g., Enantone,
Decapeptyl Depot, and Pravidel) [50].

Horisawa et al. developed DL-lactide/glycolide copoly-
mer (PLGA) nanospheres incorporating a water-soluble
corticosteroid (betamethasone sodium phosphate (BSP))
with prolonged anti-inflammatory action. BSP-loaded nano-
spheres were prepared by an emulsion solvent diffusion
method in oil (caprylate and caprate triglyceride). The drug
release rate from the nanospheres in PBS was controlled by
the molecular weight and the lactic/glycolic acid (LA/GA)
ratio of the polymers. Sustained drug release occurred for
over three-week in vitro release study demonstrated, and
the joint swelling decreased significantly by administering
BSP-loaded nanospheres during a 21-day period after intra-
articular challenge in the antigen-induced arthritic rab-
bit. The histologic safety of nanospheres administration
to inflamed synovial tissue was confirmed. Meanwhile,
prolonged local anti-inflammatory action in joint diseases
without biologic damage can be provided by the PLGA
particulate system [51].
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In Butoescu’s study, for the aim of locally treating
inflammatory conditions such as arthritis, SPIONs and the
corticosteroid dexamethasone acetate (DXM) are coencap-
sulated into PLGA microparticles. The microparticles in
the joint with an external magnet can be maintained due
to the magnetic properties conferred by the SPIONs. As
superparamagnetic microparticles present the double advan-
tage of internalization by the synoviocytes and a prolonged
drug action due to magnetically increased microparticle
residence time in the joint, DXM-containing ones seem to
be promising drug delivery systems for the local treatment
of arthropathies. The encapsulation process did not affect
the magnetic properties of SPIONs or their oxidation state.
Moreover, DXM and SPIONs were completely embedded
into the microparticles, as demonstrated by the zeta potential
[52, 53].

4.2. Liposomes. Dexamethasone is a potent anti-inflam-
matory and immunosuppressive glucocorticoid used for
the treatment of inflammatory and autoimmune conditions
such as osteoarthritis, edema, and multiple myeloma, as an
adjunct with chemotherapy, and for nasal and eye allergies.
The encapsulation of dexamethasone in carrier systems such
as liposomes and microspheres can diminish the adverse
effects and reduce the total amount of drug required.
Liposomal and microsphere dexamethasone formulations
have been investigated for hypersensitivity pneumonitis [21].

There are a number of literature reports concerning
liposome formulations of dexamethasone and other glu-
cocorticoids [54]. However, the physicochemical properties
of these liposomes vary considerably. U. Bhardwaj and
D. J. Burgess investigated the effects of process including
sonication and extrusion, and formulation parameters such
as lipid type, incorporation of cholesterol and dexametha-
sone on the physicochemical properties and thermotropic
behavior of dexamethasone-loaded liposomes. The similar
mean diameter of all the nonextruded liposomes indicated
that particle size appeared to be dependent on the initial
film thickness, since the concentration and volume of the
lipid solutions were kept constant for all liposome prepa-
rations. Sonication- and extrusion-induced interdigitation
leads to a decrease in space between the acyl chains and
the higher loss of dexamethasone from the extruded DPPC
liposomes. Cholesterol incorporation has been reported
to increase membrane stability, decrease permeability, and
increase encapsulation of hydrophilic drugs. However, both
cholesterol and dexamethasone have a similar hydrophobic
steroidal molecular structure and compete for the same sites
in the liposome membrane. Cholesterol is more lipophilic
(log p ∼ 7.17) than dexamethasone (log p ∼ 1.74) and
therefore should be preferentially incorporated/partitioned
in the liposome membranes, leading to a decrease in dexam-
ethasone encapsulation. The rank order of dexamethasone
release from the nonextruded liposomes was similar to
that from the extruded liposomes at both 37◦C and 25◦C.
Release profiles from DMPC and DPPC were similar at
37◦C. However, for nonextruded DPPC liposomes, hetero-
geneous distribution of dexamethasone reduced the main
transition onset temperature even lower than that for the

extruded liposomes. Nevertheless, dexamethasone release
from nonextruded liposomes was slower than that from
extruded liposomes at both 37 and 25◦C. Therefore, it would
appear that the rate-controlling step for release of dex-
amethasone (to bulk) is diffusion across the multilamellar
structure of the nonextruded liposomes [21].

Conventional chronic and acute treatments for osteoar-
thritis (OA) are by oral NSAIDs (such as diclofenac) and
intra-articular injected glucocorticosteroids (such as dexam-
ethasone) [55]. In free form, diclofenac and dexamethasone
generate severe adverse effects with risks of toxicity; local
injections of liposomal formulations for diclofenac and
dexamethasone (each alone and their combination) were
investigated to reduce these drawbacks. Employing RIA
and immunoblot assay techniques, it was verified that the
encapsulated drugs retained their biological activities: inhi-
bitions of cyclooxygenases enzyme activity (diclofenac) and
of cyclooxygenases protein expression (dexamethasone). A
single intra-articular injection of each liposome-drug(s)
formulation sufficed to reduce knee joint inflammation in
OA rats over a timespan of 17 days using live-animal MRI.

5. Hyaluronic Acid Delivery Systems

Hyaluronic acid (HA), a polysaccharide consisting of a long
chain of disaccharide, is a natural component of cartilage
and plays a fundamental role in the maintenance of the
tropic status of the cartilage. The various preparations of
HA from different sources and molecular weights are widely
used for more than 30 years in the treatment of knee OA
to provide a further decrease in pain and stiffness and
increase physical function [56]. The Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) has
been used as a validated tool to assess the improvements in
knee OA. The formulations include high molecular weight
HA (HMW-HA) and low molecular weight HA (LMW-HA),
but most studies demonstrated an improvement in all three
variables from baseline, independent of the molecular weight
HA used [57].

Intra-articular hyaluronic acid (HA) has been pro-
posed as an alternative to steroids and nonsteroidal anti-
inflammatory drugs (NSAIDs) for the intra-articular treat-
ment of OA. In conclusion, this controlled comparative
study suggests that intra-articular hyaluronic acid of MW
500–730 kDa (Hyalgan) exerts beneficial effects. As leading
to a reduction of synovial inflammation and a slowing
cartilage damage progression, comparative study confirms its
validity as an alternative (not only symptomatological but
also structural) to intra-articular steroids and NSAIDs in the
treatment of OA of the knee [58].

Bannuru et al. compared the efficacy of intra-articular
hyaluronic acid with corticosteroids for knee osteoarthritis
(OA) and found that intra-articular corticosteroids appear
to be relatively more effective for pain than intra-articular
hyaluronic acid from baseline to week 4. By week 4, the 2
approaches have equal efficacy. However, hyaluronic acid has
greater efficacy beyond week 8. Understanding this trend is
useful to clinicians when treating knee OA [59].
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As Hyal clearance is extremely rapid and degradation
quick in vivo by enzymatic or hydrolytic reactions, localisa-
tion of response is likely to be a problem, which takes place
in biological environments [60].

5.1. Polymer Particles. Hyaluronic acid (HA) is a physiologic
component of the synovial fluid and is reduced in OA joints.
Therefore, due to its viscoelastic properties and protective
effect on articular cartilage and soft tissue surfaces of
joints, intra-articular injection of HA can restore the normal
articular homoeostasis. These effects are evident when HA is
properly administered into the articular space; therefore, the
use of “image-guided” infiltration techniques is mandatory
[61].

In the preliminary study, the HA/Col II microspheres
have shown to provide favorable ECM characteristics,
with appropriate mechanical strength, and exhibited a 3D
inclination. By injecting an HA/Col II mixture solution
through a pair of HCPDEs under the influence of a high
electrostatic field, microspheres were readily prepared with
good sphericity and narrow size distribution. The watery
microspheres were about 500–600 μm in size and able to
retain their nontoxicity upon treatments, such as gelation,
crosslinking, and thermal treatment [62].

5.2. Hydrogels. Hydrogels are three-dimensional, hydro-
philic, polymeric networks which are composed of homopo-
lymers or copolymers and capable of imbibing large amounts
of water or biological fluids. Due to the presence of chemical
crosslinks (tie points, junctions) or physical crosslinks, such
as entanglements or crystallites, they are insoluble but can
swell in water [63].

A 50% crosslinked Hyal hydrogel (Hyal 50%) was synthe-
sized in order to overcome the problem of rapid clearance of
the polysaccharide hyaluronic acid (Hyal) in the treatment of
osteoarthritis (OA). The 50% refers to the amount of COOH
groups of the polysaccharide involved in the crosslinking
reaction, that is, 50% of the total amount. We decided to
make the polysaccharide water insoluble by crosslinking it
in order to obtain a longer effect of Hyal in the action site
(joint) and consequently to reduce the risk of infection due
to numerous injections. The result of this reaction was the
formation of a hydrogel.

Moreover, the local pharmacological treatment with
hyaluronic acid has also been claimed to be a useful tool in
OA treatment. Now, the Hyal 50% hydrogel treatment seems
to improve chondrocytes density and matrix appearance.
Without evidence of tissue reaction or inflammation in the
rabbit OA model, hydrogel tends to produce a smoother and
more regular articular surface for a long period of time (50
days).

6. Chondroitin Sulfate Delivery Systems

Chondroitin sulfate (CS) is a safe and tolerable therapeutic
agent for the management of OA whose effects include
benefits that are not achieved by current medicines and
include chondroprotection and the prevention of joint space

narrowing [64–66]. CS is effective for the treatment of
OA, at least in part, and its therapeutic benefits occur
through three main mechanisms [67]: (1) stimulation
of extracellular matrix production by chondrocytes; (2)
suppression of inflammatory mediators; (3) inhibition of
cartilage degeneration. These in vitro findings motivate the
consideration of CS for intra-articular therapeutic injections
for the treatment of painful joint degenerative diseases and as
a potential prophylactic against the progression of cartilage
degeneration.

There has been growing interests in potential chon-
droprotective agent chondroitin sulfate (CS), a kind of
natural element that forms the cartilage extracellular matrix
[68]. From the analysis, chondroitin is found to be effective
in improving the visual analog scale pain, mobility, and
responding status of OA patients [69]. The safety of CS
is excellent. However, bioavailability of CS is only in the
region of 10–15%. CS was used widely to treat OA via oral
administration with mixed results [70, 71]. The biological
effects of sulfated glycosaminoglycans have been widely
studied for their potential therapeutic benefits.

The anti-inflammatory and antiapoptotic effects of
chondroitin sulfate (CS) are increasingly used to treat os-
teoarthritis [72]. Furthermore, several studies have described
the benefits of chondroitin sulfate in applications for car-
tilage tissue engineering. The therapeutic effects of glu-
cosamine and chondroitin sulfate in OA have been studied
for 20 years, and their symptom relieving efficacies were
recently analyzed by high-quality meta-analysis [73].

6.1. Liposomes. Chondroitin sulphate is a sulphated GAG
composed of a long unbranched polysaccharide chain with
a repeating disaccharide structure of N-acetylgalactosamine
and glucuronic acid. The in vitro studies demonstrated that
CS has both anabolic effects on cartilage metabolism and
anticatabolic properties [74]. Several studies have shown
clinical benefits of CS administration in patients with OA
[75–77]. Moreover, in the case of arthritic diseases, it has
been reported that the intra-articular administration of anti-
inflammatory drugs encapsulated in liposomes shows pro-
longed residence in the joint and reduction of inflammation.

Liposomes have been proposed as a means to target intra-
articularly injected anti-inflammatory agents to phagocytic
cells in inflamed synovial joints [78]. Liposomes prepared
from naturally occurring biodegradable and nontoxic lipids
are good candidates for local delivery of therapeutic agents.
Treatment of arthritis by intra-articular administration of
anti-inflammatory drugs encapsulated in liposomes pro-
longs the residence time of the drug in the joint [79]. In
order to use liposome-entrapped chondroitin sulphate in
the local treatment of inflammatory disorders, Trif et al.
[43] studied ultrastructural characterization of liposomes-
entrapped chondroitin sulphate and proved their in vitro
biocompatibility in a human dermal fibroblast culture sys-
tem. Results indicated that appreciable cytotoxic effects were
not induced by chondroitin sulphate, empty liposomes, and
liposome-chondroitin sulphate systems, and cells maintain
normal morphology when compared to control fibroblasts.
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6.2. Hydrogels. Hydrogels have been used extensively in
the development of the “SMART” drug delivery systems
(“SMART” drug delivery system (SDDS) is the multitar-
geted, pH responsive, stimuli-sensitive delivery systems,
which are capable of self-regulation, integrated sensing,
monitoring, and remote activation). A hydrogel is a network
of hydrophilic polymers that can swell in water and hold
a large amount of water while maintaining the structure.
A three-dimensional network is formed by crosslinking
polymer chains which can be provided by covalent bonds,
hydrogen bonding, van der Waals interactions, or physical
entanglements [80].

Specifically, neutral poly(ethylene glycol) (PEG) hydro-
gels were employed where negatively charged chondroitin
sulfate (ChS), one of the main extracellular matrix com-
ponents of cartilage, was systematically incorporated into
the PEG network at 0%, 20%, or 40% to control the fixed
charge density [81]. J. H. Hui [68] selected five types of
hydrogel carriers (a-CD-EG 4400, a-CD-EG 8400, a-CD-EG
13300, a-CD-PEG 20000, and a-CD-PEG 35000). According
to the biocompatibility studies, they found that no sign of
redness or swelling around the knee was observed on days
3, 7, and 21 after injection before the rabbits were killed
with 0.5 mL of the three kinds of hydrogel or normal saline
in the knee joints. Combining the results from the in vitro
and in vivo studies, a-CD-EG4400 was chosen as the carrier
of CS in the treatment of joint defect in rabbits due to its
ability to remain viable for the longest period of time while
slowly retaining and releasing CS. Intra-articular injection
of CS (100 mg/mL) carried by a-CD-EG 4400 hydrogel was
effective in postponing osteoarthritis in rabbits by improving
both the biomechanical and histological properties of the
knee joints.

7. Conclusions

The ability to deliver highly therapeutic agents to diseased
sites specifically is crucial for effectively treating all human
illnesses. Intra-articular drug delivery can be a good means
of targeting drug to the large joints (knees and hips) and
has been expected to gain prominence for several reasons,
such as only a minimum amount of drug is required to exert
the desired pharmacological activity. A key requirement for
drug delivery is demonstration of an ability to provide for
increased intra-articular drug concentrations and residence
time following administration to the joint space, as well as
decreased systemic exposure to the drug. Many factors that
influence the efficacy of a drug delivery vehicle for promoting
sustained intra-articular residence time have been presented
by several reviews, including particle size, vehicle safety,
hydrophobicity, and charge.

However, successful commercialisation of any drug deliv-
ery technique requires careful consideration of a number
of parameters particularly in elderly patients, including effi-
ciency, cost, potential for toxicity, retention inside the body,
sustainability of drug concentrations, and drug elimination
kinetics [82]. The delivery techniques being investigated
currently are paid little attention to many of these criteria,

and any future endeavours will need to address these
deficiencies before these techniques can become clinically
exploitable.
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