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Abstract: Carbon nanotubes (CNTs) are of great interest for the development of drugs and
vaccines due to their unique physicochemical properties. The high surface area to volume ratio
and delocalized pi-electron cloud of CNTs promote binding of proteins to the surface forming
a protein corona. This unique feature of CNTs has been recognized for potential delivery of
antigens for strong and long-lasting antigen-specific immune responses. Based on an earlier study
that demonstrated increased protein binding, we propose that carboxylated multiwalled CNTs
(MWCNTs) can function as an improved carrier to deliver antigens such as ovalbumin (OVA).
To test this hypothesis, we coated carboxylated MWCNTSs with OVA and measured uptake
and activation of antigen-presenting cells (macrophages) and their ability to stimulate CD4*
T-cell proliferation. We employed two types of carboxylated MWCNTs with different surface
areas and defects (MWCNT-2 and MWCNT-30). MWCNT-2 and MWCNT-30 have surface
areas of ~215 m?/g and 94 m*/g, respectively. The ratios of D- to G-band areas (/,/I ) were 0.97
and 1.37 for MWCNT-2 and MWCNT-30, respectively, samples showing that MWCNT-30
contained more defects. The increase in defects in MWCNT-30 led to increased binding of
OVA as compared to MWCNT-2 (1,066£182 pg/mL vs 582+41 ug/mL, respectively). Both
types of MWCNTs, along with MWCNT-OVA complexes, showed no observable toxicity to
bone-marrow-derived macrophages up to 5 days. Surprisingly, we found that MWCNT-OVA
complex significantly increased the expression of major histocompatibility complex class 11
on macrophages and production of pro-inflammatory cytokines (tumor necrosis factor-o. and
interleukin 6), while MWCNTs without OV A protein corona did not. The coculture of MWCNT—
OVA-complex-treated macrophages and OV A-specific CD4" T-cells isolated from OT-II mice
demonstrated robust proliferation of CD4* T-cells. This study provides strong evidence for a
role for defects in carboxylated MWCNTs and their use in the efficient delivery of antigens for
the development of next-generation vaccines.

Keywords: MWCNT, protein corona, nanoparticle, defect, carboxylation, antigen presenta-

tion, immune response

Introduction

Effective immunotherapy requires identification of target antigens, their efficient
delivery, and subsequent interaction with the antigen-presenting cells (APCs) and
T-cells without eliciting negative regulatory immune suppression or rejection in the
host. Recently, a variety of cancer vaccines have been developed and tested in clinical
studies, but only a few trials obtained >5%—10% partial or complete response. This
may be attributed to the failure in vaccine formulation, targeted delivery, and conse-
quent activation of the immune system.'? Alternatively, antigen-coated microparticles
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(eg, 1-10 um aluminum salts) have been widely used in
both human and veterinary vaccines to stimulate immune
responses and improve the efficacy of vaccines, but they
had only limited success.?* With the rapid development of
nanotechnology, researchers expect to build on the unique
physicochemical properties of nanomaterials to provide new
alternatives for the development of vaccines.*

Among a wide variety of nanomaterials, carbon nanotubes
(CNTs) are one of the most promising candidates for drug
and antigen delivery due to their unique physicochemical
properties such as high surface area to volume ratio and
delocalized pi-electron cloud. For example, recent studies
have utilized CNTs to successfully deliver peptides,’ cancer
testis antigen,® and small molecular drugs’® in various
in vitro immune cell lines and in vivo animal models. CNTs
are inherently hydrophobic and exhibit a strong tendency
to aggregate in aqueous media, which limits their use in
biomedical application. Accordingly, as-produced CNTs
are often modified using wet chemical methods for adding
carboxyl and hydroxyl functionalities to improve their sus-
pension stability. Such surface modifications of CNTs are
also known for reducing their toxicity and improving their
ability to modulate the immune system.’'? In addition, our
proteomics studies showed that carboxylated CNTs bound
significantly more serum proteins in cell culture media than
pristine nanotubes." Further, carboxylated CNTs have been
proposed for use in vaccine delivery due to their ability to
bind protein.® In general, it appears that carboxylation of
CNTs enhances their biomedical applicability. However,
during the process of carboxylation, surface defects (such as
Stone—Wales defects, vacancies, open edges, and functional
groups) are often introduced into the CNTs, and it is cur-
rently unclear how these surface defects will impact CNTs
used in biomedical applications such as antigen delivery
for vaccines. Therefore, in this study, we investigated two
carboxylated multiwalled CNTs (MWCNTs) with different
levels of surface defects.

In this study, we investigated the use of carboxylated
MWCNTs with two different defect densities as a vaccine
delivery vehicle to deliver a specific antigen to stimulate the
immune response. Carboxylated MWCNTs were loaded with
ovalbumin (OVA) and delivered to bone-marrow-derived
macrophages (BMDMs). These macrophages were cocul-
tured with OVA-specific CD4* T-cells isolated from OT-II
mice for 5 days. We demonstrated that OV A was abundantly
absorbed on MWCNTs in a defect-density-dependent manner
and was efficiently delivered into macrophages without
observable toxicity, and OVA peptides were presented on

major histocompatibility complex class II (MHCII) and
subsequently stimulated the robust proliferation of CD4*
T-cells after coculture. Our study provides strong evidence
for the use of MWCNTSs as an antigen delivery system in the
development of vaccines.

Materials and methods

Preparation and characterization of
MWCNT-OVA complex

Pristine MWCNTSs with two different sizes were obtained
from Cheap Tubes Inc., including MWCNT-2 (10-20 nm,
0.5-2 um) and MWCNT-30 (10-20 nm, 10-30 pm). Pristine
MWCNTs were carboxyl functionalized according to the
earlier method." Size and morphology of carboxylated
MWCNTs were evaluated by transmission electron micro-
scopy (TEM) using a Hitachi 7600 (Hitachi Ltd., Tokyo,
Japan). Diameter and length measurements were performed
on =100 CNTs. OVA was purchased from Sigma-Aldrich Co.
(St Louis, MO, USA) and dissolved in phosphate-buffered
saline (PBS) at 1 mg/mL. To generate MWCNT-OVA com-
plex, 200 uL of carboxylated MWCNT (1 mg/mL), 500 uL.
of OVA solution (1 mg/mL), and 700 pL of distilled water
were mixed and incubated on a rotator overnight at 4°C. The
mixture was centrifuged (14,000 rpm, 10 minutes, 4°C), and
the pellets were washed twice to remove non-adsorbed OVA.
After washing, the pellets were resuspended in distilled water
at 1 mg/mL. The hydrodynamic size and zeta potential of
either MWCNT or MWCNT-OVA complex were determined
using a Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK). The surface area measurements were performed on a
Quantachrome Autosorb iQ Gas Sorption Analyzer using N,
gas. Raman characterization of MWCNTs was performed
using a Renishaw InVia microscope coupled to 514.5 nm Ar+
laser. The carboxyl group on MWCNTs was quantified using
an X-ray photoelectron spectroscopy (XPS) on a Kratos Axis
Ultra DLD instrument (Kratos Analytical Ltd, Manchester,
UK). Both MWCNT samples did not have detectable levels
of endotoxin as measured by Limulus assay.

Quantification of OVA bound to MWCNTs
To quantify the amount of OVA bound to MWCNTs, the
mixture used for the formation of MWCNT-OVA complex
was centrifuged (14,000 rpm, 10 minutes, 4°C) and the
supernatant was collected. The concentration of OV A in the
supernatant was determined by Pierce bicinchoninic acid
(BCA) protein assay, which was subtracted from the initial
concentration of OV A in the original mixture to calculate the
amount of OVA bound to MWCNT. The measurement was
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conducted at least three times. In addition, the thermogravi-
metric analysis (TGA) was carried out on a Thermogravimet-
ric Analyzer (Pyris 1 TGA; PerkinElmer Inc., Waltham, MA,
USA) to conform the binding of OVA to MWCNTs.

Photoluminescence spectroscopy
Photoluminescence (PL) spectroscopy was used to observe
the influence of defects on OVA adsorption; both pristine
and functionalized MWCNTs were incubated in OVA solu-
tion in PBS at different concentrations for ~12 hours on
a rotator. MWCNT-OVA samples were then centrifuged
(14,000 rpm, 10 minutes), and the pellets were washed twice
to remove non-adsorbed OVA. After washing, the pellets
were resuspended in PBS. The amount of OVA adsorbed
per milligram of MWCNT was measured in terms of the PL
signal of adsorbed OVA.

Animals and cell models

Animals

Male C57BL/6J mice were purchased from Jackson Immu-
noResearch Laboratories, Inc. (Jackson Laboratories, Bar
Harbor, ME, USA) at 8-10 weeks of age. Breeding colonies
of OT-II transgenic mice were also acquired from Jackson
ImmunoResearch Laboratories, Inc. and maintained in the
animal facility at the University of Colorado-Anschutz
Medical Campus. OT-II transgenic mice express the mouse
alpha-chain and beta-chain T-cell receptor that pairs with the
CD4* co-receptor and is specific for chicken OV A peptides
(OVA,; 5
dance with the guidelines of the Association of Laboratory

). All animal procedures were performed in accor-

Animal Care and the National Institutes of Health and
approved by the University of Colorado Anschutz Medical
Campus Institutional Animal Care and Use Committee.

Bone-marrow-derived macrophages

Male C57BL/6J mice were sacrificed, and the femur bones
were collected. Bone marrow cells were flushed aseptically
from the dissected femurs using a 25 G needle. The cells were
incubated in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and
5 UM 2-mercaptoethanol, which is referred to as the complete
medium. In addition, the complete medium was supplemented
with 10 ng/mL recombinant mouse macrophage colony-
stimulating factor (M-CSF; R&D Systems, Inc., Minneapolis,
MN, USA). The cells were incubated in a humidified incuba-
tor at 37°C in 5% CO,. At day 4, the medium was replaced
with complete medium supplemented with 5 ng/mL M-CSF.

BMDMs were used following 7 days of culture and were
found to contain >80% macrophages by expression of F4/80
antigen using monoclonal anti-mouse PerCP-Cyanine5.5-
conjugated F4/80 antibody (eBioscience, Inc).

Enrichment of CD4* T-cells from OT-Il mouse spleens
On the same day, when macrophages were treated with
MWCNTs, OT-II transgenic mice were sacrificed and the
spleen was collected. Single cell suspension of splenocytes
was obtained using a tissue dissociator (Miltenyi Biotec,
Inc., Bergisch Gladbach, Germany), and red blood cells
were removed from the splenocytes using Mouse Erythrocyte
Lysing Kit (R&D Systems, Inc.). CD4* T-cells were enriched
using mouse CD4* T-Cell Enrichment Column Kit according
to the manufacturer’s procedure (R&D Systems, Inc.).

Cellular uptake

We employed fluorescent Texas Red-conjugated OVA
(TR-OVA) to form MWCNT-TR-OVA complex to con-
firm the successful delivery of MWCNT-OVA complex
into macrophages using enhanced dark field fluorescent
imaging microscopy (Cytoviva, Inc. Auburn, AL, USA).
Macrophages were treated with 25 ug/mL of either MWCNT
or MWCNT-TR-OVA complex in chamber slides using
serum-free medium. The use of serum-free Dulbecco’s
Modified Eagle’s Medium is to prevent the binding of addi-
tional serum proteins to either MWCNTs or MWCNT-OVA
complex. Following 6-hour exposure, macrophages were
washed with PBS and fixed with 4% paraformaldehyde for
10 minutes at room temperature. The nuclei were stained with
4’,6-diamidino-2-phenylindole. The cells were imaged using
enhanced dark field fluorescent microscopy. The experiments
were repeated at least three times.

Cytotoxicity and apoptosis

To observe whether MWCNTs with or without OV A binding
affect cell viability and induce apoptosis, cytotoxicity and
early markers of apoptosis in macrophages were examined
following treatment. Briefly, macrophages were treated with
25 ug/mL of either MWCNTs or MWCNT—OVA complex
for 6 hours and washed and incubated in complete medium
supplemented with 5 ng/mL M-CSF up to 5 days. Cytotox-
icity was monitored at several specific time points using
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay according
to the manufacturer’s protocol (Promega Corporation,
Fitchburg, WI, USA). In addition, externalization of phos-
pholipid phosphatidylserine, a hallmark in early apoptosis in
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macrophages, was also detected using Cy5 Annexin V stain-
ing according to the manufacturer’s protocol (eBioscience,
Inc). Camptothecin (50 uM) was used as a positive control to
treat macrophages for 15 hours to induce apoptosis. Staining
with Cy5 Annexin V was used in conjunction with propidium
iodide. The experiments were repeated three times.

Characterization of macrophage activation
Macrophages were treated with 25 pug/mL of either MWCNTs
or MWCNT-OVA complex for 6 hours and washed and incu-
bated up to 5 days in complete medium supplemented with
5 ng/mL M-CSF. At day 1, day 3, and day 5, the superna-
tants were collected for the measurement of tumor necrosis
factor-o. (TNFa) and interleukin (IL)-6 production using
enzyme-linked immunosorbent assay according to the manu-
facturer’s protocol (R&D Systems, Inc.). For MHCII expres-
sion, macrophages were detached using 0.025% trypsin and
resuspended in staining buffer (Thermo Fisher Scientific,
Waltham, MA, USA). Rat monoclonal PE/Cy5-conjugated
anti-MHCII (PE/Cy5) antibody (Abcam, Cambridge, UK)
was used to detect MHCII expression on macrophages
using flow cytometry (Accuri™ C6 Flow Cytometer; BD
Biosciences, San Jose, CA, USA). Prior to labeling MHCII
molecules, macrophages were pre-incubated with purified
anti-mouse CD16/CD32 mAb (BD Pharmingen; BD Biosci-
ences, San Jose, CA, USA) to reduce Fc-receptor-mediated
nonspecific binding. OV A was used as a positive control. The
experiments were conducted independently on a minimum
of three different batches of BMDMs.

CD4* T-cell proliferation assay

To investigate whether the OVA delivered by MWCNTs
has the ability to stimulate CD4* T-cell proliferation, 5,6-
carboxyfluorescein diacetate succinimidyl ester (CFSE)-
labeled CD4* T-cells were cocultured with macrophages
loaded with MWCNT-OVA complex for 5 days. Briefly,
macrophages were treated with 25 pg/mL of either MWCNTs
or MWCNT-OVA complex in the serum-free medium for
6 hours and were washed and cocultured with CD4* T-cells
labeled with the fluorescent dye CFSE (Thermo Fisher
Scientific) for 5 days in the complete medium supplemented
with 5 ng/mL M-CSF. The ratio of T-cells to macrophages
was 2:1. After 5-day coculture, both macrophages and CD4*
T-cells were detached using 0.025% trypsin and resuspended
in the staining buffer. CD4* T-cells were then immuno-
stained with APC-conjugated mouse anti-CD4* antibody
(eBioscience, Inc) to distinguish them from macrophages.
Proliferation of CFSE-labeled CD4* T-cells by CFSE dilu-
tion was analyzed using flow cytometry (Accuri™ C6

Flow Cytometer) and FCS Express 4 Software (De Novo
Software, Glendale, CA, USA). A minimum of 2,000 CD4*
T-cells (events/counts) were acquired. The experiments were
repeated three times.

Statistical analysis

All graphs and statistical analysis were performed using
Prism 6 software (GraphPad Software, Inc., La Jolla, CA,
USA). Statistical significance was analyzed by one-way
ANOVA with differences between groups assessed using
Dunnett’s post hoc tests. Differences were considered sta-
tistically significant when P<<0.05.

Results

Characterization of MWCNTs

Figure 1 shows TEM images of two carboxylated MWCNTs
in their dry state. The size analysis indicated that the outer
diameters of carboxylated MWCNT-2 and MWCNT-30
were 2615 nm and 1813 nm, respectively, which are roughly
consistent with the manufacturer specifications. The aver-
age length of both carboxylated MWCNTs was found to
be ~500 nm, which is much shorter than the manufacturer
specifications. We surmise that the functionalization process
for adding carboxyl groups resulted in the observed reduction
in length due to breaking at the defect site.'* We also char-
acterized the MWCNTSs before and after functionalization
process using TEM (Figure S1) and found that MWCNTs
collapsed and became more rugged after functionalization.
Our gas sorption measurements showed that the MWCNT-2
and MWCNT-30 samples have surface areas ~215 m?/g and
94 m?/g, respectively. The Raman spectra of MWCNT-2
and MWCNT-30 showed the presence of the so-called dis-
order or D-band (~1,350 cm™) along with the characteristic
graphitic band or G-band (~1,580 cm™; Figure 2). Both the
samples also exhibited at a higher frequency shoulder to the
G-band (known as the D’ band ~1,620 cm™) suggesting high
defect densities in the samples. The ratio of D- to G-band
areas (I,/1) was calculated to be 0.97£0.1 and 1.3710.2 for
MWCNT-2 and MWCNT-30, respectively. Furthermore, we
used XPS to quantify the functional groups and found that
MWCNT-30 contains ~11.5 wt% of O and 88.5 wt% carbon,
while MWCNT-2 exhibited 7.3 wt% of O and 92.7 wt% of
carbon (Table S1). Both Raman spectra and XPS analysis
indicated that MWCNT-30 samples contain more defects.

OVA coating altered the hydrodynamic

size and zeta potential of MWCNTs
To understand the ability of MWCNTs to deliver OVA,
it is important to quantitatively determine the amount of
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Figure | TEM analysis of carboxylated MWCNT-2 (A) and MWCNT-30 (B).

Notes: The outer diameters of carboxylated MWCNT-2 and MWCNT-30 were 265 nm and 18+3 nm, respectively. The average length of both carboxylated MWCNTs

was ~500 nm.

Abbreviations: MWCNT, multiwalled carbon nanotube; TEM, transmission electron microscopy.

OVA bound to MWCNTs. Based on BCA protein assay, the
amount of OVA bound to MWCNT-2 and MWCNT-30 was
582441 pug/mL (~0.582 mg OVA per 1 g CNTs, 0.271 ng
OVA per cm? of CNTs) and 1,066£182 pg/mL (~1.066 mg
OVA per 1 g CNTs, 1.12 ng OVA per cm? of CNTs),
respectively. TGA analysis (Figure S2) showed a marked
decrease in the weight percent for CNT-OVA complexes
with increasing temperature unlike pristine CNTs confirming

the presence of OVA, and the amount of OVA bound to
MWCNT-2 and MWCNT-30 was 15010 pg/mL and
340£10 ug/mL, respectively. Although TGA results appear
to be different from our BCA protein assay, they show the
same trend, ie, MWCNT-30 adsorbs almost twice as much
OVA. This difference may be rationalized in terms of higher
defect density (as seen from Raman spectra in Figure 2) in
the case of MWCNT-30 samples. Such an observation is
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Figure 2 Raman spectra of carboxylated MWCNT-2 and MWCNT-30.

Notes: D-band (~1,350 cm™') was found along with the characteristic G-band (~1,580 cm™'). Both MWCNTs also exhibited at a higher frequency shoulder to the G-band
(known as the D" band ~1,620 cm™') suggesting high defect densities in MWCNTs. The ratio of D- to G-band areas (/,/I;) was 0.97 and 1.37 for MWCNT-2 and MWCNT-30,

respectively, indicating that MWCNT-30 samples contain more defects.
Abbreviation: MWCNT, multiwalled carbon nanotube.
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