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ABSTRACT

Efficient immunotherapy can be accomplished by expanding T cells outside the body using single walled carbon nanotube (SWNT) bundles
presenting antibody stimuli. Owing to the large surface area of these bundles, which can reach 1560 m?g, T cell stimulating antibodies such
as anti-CD3, can be presented at high local concentrations inducing potent activation of T cells. We show that anti-CD3 adsorbed onto SWNT
bundles stimulate cells more effectively than equivalent concentrations of soluble anti-CD3. Stimulation by antibody adsorbed onto SWNT is
significantly higher than other high surface area materials (activated carbon, polystyrene, and C60 nanoparticles), suggesting unique properties
of SWNT bundles for stimuli presentation. We demonstrate the surface area tunability of these bundles by chemical treatment and its effect
on antibody adsorption and subsequent T cell activation. In addition, the T cell response varied with the concentration of SWNT in a concentration
dependent manner. Antibody stimuli adsorbed onto SWNT bundles represent a novel paradigm for efficient activation of lymphocytes, useful

for basic science applications and clinical inmunotherapy.

Single walled carbon nanotubes (SWNT) are an emerging
biomaterial with applications ranging from electronics,' drug
delivery,>* imaging,* and biosensing.’ Due to their unique
physio-chemical properties, SWNT can be adapted to a wide
range of applications in the field of nanotechnology and
bioengineering. Recent investigations have focused on new
methods of biochemical functionalization of carbon nano-
tubes using various proteins for potential applications in
biological systems.>®-1° Proteins can be attached covalently
through reaction with the functionalized SWNT surface,®!!
or noncovalently by nonspecific adsorption.®!? In this study,
we focus on the latter method, as we explore the use of
SWNT bundles in presenting T cell activating antibodies.

T cells are central players in initiating and maintaining
immune responses. An important goal of successful immu-
notherapy is the stimulation of T cell immune responses
against targets of interest such as tumors.'>!* This can be
accomplished in two ways:!’ (1) through immunization with
tumor antigens or (2) by isolation of T cells specific to tumor
antigen, and expansion of this population outside the body
followed by retransfer into the patient (adoptive cell transfer
therapy).'®!” Some of the most encouraging data regarding
immunotherapy come from studies employing adoptive
transfer of tumor reactive T cells.'8-20
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Specific expansion of T cells outside the body depends
however on efficient methods for displaying protein—ligands
that stimulate those cells. The display of T cell stimuli on
artificial substrates is referred to as artificial antigen-
presentation.?!=23 This represents a new effort to generate a
reproducible “off-the-shelf” means of stimulating and ex-
panding T cells in vitro. Several types of artificial antigen-
presenting cells (aAPCs) have been developed, including
nonspecific bead-based systems that are currently used in
many research laboratories to sustain the long term expansion
of CD8" T cells.??23

Ultimately, T cell stimulus intensity depends on the density
of bound receptors in contact with a surface.?*?> Regions
with a high density of T cell antigen receptors have been
termed activated clusters because they are critical for T cell
stimulation.??” The presence of such high density clusters
has also been shown to accelerate T cell activation.? In the
lymph node, the primary site for T cell stimulation, antigen
presenting cells are thought to concentrate the presentation
of T cell stimuli by trafficking in a dense architectural
scaffolding in close proximity to T cells.?® Because of the
significance of this density requirement, particle systems such
as magnetic beads, polystyrene beads, liposomes and exo-
somes, and flat substrates such as polystyrene plates have
been utilized as substrates for immobilizing T cell antigens
for activation.?> However, none of these systems offer the
high surface area-to-volume ratio of SWNT. Thus, we
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Figure 1. Schematic of anti-CD3-adsorbed SWNT scaffolds
inducing T cell stimulation (not to scale). The SWNT scaffold is
labeled as (SWNT), anti-CD3 as (Ab). The first step is adsorption
of anti-CD3 by SWNT scaffold. After washing, the anti-CD3-
adsorbed SWNT (SWNT + Ab) is incubated with T cells. Finally,
the amount of T cell stimulation due to exposure to anti-CD3 in
the activation platform (SWNT + Ab + T cell) is evaluated by
measuring release of IL-2.

hypothesized that SWNT would function as powerful
artificial antigen-presenting constructs for stimulation and
expansion of T cells.

Here, we demonstrate that the T cell antigens (anti-CD3
antibodies, which is a known stimulus for T cell proliferation)
can induce effective T cell stimulation when adsorbed onto
SWNT. We show that antibodies against the T cell CD3
complex, when immobilized on SWNT, can activate T cells
at concentrations at least an order of magnitude less than
antibody alone. Furthermore, we demonstrate that this
enhanced presentation efficiency is unique to SWNT bundles
by showing that other high surface area materials, activated
carbon, polystyrene nanoparticles, and buckyballs (C60), do
not achieve similar activation levels. Thus, we illustrate the
importance of density as well as qualitative geometry of the
antigen-presenting substrate.

SWNT bundles for T cell stimulation are attractive for
several reasons. First, the surface area for antibody adsorption
can be tuned by altering the surface chemistry of the
individual SWNT. Accessible surfaces that are a priori not
available for protein adsorption can be made accessible
through chemical treatment. Recent studies have demon-
strated that acid treatment of SWNT induces defects on the
surface of the nanotubes?® as well as promotes debundling,*
which can be correlated with an increase in surface area.’!
Second, the capacity of SWNT to irreversibly'? adsorb
protein antigens can be exploited to transform bundles of
SWNT into a protein stimulus-presenting platform for
specific stimulation of T cells. In the scheme shown in Figure
1, SWNT (chemically treated or untreated) are exposed to
an antibody stimulus (anti-CD3). T cell activation was
quantified via secretion of Interleukin-2 (IL-2), a critical
cytokine secreted by T cells in response to an activating
stimulus.?? The schematic depicted in Figure 1 exploits the
use of SWNT to improve standard methods of T cell
activation, which typically involve immobilizing the same
antibody on tissue culture polystyrene plate or use of the
soluble antibody alone in solution.3>33
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Figure 2. Physical characterization of treated and untreated SWNT
bundles. (A) Electron microscope images presented in order of
increasing biological length scales. Transmission electron micro-
graphy (first row) and scanning electron micrography (middle and
last rows). TEM scale is 20 nm, SEM is 500 nm and 5 um
respectively (top to bottom). (B) BET plot of each SWNT group
derived from nitrogen physisorption.

Table 1. B.E.T. Surface Area for SWNT Deduced from
Nitrogen Physisorption

SWNT group area (m?%/g)
untreated 845
3 M HNOs 1190
3 M HNOg/LiBHy4 1560

Our first goal was to examine the tunability of protein
adsorption on SWNT through chemical treatment, which may
affect the surface area for available protein interaction. We
compared protein adsorption isotherms from untreated
SWNT, SWNT treated with a 3 M nitric acid (3 M HNO,),
and SWNT treated with 3 M nitric acid then reduced in
lithium borohydride (3 M HNOs/LiBH,) (see Supporting
Information). We chose these treatments because refluxing
SWNT in nitric acid introduces carboxylic acid groups at
the open ends leading to sites of defects and hence enhancing
capacity for protein adsorption.?” A second step involving
the reduction of the carboxylic groups in lithium borohydride
will preferentially reduce the oxygenated groups created by
previous acid treatment favoring the dispersion of SWNT
in solution® and further increasing surface area available for
protein adsorption.

We examined untreated and chemically treated SWNT at
high magnification under transmission electron microscopy
(TEM). We noted aggregated nanotube structures consistent
with the bundling morphology (Figure 2A, top row). The
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Figure 3. Biophysical characterization of treated and untreated SWNT
bundles. (A) Adsorption isotherm of a model protein, bovine serum
albumin (BSA). Data was fit using a one phase exponential association
model. (B) Viability assay for T cells incubated with (3 M HNOs/
LiBH4) SWNT bundles and a toxic salt (2.5% sodium azide).

three groups of SWNT showed similar structural integrity
although some differences can be noted. First, the surface
of nitric acid treated SWNT appeared to be slightly damaged
when compared with untreated SWNT and can be correlated
with the observed increase in the bundle surface area as
measured by physiosorption.?’¥ Second, the nitric acid
treatment appeared to reduce the amount of impurities, such
as remaining catalysts present along with the nano-
tubes,?3133-36 a5 seen by the reduction of metallic particles
in the TEM images from Figure 2A. This purification step
may play an important role in rendering the SWNT cyto-
compatible. The described chemical treatments do not induce
gross morphological changes to the SWNT bundles. All three
groups appeared as porous curved surfaces under scanning
electron microscopy (Figure 2A, bottom row), with crevices
on the length scale of cells, which may facilitate cellular
interactions.

To ascertain the effect of these treatments on the surface
area of the bundles, we estimated surface area using nitrogen
physisorption.3!3>37 As expected, the surface areas derived
from Figure 2B using Brunauer—Emmett—Teller (B.E.T.)
analysis, and summarized in Table 1, changes with the
associated chemical treatment. Untreated SWNT have the
least surface area at 845 m?g. SWNT treatment with 3 M
HNO; produced a surface area of 1190 m?/g. Finally, SWNT
treatment with 3 M HNOs/LiBH, produced the largest
increase in surface area at 1560 m*/g. The reduction step
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Figure 4. Enhanced stimulation of T cells by anti-CD3 adsorbed
onto SWNT. (A) IL-2 release from T cells (B3Z) stimulated with
anti-CD3-adsorbed (3 M HNOs/LiBH4) SWNT at 100 ug/ml labeled
as 3 M HNOs/LiBH,4 (+), plate bound anti-CD3 labeled as (PB)
(anti-CD?3), soluble anti-CD3 as Sol(anti-CD3) or blank 3 M HNO»/
LiBH, treated SWNT labeled as 3 M HNOs/LiBH, (—). All groups
except for 3 M HNO3/LiBH4 (—) were treated with the same
concentration of anti-CD3. (B) Fluorescence microscopy of labeled
T cells incubated with anti-CD3 adsorbed SWNT (3 M HNO3/
LiBHy) or blank SWNT. Cells were stained with CFDA-SE staining
solution. (T cells + SWNT) is an image of T cells incubated with
blank SWNT bundle, (T cells + SWNT + anti-CD3) is an image
of anti-CD3-adsorbed SWNT incubated with T cells and (T cells)
is cells alone. Refer to Supporting Information for details on
imaging protocol. (C) Stimulation of T cells by chemically treated
SWNT adsorbed with antibody compared to soluble antibody.
ELISA results for stimulation of B3Z cells as induced by anti-
CD3 adsorbed onto (3 M HNOs/LiBH,) SWNT, anti-CD3 adsorbed
onto (3 M HNO3;) SWNT, anti-CD3 adsorbed on (Untreated) SWNT
and soluble anti-CD3 labeled as Sol(anti-CD3). All groups were
treated with the same amount of anti-CD3. SWNT groups were
introduced at a concentration of 50 ug/ml.

with LiBH, that follows the 3 M HNOj; treatment may also
play a role in enhancing SWNT surface area further through
debundling,’*3! although such a mechanism is not completely
understood.

Nano Lett.,, Vol. 8, No. 7, 2008



Table 2. Model Fit Parameters to a Concentration-Response Parametric Model®

log [EC50] R-squared
Figure 4 (A) 3 M HNOy/LiBH4 (+) 0.036 + 0.002 0.977
PB (Anti-CD3) 0.295 + 0.020 0.952
Sol (Anti-CD3) 0.213 4+ 0.201 0.937
Figure 4 (C) 3 M HNOy/LiBH4 0.090 4-0.002 0.981
3 M HNO; 0.278 +0.019 0.929
Untreated 0.973 4+ 0.081 0.830
Sol (Anti-CD3) N/A N/A
Figure 5 (A) 100 ug/ml (+) 0.039 + 0.002 0.975
50 ug/ml (+) 0.080 + 0.004 0.971
25 ug/ml (+) 0.128 &+ 0.005 0.979
12.5 ug/ml (+) 0.250 + 0.015 0.951
Figure 5 (B) SWNT (3 M HNOs/LiBH,) 0.088 + 0.004 0.980
A.C. (Untreated) 2.286 + 0.165 0.735
A.C. (3 M HNOj3) 1.945 + 0.104 0.876
A.C. (3 M HNO3/LiBH,) N/A N/A
Figure 5 (C) SWNT (3 M HNOs/LiBH,) 5.904—4 4+ 0.001 0.980
SWNT (3 M HNO3) 2.242E-3 + 0.001 0.931
SWNT (Untreated) 7.285E-3 + 0.001 0.913
A.C. (Untreated) 5.830E-03 4+ 0.001 0.816
A.C. (3 M HNOs3) 0.0178 £0.001 0.939
PS-OH 2.091 + 15.980 0.889
PS-COOH 0.291 + 0.061 0.906
C60 N/A N/A
C60-OH N/A N/A

4 PB (anti-CD3) refers to plate bound anti-CD3 and Sol (anti-CD3) refers to soluble anti-CD3. Refer to Supporting Information for more information on

selected model.

To assess the effects of chemical treatment of SWNT
bundles on protein adsorption, we incubated treated and
untreated SWNT with a model protein, bovine serum albumin
(BSA),® and measured the respective adsorption isotherms.
Results are shown in Figure 3A. The adsorption curves show
a correlation between the type of chemical treatment and
the maximal protein adsorption. SWNT treated with 3 M
HNOs/LiBH, produced the highest measured surface area
and subsequent higher protein adsorption. Thus, this treat-
ment was selected for further studies on T cell stimulation.
When scaled by molecular weight, the quantity of protein
adsorbed is directly proportional to that offered in solution
(see Supporting Information, Figure 2A). Thus, antibodies
adsorb in the same manner as BSA but the total amount
adsorbed is lower because of the 2.2-fold greater antibody
size (150 kD versus 67 kD). From the data in Supporting
Information, Figure 2A, we estimate that the amount of anti-
CD3 adsorbed onto 3 M HNOs/LiBH, /SWNT is 271 &+ 45
ug per mg SWNT, compared with 508 + 24 ug of BSA per
mg SWNT, in good agreement with the theoretical factor.

Next, we assessed the cytocompatibility of SWNT modi-
fied with 3 M HNOs/LiBH4 on T cells. SWNT from this
treatment group were titrated and incubated with T cells for
24 h before comparison to a cytotoxic control, sodium azide.
We observed that treated SWNT did not present any
significant toxic effects on T cells below a concentration of
150 ug/ml (Figure 3B). This minimal toxic effect observed
with the treated nanotubes is expected since the overall length
scale of SWNT bundles for cellular interaction is significantly

Table 3. B.E.T. Surface Area for Activated Carbon
Deduced from Nitrogen Physisorption

A.C. group area (m?%/g)
untreated 1762
3 M HNOs 573
3 M HNOg/LiBHy4 N/A
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larger than other reports which support SWNT toxicity.340
In these reports, single tubes (significantly smaller than
bundles) may be internalized causing the observed toxic
effects. Thus, internalization of SWNT by T cells is
improbable as the length of bundles is on the order of
hundreds of nanometers to microns. A second possible reason
for the observed minimal toxicity is the fact that chemical
treatment of SWNT dissolves the majority of remaining
impurities and metal catalysts from previous reac-
tions.??31:33:36 This step could provide an improved environ-
ment for the proliferation of cells.***! Also, the time scale
needed for appropriate activation of T cells (see Supporting
Information) is significantly shorter than most time scales
involved in reported toxicity results.*’ Finally, the relatively
high solubility of 3 M HNOs/LiBH4; SWNT in water could
play a role in enhancing cytocompatibility.*?

We investigated the stimulation of T cells using anti-CD3
adsorbed onto 3 M HNO; /LiBHs SWNT and compared this
stimulation to anti-CD3 immobilized on tissue culture plate
or free in solution. SWNT bundles incorporating the anti-
CD3 stimulus had a dramatic effect on T cell activation as
measured by the release of IL-2 (Figure 4A). Activation with
antibody immobilized on SWNT was at least fourfold and
sixfold greater in comparison to plate-bound antibodies and
soluble antibodies, respectively. This was consistent with a
model concentration—response fit** which suggested that the
concentration of antibody at which half-maximal T cell
stimulation takes place was significantly lower for antibody-
SWNT combinations versus plate bound or soluble antibody
(Table 2). We hypothesized that this enhanced stimulation
is due to cellular aggregation on the SWNT-stimulus system.
Preferential aggregation of T cells onto 3 M HNOs/LiBH4
SWNT during stimulation was confirmed qualitatively by
comparing the cellular proliferation of fluorescently labeled
T cells around anti-CD3 immobilized on SWNT versus blank
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Figure 5. Impact of surface area on presenting antibodies for T cell stimulation. (A) Titration of anti-CD3 adsorbed SWNT and its effect
on T cell stimulation. T cell stimulation was performed with a concentration of antibody-adsorbed SWNT at 100 xg/ml (+), 50 ug/ml (+),
25 ug/ml (+), and 12.5 ug/ml (+). All groups were treated with the same amount of anti-CD3 during adsorption. (B) Comparative T cell
stimulation between 3 M HNOs/LiBH, SWNT and a high surface area control material, activated carbon (A.C.). All materials were used
at a concentration of 50 #g/ml, and initially loaded with the same concentration of anti-CD3. (C) Comparative T cell stimulation by multiple
high surface area materials, normalized to the antibody per material surface area.

SWNT (Figure 4B). In these images, we observed selective
aggregation of T cells around anti-CD3 adsorbed onto 3 M
HNOs/LiBH,; SWNT scaffolds as seen in (T cells + SWNT
+ anti-CD3) when compared with 3 M HNOs/LiBHs SWNT
alone (T cells + SWNT).

To determine the effect of surface treatment on antibody
adsorption and levels of T cell stimulation, we incubated
anti-CD3 adsorbed onto treated and untreated SWNT bundles
with T cells and measured T cell activation (Figure 4C). The
response observed in 3 M HNO; /LiBHs SWNT was more
pronounced than other SWNT groups. Modeling parameters
from Table 2 show that half-maximal stimulation correlated
with this observation. The log [EC50] value for 3 M HNO3/
LiBH; SWNT was the smallest (0.090) when compared with
other groups (0.278 for 3 M HNOj3 and 0.973 for untreated).
Chemical treatments alter surface functional groups as well

2074

as increase the surface area of SWNT bundles (Figure 2B).
T cell activation by antibody adsorbed to functionalized 200
nm polystyrene nanoparticles (PS) indicates however that T
cell stimulation is not affected by altering surface chemistry
from carboxylate groups (mimicking 3 M HNOj treatment)
or hydroxyl groups (LiBH4 reduction after oxidation; see
Supporting Information). Thus, the vast surface area of 3 M
HNOs/LiBHy-treated SWNT bundles is primarily responsible
for the observed increase in T cell stimulation. Additionally,
these data demonstrate that chemical treatment can be used
to tune the extent of protein adsorption and, in turn, to control
the degree of T cell stimulation.

Levels of T cell stimulation can be modulated by varying
the concentration of SWNT-stimulus bundles and keeping
the amount of anti-CD3 constant during pretreatment (Figure
5A). T cells stimulated with SWNT bundles were responsive

Nano Lett.,, Vol. 8, No. 7, 2008



to the density of SWNT in a concentration-dependent
manner. Model fits from Table 2 show a correlation between
the SWNT concentration and the half-maximal T cell
response. This suggests that overall contact area facilitating
a high density of antigen-presentation is a determinant factor
for the observed efficiency of SWNT-stimuli on T cell
stimulation.

To further investigate the effect of the SWNT surface
area on T cell activation, we studied the stimulation
potential of other high surface area materials after antibody
adsorption. We first compared stimulation from activated
carbon (1762 m?/g) because of the similarity of this
material to SWNT bundles. We additionally attempted to
increase the surface area of the activated carbon as we
did previously with SWNT bundles; but 3 M HNO;
treatment resulted in a reduction* of the overall surface
area (down to 573 m%g), and 3 M HNO/LiBH, treatment
yielded a sample with an indeterminate surface area (see
Table 3). As shown in Figure 5B, stimulation with all
activated carbon samples is well below that of 3 M HNO3/
LiBHy-treated SWNT bundles. However, the data in Figure
5B do not account for surface area differences. Thus, we
normalized antibody presentation by surface area in Figure
5C. In this panel, we additionally show stimulation by 200
nm polystyrene beads (29 m%g), C60 and hydroxylated C60
(C60-OH; both estimated® at 4 m?/g). Despite the high
surface area of all materials, treated SWNT bundles on an
antibody per area basis displayed the highest activation
potential, as demonstrated by the Log [EC50] values (see
Table 2), and in agreement with the protein adsorption
superiority of this material (see Supporting Information
Figure 2B). These data support the unique capability of
SWNT bundles to enhance T cell stimulation.

The present study describes a new application for carbon
nanotubes, as an effective surface for stimulation of cellular
targets that rely on a high local density of stimulus for
activation. A method was established for modulation of the
surface area of SWNT by chemical treatment, which
enhanced protein adsorption. High-density presentation of
protein stimuli induces effective cellular activity. This
correlation was studied within the context of T cell activation,
a cell system that critically relies on and reads out a stimulus
contact for physiological function. The large active surface
area offered by SWNT is necessary for effective artificial
antigen presentation, and we have exploited this property of
SWNT to transform this material into a tunable platform for
T cell stimulation. Even when antibody presentation is
normalized by surface area, SWNT-antigen presenting
bundles are more effective T cell stimulators than other
materials, suggesting that they possess unique properties
associated with the presentation of T cell antigens.

Previous studies with T cell stimulation highlight several
facts that explain why SWNT bundles with adsorbed anti-
CD3 functions as an excellent stimulation medium. First,
clustering of T cell antigens impacts the T cell response
by increasing the avidity of interaction to the antigen-
presenting surface.*** Second, immobilizing stimulating
antibodies enhances their functional avidity for T cell
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activation.*%483051 Thus, superior stimulation of T cells can
be observed with plate-bound anti-CD3 or anti-CD3 bound
to an artificial antigen-presenting substrate compared with
stimulation with free antibody in solution.?>! Third, increas-
ing the negative charge of an antigen-presenting surface may
further enhance its interactions with T cells because the
surface charge becomes similar to professional antigen-
presenting cells (cells adept at stimulating T cell responses
such as mature dendritic cells), which combine high avidity
interactions in an environment that displays negatively
charged phospholipids heads and sugar groups.**-? Thus, a
suggested mechanism for the enhanced stimulation response
with treated SWNT surface may involve a combination of
local clustering of the antibody stimuli in defect regions and
the chemical nature of the environment surrounding these
clusters. This high local concentrations of stimulus, in
combination with the electronegativity of the acid-treated
SWNT bundles, could explain why anti-CD3 at low overall
concentrations when immobilized on the treated SWNT
trigger such enhancement in T cell stimulation. Ultimately,
this present application of SWNT bundles is ideal for ex
vivo therapeutic stimulation of T cells, which requires
efficient expansion of T cells outside the body with a robust
stimulus. The potential offered by this application could be
translated to other physiological systems requiring effective
ligand presentation.
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