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Abstract

Carbon nanotubes (CNTs) possess unique structural and functional properties and are readily internalized by various mammalian cells,
making them highly attractive as a tool for gene and drug delivery. However, prior to use in vivo as carriers for therapeutics, their toxicity
and potential to elicit an immune response need to be understood. To evaluate the acute response of blood leukocytes to CNTs in vitro, we
recreated two specific events: (a) a direct-exposure event that may occur due to presence of CNTs in circulation and (b) presentation of CNTs
to blood leukocytes via antigen presenting cells. The potential for activation of different leukocyte subpopulations was then evaluated by
profiling various early activation markers using flow cytometry. To ensure relevance to gene and drug delivery, these experiments utilized
single-walled CNTs (SWCNTs) functionalized with single-stranded (ss)-DNA fragments consisting of guanine-thymine (GT) repeat
sequences, which have potential to serve as a backbone for transport of biomolecules and also as a surfactant to prevent aggregation. Results
from this study demonstrate that ssDNA-functionalized SWCNTs does not elicit an acute immune response from blood leukocytes through
either direct or indirect interactions as verified by the expression of early leukocyte activation markers.

From the Clinical Editor: Carbon nanotubes offer a possible option for targeted gene and drug delivery, but first their toxicity and potential
to elicit an immune response need to be understood. The authors of this study demonstrate that ssDNA-functionalized SWCNTs do not elicit
an acute immune response from blood leukocytes as verified by the expression of early leukocyte activation markers.
© 2011 Elsevier Inc. All rights reserved.
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Carbon nanotubes (CNTs) are allotropes of carbon with a
cylindrical nanostructure with diameter ∼1–10s of nm. These
cylindrical carbon molecules have novel properties that
make them potentially useful in many applications in
nanotechnology,1-3 electronics,4-6 optics7,8 and materials
science.9-11 More recently due to their unique physical and
biochemical properties, CNTs have been targeted for biomed-
ical applications like the delivery of therapeutics,12-14 cancer
diagnostics15-17 and tissue engineering.18,19 Use of CNTs,
particularly for in vivo applications like gene and drug
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delivery, however, requires careful evaluation of the interac-
tion of these nanostructures with cells for potential toxicity and
unnecessary inflammation. Though several studies have
evaluated the response of CNTs using cell culture20-23 and
animal models,24,25 the direct and indirect interaction of CNTs
with blood leukocytes and their potential for activation has not
been explored extensively.

CNTs are of particular interest in gene and drug delivery due to
their ability to be functionalized with various biomolecules and
transported along with their cargo across the cell membrane.26

Physical and biomolecular functionalization appear to be critical
determinants of transmembrane transport.26 One study in particular
has demonstrated that the length of CNTs (∼ 200 nm) is an
important determinant of preferential uptake inmammalian cells.27

This study utilized single- walled CNTs (SWCNTs) wrapped with
single-stranded (ss)DNAas a surfactant to ensure dispersion and to
prevent aggregation. The use of other surfactants like pluoronic
provide additional mechanisms ofmodification for dispersion of in
luation of the direct and indirect response of blood leukocytes to carbon
011.04.002
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Figure 1. Confocal microscopy images of a single monocytes with or without internalized fluorescently labelled ssDNA-wrapped SWCNTs obtained at 60×
magnification (A) Phase Contrast (Control), (B) Fluorescence (Control), (C) Phase Contrast (macrophages with SWCNTs) and (D) Fluorescence
(macrophages with SWCNTs). (E) SWCNT internalized macrophages were also tracked for using maturation marker (CD83). In addition, percent of CD83high

macrophages was determined for a sample size of n = 4.
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water and in cell culture medium without the need for ionic or
covalent changes to the chemistry of the nanotubes.28 Despite
establishment of the fact that various mammalian cells take up
CNTs, the exact mechanism of uptake is still not well understood.
Endocytosis has been widely speculated as the method for
internalization for both covalently and noncovalently modified
CNTs29 and phagocytosis has also been mentioned as a potential
pathway.30 In addition to these cellular processes, passive insertion
of the nanotubes modified with hydrophilic terminus into the cell
membrane has also been demonstrated.13 Recent reports also
indicate that SWCNT transport across the cell membrane is not
affected in the presence of endocytosis inhibitors like sodium azide
or reduced temperature, suggesting the existence of several
different and energy independent pathways.26
Regardless of the pathway of internalization, before the
translation of results and findings from cell culture-based CNT
studies to in vivo patient models, the overall effect of CNTs at
the cellular level and the consequence of these events at the
systemic level must be thoroughly evaluated. Several studies
have looked at the biotoxicity of CNTs,31 using cellular-level
models. Most of these studies used cultured cells20-23 or
isolated blood leukocytes32,33 and results seem to vary based
on the type of cells in the study, with a majority indicating
minimal CNT-induced changes in cell signaling. Evaluation of
systemic effects due to the presence of CNTs in the body is
significantly more challenging. Animal models24,25,34 may
provide a closer understanding of the systemic response due to
CNTs in the body and clearance from the system than



Figure 2. Direct response (lymphocytes): Representative sample comparing expression of CD1a and CD69 on CD3+CD4+, CD3+CD4- and CD3-CD4-
lymphocytes in (A) unstimulated (negative control) vs. CNT-stimulated and (B) unstimulated (negative control) vs. PMA- stimulated (positive control) blood
samples. Histograms represent mean fluorescence intensity (arbitrary units) for the specific activation marker.
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researchers have now, but translation of those results to
humans is not straightforward. Blood is a living tissue that
perfuses the entire body and contains cellular populations that
could potentially interact with the functionalized CNTs.
Therefore evaluation of cellular populations (specifically
blood leukocytes) in blood can potentially be used to generate
information regarding the response of the host to CNTs in the
system. To mimic patient studies for evaluation of acute
response events, blood samples can be isolated from healthy
donors and the interaction of blood cells with CNTs can be
performed in vitro. This approach is limited to short-term
effects as blood samples outside the system need to be
evaluated within 6–8 hours before significant alterations to
cellular populations. Rather than confirmation of long-term and
systemic effects, this approach will establish the immediate
response of blood leukocytes to CNTs in circulation.

This study is an attempt to replicate the acute response of blood
leukocytes directly to CNTs and indirectly via antigen-presenting
cells (APCs). To accomplish this we limited our experiments to
SWCNTs functionalized with ssDNA fragments consisting of
guanine-thymine (GT) repeat sequences, which not only act as a
surfactant to ensure dispersion and prevent aggregation, but also
have potential to be further modified to transport different
biomolecules. Two possible exposure events in the body that
mimic delivery of biomolecules using SWCNT carriers were
recreated. The first study mimics the delivery of CNTs to the
system via circulation. Functionalized CNTs were mixed with
blood samples for 2 hours and the activation of different leukocyte
populations were evaluated. The controls used for this study were
blood only without the functionalized CNTs (w/o CNTs), which
served as a negative control, and blood with phorbol myristate
acetate (PMA) which served as positive control.

The second study focuses on the activation of blood
leukocytes via interaction with APCs like macrophages or
dendritic cells that have internalized CNTs, possibly from tissue-
specific delivery to a particular location in the body. To mimic
that event, monocytes were isolated from peripheral blood and
cultured in the presence of CNTs until they internalized the
SWCNTs and matured into a macrophage/dendritic cell (APC)
phenotype. The mature CNT containing APCs were then mixed
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with fresh blood samples for 6 hours before evaluation of
different leukocyte subpopulations. These two studies therefore
provide an in vitro alternative to evaluate the acute effect of
CNTs on blood leukocytes via direct and indirect interaction.
These studies, however, were accomplished using isolated blood
samples outside the body and the results must be understood
from this perspective. These results from initial evaluations are
promising and provide confirmation that higher level studies are
necessary to verify systemic and long-term effects using animal
models and in vivo studies.
Methods

Preparation of SWCNT-DNA complex solution

SWCNTs (CoMOCAT,Southwest Nanotechnologies, Norman,
Oklahoma) were mixed with aqueous ssDNA ((GT)30 sequence
with FAM-Q fluorescent tag, Operon Biotechnologies Inc.,
Huntsville, Alabama) solution (approximately 1 mg per ml
concentration) in an Eppendorf tube and the mixture was
sonicated in a cup horn sonicator (Cole Parmer 750W CPX) for
about 60–90 minutes. The samples were then centrifuged at
16,000g for 60 minutes (Eppendorf microcentrifuge 5415D,
Hauppauge, New York), and the supernatant containing
individually separated SWCNTs in ssDNA solution were
collected and resuspended in either 1× PBS or cell culture
medium. Furthermore, ssDNA-wrapped SWCNTs were imaged
using fluorescence microscopy (Nikon TE Eclipse 2000,
Melville, New York).

Blood isolation

In accordance with protocols approved by the University of
Louisville Institutional Regulatory Board (IRB), 8 mL of blood
was withdrawn from healthy volunteers by venipuncture. The
blood samples were then collected in green top vacctuainers
with heparin as anticoagulant. Samples were maintained on ice
until use.

Isolation of monocytes

Differentiation of monocytes into CD83+ dendritic cell/
macrophage phenotype (referred to as macrophages in
Figure 3. Direct response (monocytes and granulocytes): Representative sample comparing expression of (A) CD11b, HLA-DR and CD18 on CD14+ monocytes
and (B) CD11b, CD69 and CD18 on CD66b+ granulocytes in (left) unstimulated (negative control) vs. CNT-stimulated and (right) unstimulated (negative control)
vs. PMA-stimulated (positive control) blood samples. Histograms represent mean fluorescence intensity (arbitrary units) for the specific activation marker.
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Table 1
Direct response of blood leukocytes to SWCNTs and PMA

Blood SWCNTs PMA

Lymphocytes CD3+ CD4+ ,CD 69high 1.10 ± 0.213 1.26 ± 0.669 67.93 ± 14.183
Lymphocytes CD3+ CD4+ ,CD1ahigh 0.925 ± 0.234 3.37 ± 2.67 4.9 ± 2.315
Lymphocytes CD3+ CD4- ,CD 69high 5.58 ± 1.47 9.64 ± 7.24 72.47 ± 4.101
Lymphocytes CD3+ CD4- ,CD1ahigh 7.165 ± 3.091 9.71 ± 7.62 18.61 ± 5.171
Lymphocytes CD3- CD4- ,CD 69high 21.24 ± 21.16 18.13 ± 18.11 10.37 ± 4.254
Lymphocytes CD3- CD4- ,CD1ahigh 22.07 ± 22.055 19.52 ± 19.46 0.51 ± 0.382
Monocytes CD14+ HLA/DRhigh 72.37 ± 4.177 75.05 ± 2.06 30.37 ± 8.91
Monocytes CD14+ CD11bhigh 82.68 ± 6.369 79.04 ± 5.39 58.44 ± 10.231
Monocytes CD14+ CD18high 82.08 ± 5.935 79.49 ± 5.29 57.95 ± 9.639
Granulocytes CD66b+ CD11bhigh 39.01 ± 20.167 55.83 ± 15.31 91.835 ± 6.295
Granulocytes CD66b+ CD18high 33.94 ± 21.961 41.99 ± 20.77 89.94 ± 6.733
Granulocytes CD66b+ CD69high 24.77 ± 24.756 24.83 ± 24.8 15.49 ± 15.101

All data is expressed as % of cells ± SEM of a particular phenotype (+/-) expressing high levels of an activation marker (n = 4).
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subsequent sections) was accomplished as described by Zhou et
al.35 Briefly, isolation of the peripheral blood mononuclear cells
(PBMCs, monocytes and lymphocytes) was performed using
density gradient centrifugation. Two aliquots of 2 mL of whole
blood diluted 1:1 (v/v) with 1× sterile PBS. The diluted blood
sample was carefully layered over Ficoll-Paque solution in 1:1
(v/v) in a new 15ml centrifuge tube. The sample was centrifuged
for 20 minutes at 550g at 4°C in a swinging bucket rotor without
brake. The mononuclear cell layer isolated at the interface was
carefully extracted and transferred to a new 15ml tube with 10
ml of 1× sterile PBS buffer solution and centrifuged for 5
minutes at 1100 rpm at 25°C. The supernatant was discarded
and the pellet containing the mononuclear cells was resuspended
in cell culture medium (RPMI-1640, ATTC 30-2001). Cells
were allowed to adhere for 8 hours and then the nonadherent
cells (lymphocytes) were removed by pipetting. The remaining
monocytes were cultured in either the presence or absence of
SWCNTs and differentiated into a macrophage phenotype.
Macrophages were trypsinized and resuspended in 1× PBS for
flow cytometry or cell culture medium for leukocyte activation
experiments. Macrophages were isolated on days 2, 4 and 6 and
the expression of CD83 was evaluated. The presence of
fluorescently labeled ssDNA- wrapped SWCNTs within
macrophages was also examined using confocal microscopy
(Nikon A1 Confocal System).
Flow cytometry analysis

Different subpopulations were then assessed by flow
cytometry. Cells were visualized using peridin chlorophyll-a
(PerCP), fluorescein isothiocyanate (FITC), phycoerythrin (PE)
and allophycocyanin (APC) -conjugated antibodies (BD Bio-
sciences, Chicago, Illinois) against leukocyte phenotype and
activation cell-surface markers. Stained cells were washed in 1%
HAB (Hank's balanced salt solution without calcium or
magnesium also containing1% bovine serum albumin, 0.1%
sodium azide, and 1mM ethylenediamine tetraacetic acid),
pelleted, resuspended in HAB, and analyzed on a FACSCalibur
flow cytometer (BD Biosciences), using CellQuest software (BD
Pharmingen, San Jose, California). Cell activation was scored
using the rank sum test. All data correspond to the mean of cell
concentration or fluorescence intensity, ± SEM, for controls (n =
4) and mild phenotype SCD (n = 4).

Flow cytometry data analysis

Flow cytometry data files were analyzed using WinMDI
software (Scripps Institute, La Jolla, California). Each data file
was manually gated and analyzed using different combinations
of phenotype and activation markers. All fluorescence expres-
sion was normalized using controls and is represented as mean
fluorescence intensity (MFI) in arbitrary units.

Monocyte/macrophage maturation study

The isolated monocytes were evaluated at 0-, 2-, 4- and 6-day
time points. At each time point, the cells were extracted with 1×
trypsin (Mediatech, Manassas, Virginia), centrifuged and
resuspended in 200 μl of 1× PBS. The cells were split into 2
flow cytometer tubes with 100μl of cell solution and 10 μl each
of fluorescently labeled antibody solution (BD Biosciences) and
100 μl of 1% HAB, respectively, and were stored at 4°C. After
30 minutes, 500 μl of the stained cells were washed in 1% HAB
as added to each of the tubes and the cells were centrifuged for 5
minutes at 1100 rpm and resuspended in 250 μl of 1% HAB. The
cells were then analyzed using the flow cytometer for phenotype
(maturation) and activation markers.

Direct interaction of SWCNTs with blood

SWCNTs suspended in ssDNA were added directly to 1 ml
whole blood in a 15 ml Eppendorf tube and kept in an incubator
for 2 hours at 37°C in 5% CO2 incubator. Positive and negative
control experiments were performed with whole blood alone
without SWCNTs, with and without PMA. After 2 hours,
leukocytes in the blood were isolated using NH4Cl lysis, stained
with the activation markers and analyzed using flow cytometer.

Indirect interaction of SWCNTs with blood

The monocytes isolated from whole blood were cultured with
and without the addition of SWCNTs as mentioned previously.
After 4 days, the cells were trypsinized, resuspended in the culture
medium and mixed with fresh samples of 1 ml whole blood,
respectively, and maintained on a gentle shaker platform for 30



Figure 5. Indirect response (monocytes and granulocytes): Representative
sample comparing expression of (A)CD11b, HLA-DR and CD18 on CD14+
monocytes and (B) CD11b, CD69 and CD18 on CD66b+ granulocytes in
unstimulated, stimulated with macrophage without internalized SWCNT and
stimulated with macrophage with SWCNT. Histograms represent mean
fluorescence intensity (arbitrary units) for the specific activation marker.Figure 4. Indirect response (lymphocytes): Representative sample comparing

expression of CD1a and CD69 on CD3+CD4+, CD3+CD4- and CD3-CD4-
lymphocytes in unstimulated, stimulated with macrophage without internalized
SWCNT and stimulated with macrophage with SWCNT. Histograms represent
mean fluorescence intensity (arbitrary units) for the specific activation marker.
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minutes to extensivelymix the bloodwith themacrophages. After
30 minutes the cells were incubated for 6 hours. Whole blood
without macrophages was used as the control. After 6 hours, the
cells from the bloodwere isolated using NH4Cl lysis, stained with
the activation markers and analyzed using flow cytometry.

Statistical analysis

Cell activation was scored using the MannWhitney U test (P =
b 0.05). All data in tables represent the percentage of cells
phenotyped using certain phenotypemarkers (+/−) expressing high
levels of the activation marker. All groups had a sample size of n =
4 and data is represented as mean of percentage of cells ± SEM.
Results

Monocyte isolation and maturation into APC phenotype

Monocytes isolated from whole blood differentiate into a
macrophage/dendritic cell (APC) phenotype following culture
in tissue-culture flasks. Monocytes cultured with ssDNA-
functionalized SWCNTs readily internalized the fluorescently
labelled SWCNTs within 6–8 hours as confirmed using
confocal microscopy (Figure 1, A-D). Further analysis of
maturation marker CD83 shows that on day 2 only 20% of
cells showed high expression, whereas on day 4 N 50% of cells
expressed high levels of CD83 (Figure 1, E). Because there was
no increase in the number of cells expressing high levels of
CD83 after 4 days, macrophages were isolated at day 4 and used
for subsequent experiments.

Direct interaction of ssDNA-functionalized SWCNTs with blood

The response of blood leukocytes to ssDNA-functionalized
SWCNTs was evaluated in comparison with negative controls
(no CNTs) and positive controls (PMA). Following exposure,
blood leukocytes were evaluated using flow cytometry.
Lymphocytes were discriminated using forward and side light
scatter and phenotyped as CD3+CD4+ T lymphocytes (T helper 1),
CD3+CD4- T lymphocytes (T helper 2) and CD3-CD4- lympho-
cytes which include B lymphocytes and natural killer (NK) cells.
Monocytes and granulocytes were also discriminated using
forward and side light scatter and phenotyped using CD14 and
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Table 2
Indirect response of blood leukocytes to SWCNTs macrophages and SWCNT internalized macrophages

Blood w/o Macrophages Blood + Macrophages
w/o SWCNTs

Blood + SWCNT
Internalized Macrophages

Lymphocytes CD3+ CD4+ ,CD 69high 2.65 ± 1.81 2.75 ± 1.51 3.87 ± 2.75
Lymphocytes CD3+ CD4+ ,CD1ahigh 1.61 ± 0.95 1.01 ± 0.35 0.53 ± 0.39
Lymphocytes CD3+ CD4- ,CD 69high 3.88 ± 2.54 5.32 ± 3.37 3.25 ± 2.21
Lymphocytes CD3+ CD4- ,CD1ahigh 0.69 ± 0.44 1.91 ± 1.14 2.81 ± 2.32
Lymphocytes CD3- CD4- ,CD 69high 1.48 ± 1.1 1.51 ± 0.93 1.02 ± 0.59
Lymphocytes CD3- CD4- ,CD1ahigh 0.315 ± 0.26 0.52 ± 0.42 2.10 ± 2.04
Monocytes CD14+ HLA/DRhigh 42.65 ± 15.25 34.02 ± 12.78 45.17 ± 14.24
Monocytes CD14+ CD11bhigh 54.16 ± 17.1 42.34 ± 16.23 49.51 ± 15.4
Monocytes CD14+ CD18high 33.4 ± 19.14 24.64 ± 14.1 32.89 ± 18.41
Granulocytes CD66b+ CD11bhigh 72.34 ± 21.61 80.77 ± 17.1 77.97 ± 19.94
Granulocytes CD66b+ CD18high 23.21 ± 23.04 24.1 ± 26.63 24.26 ± 23.84
Granulocytes CD66b+ CD69high 1.64 ± 1.51 6.83 ± 6.69 4.22 ± 4.1

All data is expressed as % of cells ± SEM of a particular phenotype (+/-) expressing high levels of an activation marker (n = 4).
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CD66b, respectively. Evaluation of high levels of expression of
activation markers CD69 and CD1a on all three lymphocyte
populations, integrins CD11b and CD18 and human leukocyte
antigen – DR (HLA-DR) or major histocompatibility complex II
(MHC II) onmonocytes and integrins CD11b andCD18 andCD69
on granulocytes was performed. Flow cytometry analysis
performed on a representative sample is shown in Figure 2
(lymphocytes) and Figure 3, A monocytes and B granulocytes). It
can be clearly seen from the figures that the SWCNT-stimulated
sample did not show increased activation in comparison with
controls (unstimulated), whereas the PMA stimulated sample
showed increased activation particularly for markers CD1a
and CD69 on all lymphocyte populations and CD11b, CD18 and
CD69 granulocytes and to a certain extent for CD11b, CD18
on monocytes.

Results in Table 1 clearly show that when the unstimulated
(non-SWCNTs) and ssDNA-functionalized SWCNT-stimulated
samples are compared, there is no statistically significant
difference in the expression of any activation marker for any
of the leukocyte subpopulations. However when the unstimu-
lated samples were compared with samples stimulated with
PMA, the expression of several activation markers particularly
CD69 on CD3+CD4+ and CD3+CD4- lymphocytes, HLA-DR on
monocytes and CD11b and CD18 on granulocytes, all showed
statistically significant changes.

Indirect interaction of ssDNA-functionalized SWCNTs to blood

The second study focused on the interaction of blood cells
with APCs containing ssDNA-functionalized SWCNTs. This
mimics the process of presentation of antigens to lymphocyte
populations by macrophages and dendritic cells. Monocytes
cultured in the presence or absence of ssDNA-functionalized
SWCNTs mature into macrophage phenotype after 4 days in
culture. These cells were then trypsinized and mixed with whole
blood samples for 30 minutes on a gentle shaker platform and
incubated for 6 hours and the leukocyte populations in blood
were evaluated for activation.

As in the previous study different subpopulations were
discriminated using forward and side light scatter and
lymphocytes were phenotyped as CD3+CD4+ T lymphocytes
(T helper 1), CD3+CD4- T lymphocytes (T helper 2) and CD3-

CD4- lymphocytes, whereas monocytes and granulocytes were
phenotyped as CD14+ and CD66b+. Furthermore, the same
panel of activation markers, CD69 and CD1a on all three
lymphocyte populations, integrins CD11b and CD18 and
HLA-DR or MHC II on monocytes and integrins CD11b and
CD18 and CD69 on granulocytes were evaluated. Flow
cytometry analysis performed on one representative sample is
shown in Figure 4 (lymphocytes) and Figure 5, A monocytes
and B granulocytes.

It can be clearly seen from Table 2 that there is no statistically
significant difference in the expression of activation markers on
any of the leukocyte subpopulations stimulated with mature
macrophages without ssDNA-functionalized SWCNTs or mature
macrophages with ssDNA-functionalized SWCNTs in compar-
ison with samples that were not mixed with macrophages.

Discussion

CNTs possess unique physical and structural properties that
can be exploited to generate tools and techniques for various
applications in cell and molecular biology.12-14,16-19 In recent
years significant efforts have been made toward understanding
the molecular basis of diseases.36 As a consequence, new
therapies have focused on targeting signalling at the cellular
level.37 A major advance in this area has been through gene
therapy to introduce, remove or silence genes in a cell.38

Delivery of genes or small interference RNA (siRNA) for gene
silencing to the nucleus of the cells for gene therapy is
challenging. The method of choice for delivery has been the
use of viral vector-based approaches. Despite advantages like
high transfection efficiency, high tropism and natural method of
delivery, viral methods are also associated with several
disadvantages. The process itself is complicated and can result
in chromosomal insertion, oncogene activation, strong immune
reactions and contamination with live virus. CNTs, which have
been shown by several groups to be readily internalized into
mammalian cells when cultured in vitro, have great potential for
transport of molecular cargo into the cytoplasm and potentially
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into the cell nucleus.26-30 The toxicity of CNTs on cell structure
and function as well as the systemic response of the body to the
presence of CNTs must be evaluated prior to widespread use.

Several studies have examined cellular level toxicity in a
variety of mammalian cells, including leukocytes isolated from
blood.20-23,31-33 A majority of these studies report minimal
changes to cell structure and function21-23 whereas others report
various changes in cell signalling as a consequence of
internalized nanotubes.31,33 Cell culture models provide limited
information regarding the systemic consequences that may occur
due to the presence of CNTs in the system. To begin to
understand systemic effects, researchers need an appropriate
tissue and model system for evaluation. Blood is a living tissue
that circulates throughout the entire body and is the major
mediator of immune homeostasis. Changes in the inflammatory
status of the body are almost instantaneously translated into
changes in molecular and cellular populations in blood.
Therefore analysis of cells in blood provides a unique
opportunity to understand inflammation at the systemic level.
Acute response of blood to CNTs can be performed by extracting
blood samples and stimulating the samples in vitro, eliminating
the need for patient-level studies.

This study sought to recreate two possible types of interaction
of CNTs with blood and particularly leukocytes in blood and to
evaluate the potential for early activation. The first event mimics
the presence of CNTs in blood circulation, whereas the second
event recreated the presentation of CNTs to leukocytes through
APCs. Our study was limited to observation of early activation
(acute response) events due to the limited stability of blood cells
in vitro. The activation markers selected primarily included
integrins and MHC II (HLA-DR), which are expressed by
monocytes and granulocytes in response to a variety of
stimulants. Integrins increase leukocyte adhesion to endothelium
and promote transmigration into tissue, which is a defining event
in monocyte and granulocyte early activation. For lymphocytes,
however, the markers selected were based on cell surface
molecules that are upregulated following interaction with APCs
like macrophages and dendritic cells. Despite the limitation of
not being able to observe long-term effects, this study provides a
good starting point in trying to evaluate leukocyte activation in
response to the presence of CNTs in the system. This study was
also limited to the use of ssDNA-functionalized SWCNTs. The
reason for this was that this particular functionalization protocol
served two purposes: (a) acts as a surfactant regardless of the
suspension medium preventing aggregation and (b) provides a
highly flexible backbone for further functionalization with
biomolecules targeting specific groups on the 5′ and 3′ ends of
the strand.

Selection of phenotype and activation markers was based on
our previous work with analysis of leukocytes in response to
bacterial stimulation,39 burn and trauma injuries40 and sickle cell
disease.40,41 The activation markers for the lymphocytes CD69
and CD1a as well as integrins and MHC II for monocytes and
granulocytes represent the early signalling events in response to
the presence of microbes or microbial antigens. Any activation of
leukocytes should result in changes of these markers as
evidenced in the positive control using PMA. Results from this
study show conclusively that there is minimal activation of
leukocytes following both direct and indirect exposure to CNTs
as evaluated in comparison with unstimulated blood samples
(negative control). These results therefore provide new informa-
tion demonstrating minimal acute immune response from blood
leukocytes and support the pursuit of CNT-based approaches for
delivery of genes and biomolecules to cells.

CNTs have great potential for transport of genes and drugs
across the cell membrane into the cytoplasm and nucleus.
However, the toxicity of CNTs and their potential to elicit an
immune response from blood leukocytes needed to be
evaluated. Toward accomplishing this evaluation, we recreated,
in vitro, two potential events that can occur due to the presence
of CNTs in the body: Direct interaction and indirect interaction
due to the presentation of CNTs via APCs. Blood leukocytes
were isolated and evaluated for expression of early activation
markers. Results indicate minimal leukocytes activation follow-
ing both types of interactions.
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