Carbon Nanotubes Protect DNA Strands
during Cellular Delivery

Yanrong Wu," Joseph A. Phillips," Haipeng Liu," Ronghua Yang,* and Weihong Tan*-*

*Center for Research at Bio/nano Interface, Department of Chemistry and Department of Physiology and Functional Genomics, Shands Cancer Center, UF Genetics
Institute and McKnight Brain Institute, University of Florida, Gainesville, Florida 32611-7200, and *Biomedical Engineering Center, State Key Lab of Chemo/Biosensing
and Chemometrics, College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China

iomedical applications, particularly

those which involve targeted drug

delivery, depend upon uninhibited
transport of DNA, RNA, or drug molecules
into living cells. However, some cargos,
such as DNA, are easily degraded by cellu-
lar enzymes or digested by cellular nu-
cleases. This problem is compounded by
the fact that most delivery systems take sev-
eral hours to transport cargos into cells.
Therefore, a delivery system which can pro-
vide protection for DNA cargos during pro-
longed transport would be useful. To this
end, inorganic nanomaterials, including
nanoparticles, nanotubes, and nanowires,
have exhibited promising physical proper-
ties which make them useful as molecular
transporters.' '° To date, however, only a
few nanomaterials, such as silica nanoparti-
cles,? silica nanotubes,® and gold nanoparti-
cles,'" offer viable protection properties.
Aside from these, the most promising of all
may be single-walled carbon nanotubes
(SWNTSs) which have been shown to shuttle
various types of cargos into a wide range
of cell types. These include the biologically
and medically more relevant T cells and pri-
mary cells, which are difficult to transfect
by traditional delivery methods.''® There-
fore, this research investigates whether
SWNTs can, additionally, provide protective
properties similar to silica or gold nanopar-
ticles, thus ultimately shielding bound DNA
sequences from cleavage during in vivo cel-
lular delivery.

RESULTS AND DISCUSSION

To investigate the protective properties
of SWNTs, a 30-base-paired single-stranded
DNA (ssDNA) oligonucleotide with repeat-
ing G—T sequence (GT) was used as the
model sequence. This sequence has been
demonstrated to wrap onto the SWNT
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ABSTRACT To protect against nuclease digestion, or single-strand binding protein interactions,
oligonucleotides for targeted delivery into intracellular systems must be stable. To accomplish this, we have
developed single-walled carbon nanotubes as a carrier for single-stranded DNA probe delivery. This has resulted
in superior biostability for intracellular application and, hence, has achieved the desired protective attributes,
which are particularly important when DNA probes are used for intracellular measurements. Specifically, when
bound to single-walled carbon nanotubes, DNA probes are protected from enzymatic cleavage and interference
from nucleic acid binding proteins. Moreover, and equally important, our study shows that a single-walled carbon
nanotube-modified DNA probe, which targets a specific mRNA inside living cells, has increased self-delivery
capability and intracellular biostability when compared to free DNA probes. Therefore, this new conjugate provides
significant advantages for basic genomic studies in which DNA probes are used to monitor intracellular levels of
molecules.
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surface.'*'® Radioisotopic labeling and de-
naturing PAGE gel were then used to moni-
tor the digestion of DNA by DNase |, which
can nonspecifically cleave ssDNA and ds-
DNA. The efficacy of the method was first
tested to determine whether SWNTs could
affect the mobility of bound DNA. To ac-
complish this, both GT/SWNT complex and
free DNA were treated with DNase |, and al-
iquots were collected at 5, 15, and 60 min
time points. Aliquots were heated at 95 °C
for 5 min before running the denaturing
PAGE gel. As shown in Figure 1, the mobil-
ity of both GT and GT/SWNT sequences re-
mains the same (lanes 1 and 2), which dem-
onstrates that SWNTs do not inherently
affect the mobility of their bound DNA. Hav-
ing determined the viability of the method
for monitoring digestion in the GT/SWNT
complex cases, the same model and proto-
col were used to determine the effect of
cleavage. Accordingly, the results of the
cleavage assay show increased digestion of
GT as a function of time, but no digestion
for GT/SWNT, even after 60 min of digestion
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Figure 1. Polyacrylamide gel electrophoresis (PAGE) of free GT sequence and GT/SWNT complexes by 15%
gel. Lanes 1 and 2 are the intact GT sequence and GT/SWNT complexes; lanes 3—5 are the GT sequence af-
ter DNase | digestion for 5 min, 15 min, and 1 h; lanes 6—8 are the GT/SWNT complexes after DNase | diges-
tion for 5 min, 15 min, and 1 h; lane 9 is the 10 base pair DNA marker. The gel band intensity for each lane

is plotted in the upper left corner graph.

‘m
I~
.oo
| I R

T T
800 1000
Wavelength (nm)

Scheme 1. (A) Possible interaction between MnSOD probes, the SWNTs, and target mRNA; (B)

TEM image of MnSOD probe/SWNTs (the scale bar represents 100 nm); (C) absorption spectrum

of the probe in H,0.

(Figure 1, lanes 3—5 and lanes 6—38, respectively). These
experiments demonstrate that GT DNA is protected
from DNase | cleavage when it is in complex with the
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SWNTs. Although protec-
tion from enzymatic cleav-
age is a useful property for
DNA delivery into cells, it is
also important that DNA
probes be functional when
in complex with SWNTs.

Therefore, in order to
demonstrate that SWNTs
can protect functional DNA
probes from enzymatic
cleavage, a specific DNA
probe was first modified
and complexed with the
SWNTs (possible interac-
tion is shown in Scheme
1A). This DNA probe, which
showed increased fluores-
cence upon binding man-
ganese superoxide dismu-
tase (MnSOD) mRNA,'® was
further modified with
polyT'® to increase bind-
ing to the SWNT. In the ab-
sence of target cDNA
(cDNA), our previous
study'” demonstrated that
the designed probe forms
a hairpin structure and ad-
sorbs onto the SWNTs at
room temperature, resulting in low sig-
nal intensity from the MnSOD probe/
SWNTs. This low signal intensity was
mainly a consequence of quenching
from the Black Hole Quencher 2
(BHQ2), but it could have also been
the result of quenching from the
SWNTSs.'® On the other hand, in the
presence of target cDNA, the hybrid-
ization event separated the fluoro-
phore from the quencher, or SWNTs,
thus causing the signal enhancement
shown in Figure 2. This demonstrates
that the MnSOD probe/SWNTs could
still respond to the target cDNA and
that, consequently, the bound DNA
was still functional.

Since the functional sensitivity of
the MnSOD probe/SWNTs could be re-
tained, we next tested its ability to re-
sist nuclease cleavage in vitro. First, a
fluorescence-based assay was per-
formed as follows. One unit of DNase |
endonuclease was added to separate

solutions of 50 nM free MnSOD probes and probe/
SWNTSs. In this assay, if the probe is digested by DNase
|, the fluorescence intensity will increase because the
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specific binding by proteins, which can
produce false positive signals. One such

protein is the ubiquitous single-
stranded DNA binding protein.’® As

shown in Figure 3, free probes had a
6-fold increase of fluorescent signal
compared to MnSOD probe/SWNTs
when incubated with SSB. Since the
probe/SWNT complex showed little re-
sponse to excess SSB, these results
demonstrate that it may well be pro-
tected from this form of interference
during intracellular experiments.

In the context of their promising
DNA protective properties, as demon-
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Figure 2. Emission fluorescence spectrum of MnSOD probe/SWNTs with and

without the presence of 10-fold excess target cDNA.

donor dye molecule will separate from the quenchers.
Experiments for both free MnSOD probes and MnSOD
probe/SWNTs were performed under identical condi-
tions. As shown in Figure 3, probe/SWNTs showed little
degradation and, correspondingly, little fluorescence,
while the free MnSOD probes showed a significant fluo-
rescence increase, indicating increased degradation.
These preliminary results therefore demonstrate that
MnSOD probe/SWNTs could be immune to cleavage by
DNase I. Next, the interactions of free MnSOD probes
and probe/SWNTs with single-stranded DNA binding
protein (SSB) were investigated. This was necessary be-
cause, intracellularly, DNA probes are subject to non-
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strated by these two in vitro experi-
ments, probe/SWNT complexes show
improved biostability when compared
to the free probe. However, to further
confirm these protection properties,
the natural ability of SWNTSs to be inter-
nalized was used to test the probe/SWNTs in a cellular
environment. In this assay, the probe/SWNTs are deliv-
ered by simply incubating the complexes with MDA-
MB-231 breast carcinoma cells. Under normal culture
conditions, this cell line has a low MnSOD expression
level; however, when exposed to lipopolysaccharide
(LPS), an inflammatory mediator involved in Escheri-
chia coli bacterial sepsis, MNSOD mRNA expression lev-
els increase substantially.’>?° As a result of the resis-
tance of probe/SWNTs to enzymatic cleavage and
nonspecific opening, the probe/SWNTs complexes
should show lower fluorescence background com-
pared to the free probes before the cells are stimu-
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Figure 3. (Left) Fluorescence signal enhancements of both free MnSOD probes and MnSOD probe/SWNTs upon the addition of 1U
DNase I. (Right) Fluorescence signal enhancements of both probes upon the addition of SSB. Final concentration ratio of probe/SSB

=1:5.
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Briefly, 20 wM probes were
mixed with 200 mg/L nanotube
aqueous solution, sonicated, and
centrifuged. The pellet compris-
ing the nanotube impurities and
aggregates was discarded, and
the supernatant was collected as
the probe/SWNTs, which turned
out to be soluble. The probe/
SWNTs were then incubated
with MDA-MB-231 breast carci-
noma cells at a final concentra-
tion of about 25 mg/L for 12 h.
Subsequently, the cells were
washed and treated with or
without 1 pg/mL LPS for an-
other 4 h before imaging. As
shown in Figure 4, a high fluo-
rescence signal was observed
for most of the cells after LPS
stimulation, which indicated the
up-regulated MnSOD mRNA ex-

Figure 4. Bright field and fluorescent images of MnSOD probe/SWNTs inside the MDA-MB-231 cells, pression. Control experiments
(A) without LPS stimulation and (B) with LPS stimulation. All the scale bars shown in the graph are 50 without LPS stimulation were

pm

Figure 5. Bright field and fluorescent images of free MnSOD probes inside MDA-MB-231 cells, (A)
without LPS stimulation and (B) with LPS stimulation. All the scale bars shown in the graph are 50
prm
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lated with LPS. Following LPS stimulation, if the probe/
SWNTs are still functional after long intracellular
incubation times, hybridization with target mRNA se-
quences will produce a fluorescent signal that can be

detected by confocal microscopy.
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carried out under the same con-

ditions, and little fluorescence
was observed compared to the LPS-stimulated cells.
This experiment was repeated, and it was further dem-
onstrated that probe/SWNT complexes produce a few
false positive signals. For comparison, free MnSOD
probes were incubated with cells under the same con-
ditions, and low fluorescence signal was observed with
and without LPS stimulation (Fig-
ure 5). The background for the free
probe without LPS stimulation
was higher than that of the com-
plexes without LPS stimulation.
This might have been the result of
digestion and the nonspecific
opening of very few MnSOD
probes that were inefficiently self-
delivered into the cells after a long
incubation time, leading to a false
positive signal. It might have also
been caused by some probes be-
ing trapped between the cells. If
these probes had been digested or
disrupted, they would have had
no ability to detect the different
gene expression levels, causing the
same fluorescence intensity to be
observed with LPS stimulation. To
confirm this explanation, another
free random DNA probe with no
complement inside the cells was
tested under the same conditions,
and results identical to those of the
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free MnSOD were obtained, as expected. Thus, the
single-walled carbon nanotubes do protect probes
from digestion and disruption which ensures that the
DNA probes can successfully distinguish different gene
expression levels free from the types of interference ex-
amined in this paper.

These two sets of experiments, both in vitro and in
cell culture, have demonstrated improved biostability
of probe/SWNTs over the free probes. Specifically, the
in vitro experiments showed that probe/SWNTs have
much better resistance to nuclease digestion and nu-
cleic acid binding protein disruption. Furthermore, the
intracellular experiments showed that probe/SWNTs
complexes are functional, even after a total incubation
of 16 h. In contrast, free DNA degrades after only 15—45
min in the cellular environment.?' As a consequence
of reduced nonspecific opening events, lower back-
ground improved the detection sensitivity of probe/
SWNT complexes. Therefore, this investigation proves
that SWNTSs have the ability to protect bound DNA car-
gos from enzymatic cleavage and DNA binding proteins
both during and after delivery into cells.

As noted above, different nanomaterials exhibit vari-
ous degrees of DNA protection, but the mechanisms
of protection are not yet well understood. For example,
silica nanoparticles exhibit protection of plasmid DNA.
It has been proposed that the positive charges on the
silica nanoparticle surface can exclude Mg?™" and that
the DNA conformational change due to binding onto
this nanoparticle surface prevents digestion.? In the
case of silica nanotubes, the authors hypothesized that
the nanotubes act as a physical shield that protects the
loaded materials from environmental damage.? To
date, no reasoning has been provided to explain the ef-
ficacy of gold nanoparticles.”’ The protective proper-
ties of SWNTs, on the other hand, may be explained in
several ways. First, the probes could be embedded in-

EXPERIMENTAL METHODS

Materials and Instruments. The sequences of DNA and RNA oligo-
nucleotides prepared are listed in Table 1. DNA synthesis re-
agents were purchased from Glen Research (Sterling, VA). The
SWNTSs were purchased from Unidym, Inc. with <5 wt % ash con-
tent (CAS number: 7782-42-5). An ABI3400 DNA/RNA synthe-
sizer (Applied Biosystmes, Foster City, CA) was used for all MB
probes and DNA target preparation. A ProStar HPLC (Varian, Wal-
nut Creek, CA) with a C18 column (Econosil, 5 um, 250 X 4.6
mm) from Alltech (Deerfield, IL) was used for probe
purification. A Cary Bio-300 UV spectrometer
(Varian, Walnut Creek, CA) was used to measure ab-
sorbance for probe quantitation. Fluorescence mea-
surements were performed on a Fluorolog-Tau-3

spectrofluorometer (Jobin Yvon, Inc., Edison, NJ). name

side small bundles of nanotubes such that the nucleas-
es/proteins cannot physically access the DNA. Second,
although the surface of the SWNT has been modified
with hydrophilic groups from the DNA probes, some hy-
drophobic regions may still remain exposed and cause
inhibitory effects on proteins that come into close prox-
imity. Finally, the interaction between DNA and
SWNTs'® may cause the secondary structure of the
DNA to be unrecognizable to enzyme binding pockets.
Obviously, further investigation is required to address
these causal issues to conclusively determine the mech-
anisms underlying the protective properties of probe/
SWNTs complexes.

CONCLUSIONS

In summary, when bound to SWNTs, DNA probes
are protected from enzymatic cleavage and interfer-
ence from nucleic acid binding proteins. These protec-
tive properties are particularly important for applica-
tions in which DNA probes are used for intracellular
measurements. Our study shows that a SWNT-modified
DNA probe, which targets a specific mRNA inside liv-
ing cells, has increased self-delivery capability and intra-
cellular biostability when compared to free DNA probes.
Therefore, this novel material provides significant ad-
vantages for basic genomic studies in which DNA
probes are used to monitor intracellular levels of mol-
ecules and ions. Additionally, for cytoplasmic gene de-
tection by DNA probes, nuclear sequestration is a ma-
jor cause of reduced sensitivity.”> The DNA/SWNT
complexes, however, stay within the cytoplasm, en-
abling cytoplasmic mRNAs to be detected and imaged.
Furthermore, DNA/SWNT complexes should prove use-
ful as therapeutic agents since they exhibit excellent
self-delivery properties that could allow DNA-based
drugs to exert their therapeutic presence for longer
time before being degraded by cells.

midite chemistry at a 1 wmol scale. Both molecular probes listed
in Table 1 were synthesized with controlled-pore glass columns
with a 3'-Black Hole Quencher 2 molecule (BHQ2) covalently
linked to the CPG substrate. The complete MB sequences were
then deprotected in concentrated ammonia hydroxide at room
temperature overnight and further purified with reverse phase
high-pressure liquid chromatography (HPLC) on a C18 column
with a linear elution gradient with TEAA (triethylammonium ac-
etate) in acetonitrile changing from 20 to 70% over a 30 min pe-
riod. The collection from the first HPLC separation was then

TABLE 1. Probes and Oligonucleotides Used in This Work?

sequence

Cell images were conducted with a confocal micro- ~ MnSOD probe 5 -TTTTTTTTTTTTTTTTTTTT (CH,CH,0) 5,Cy3 -

scope setup consisting of an Olympus IX-81 inverted CGAGCCAGTTACATTCTCCCAGTTGATTGCTCGG—BHQ2—3’
microscope with an Olympus FluoView 500 confo- random DNA probe 5'-Cy3-CCTAGCTCTAAATCACTATGGTCGCGCTAGG-BHQ2 —3'
cal scanning system. A 40 X 0.6 NA air objective was  p\nsop (DNA 5/ AATCAACTGGGAGAATGTAACTG—3'

used. 6T 5'-GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT -3’

Molecular Probes Synthesis. All oligonucleotides
were synthesized based on solid-state phosphora-
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“The bases underlined are complementary to form the stems of the probes.
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vaccuum-dried, incubated in 200 pL 80% acetic acid for 15 min,
incubated with 200 p.L of ethanol, and vaccuum-dried before the
second round of HPLC. The HPLC was performed on a ProStar
HPLC Station (Varian, CA) equipped with a fluorescent and a pho-
todiode array detector.

Synthesis of GT/SWNT. Because of radioactive safety concerns
and laboratory facility limitations, the SWNTs were cut before
complexing with radioisotope-labeled GT sequence. The SWNTs
were treated with strong acid mixture (nitric acid/sulfic acid =
3:1) and sonicated for 24 h. After washing with water, 1 mg/L
treated SWNT was mixed with 0.1 wM GT sequence labeled with
32p at room temperature and rocked for 24 h. The resulting com-
plex was directly used for the digestion test.

Synthesis of MnSOD Probe/SWNTs. Since neutral SWNTSs are the
popular form for cellular application, we wanted to investigate
its protection ability during cellular delivery. The SWNTs were ul-
trasonicated by sonic dismembrator (Fisher Scientific, Model
100) for 1 h. Then about 200 mg/L SWNT was mixed with 20
M MnSOD probe aqueous solution. The mixture was sonicated
for another 45 min to 1 h. Then the probe/nanotube solution
was centrifuged at 22 000g for 6 h. The pellet comprising impu-
rities and aggregates of nanotubes at the bottom of the centri-
fuge tube was discarded, and the supernatant was collected and
ultracentrifuged for another 6 h at 22 000g. The supernatant is
the MnSOD probe/SWNTs, which turned out to be soluble. Af-
ter dialysis, the complex was stored at 4 °C. The solubilized
SWNTs are not well-dispersed individual nanotubes, but the mix-
ture of nanotube bundles and individual nanotubes.

Cellular Experimental Procedures. MDA-MB-231 cells (ATCC, HTB-
26) were cultured in Leibovitz's L-15 medium with 2 mM
L-glutamine supplemented with 10% fetal bovine serum (all re-
agents from Invitrogen). Cells were plated into chambered cov-
erslides 1 day before the experiments so that cells would be
about 90% confluence during the experiments. The concen-
trated MnSOD probe/SWNTs were added to each well at a final
concentration of about 25 mg/L. The incubations were carried
out at 37 °C air atmosphere for 12 h. After incubation, the cell
medium was decanted from the well, and the cells were washed
thoroughly. To stimulate MNSOD mRNA expression, cells were in-
cubated in 1 pg/mL LPS from E. coli serotype 055:B5 (Sigma) for
4 h prior to cellular imaging. The control experiments were con-
ducted under the same conditions, but without LPS stimulation.
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