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ince their discovery, the properties

and applications of carbon nano-

tubes (CNTs) have been investigated
intensively. While researchers initially fo-
cused on their extraordinary physical prop-
erties and related applications, research in-
terests have now shifted toward the use of
CNTs in the field of biomedicine. When it
was discovered in 2004 that carbon nano-
tubes are able to penetrate cellular mem-
branes, they emerged as a potential new
class of intracellular transporters for a num-
ber of cargos, such as proteins,'?
peptides,®* nucleic acids,>® and drugs.”~
At about the same time it was realized that
the intrinsic fluorescence properties of car-
bon nanotubes enable their application as
biological imaging agents.""'2

For any applications, CNTs usually have

to be functionalized in order to render them
soluble in water, improve their biocompati-
bility, and/or allow for the conjugation with
further molecules. A widely used type of
functionalization is based on the use of sur-
factants, which attach to or wrap around
the tubes in a noncovalent manner. A
plethora of molecules has been investi-
gated for this purpose, from conventional,
low molecular weight-surfactants'*'* to
(poly-)peptides,'” proteins,’® nucleic ac-
ids,"” bile salts,'® polymers,'® PEG-
composites,?® and many more. Another
popular method for chemical modification
of carbon nanotubes (CNTSs) is acid oxida-
tion, which has its roots in 1998 when Liu
et al. discovered that single-walled carbon
nanotubes (SWNTs) can be converted from
nearly endless, highly tangled ropes into
short, open-ended pipes, behaving as indi-
vidual macromolecules.?’ By introducing

10

*Address correspondence to
j.mcfadden@surrey.ac.uk.

ABSTRACT Aqueous dispersions of functionalized carbon nanotubes (CNTs) are now widely used for biomedical
applications. Their stability in different in vitro or in vivo environments, however, depends on a wide range of
parameters, such as pH and salt concentrations of the surrounding medium, and length, aspect ratio, surface
charge, and functionalization of the applied CNTs. Although many of these aspects have been investigated
separately, no study is available in the literature to date, which examines these parameters simultaneously.
Therefore, we have chosen five types of carbon nanotubes, varying in their dimensions and surface properties,
for a multidimensional analysis of dispersion stability in salt solutions of differing pH and concentrations.
Furthermore, we examine the dispersion stability of oxidized CNTs in biological fluids, such as cellular growth
media and human plasma, and their toxicity toward cancer cells. To enhance dispersibility and biocompatibility,
the influence of different functionalization schemes is studied. The results of our investigations indicate that both
CNT dimensions and surface functionalization have a significant influence on their dispersion and in vitro behavior.
In particular, factors such as a short aspect ratio, presence of oxidation debris and serum proteins, low salt
concentration, and an appropriate pH are shown to improve the dispersion stability. Furthermore, covalent surface
functionalization with amine-terminated polyethylene glycol (PEG) is demonstrated to stabilize CNT dispersions
in various media and to reduce deleterious effects on cultured cells. These findings provide crucial data for the
development of biofunctionalization protocols, for example, for future cancer theranostics, and optimizing the

stability of functionalized CNTs in varied biological environments.

KEYWORDS: carbon nanotubes - biomedical applications - dispersion
stability - bionanotechnology - surface functionalization - biocompatibility

carboxylic and other oxygen-containing
groups to the otherwise inert carbon nano-
tube surface,?? this process has enabled the
covalent attachment of functional
molecules?®* 2 and additionally renders
the nanotubes soluble in water. However,
it also generates so-called “oxidation de-
bris” by breaking up CNTs during oxida-
tion?” or oxidizing carbonaceous, nontubu-
lar structures present in pristine CNT
samples.?® Oxidation debris has been
shown to consist of partially oxidized pol-
yaromatic fragments,® which are known to
attach to the CNT surface by w-stacking



and increase the stability of CNT dispersions by acting
as a surfactant.3® Though mostly advantageous, this can
be a pitfall for effective covalent functionalization of
CNTs, if the latter occurs at the level of the debris and
not the actual CNT surface. Washing with 0.01 M NaOH
upon acid oxidation has been reported to remove oxi-
dation debris by converting the acidic groups of the de-
bris to their conjugate salts, which ultimately leads to
the dissolution of debris due to enhanced aqueous
solubility.3'32

Once carbon nanotubes are functionalized, they are
usually readily dispersible in water. However, all physi-
ological fluids, whether cell culture media, interstitial
fluids or blood, contain various proteins and other or-
ganic molecules, as well as high salt concentrations and
sometimes different pH. Hence, it is crucial for CNT for-
mulations with intended use in in vitro or in vivo envi-
ronments to be stable under these conditions. It is al-
ready known that the solubility of oxidized CNTs
depends on the pH and decreases with increasing salt
concentration.>*3* Another important factor is the pres-
ence or absence of plasma proteins, which are able to
attach to the CNT surface and promote CNT solubiliza-
tion, but may also replace functional surface coatings.
Salvador-Morales et al., for example, have shown that
plasma protein binding to CNTs is highly selective and
that fibrinogen and apolipoproteins are the proteins
binding to CNTs with the greatest avidity.>> Addition-
ally, they found that CNTs can activate the human
complement system and cause immune reactions by
binding factor C1q. Hence, efficient and stable surface
functionalization is a crucial step toward CNT biocom-
patibility and stability in biological fluids. CNT dimen-
sions also have become the subject of intense discus-
sions when it was reported by Poland et al. that long,
rigid multiwalled CNTs can induce asbestos-like patho-
genic behavior when introduced into the abdominal
cavity of mice, due to frustrated phagocytosis.>® How-
ever, this study was carried out within a framework of
occupational health, so the CNTs used were much
longer (>20 wm) than CNTs applied in biomedical stud-
ies (<1 wm) and the application route was wholly arti-
ficial, as the nanotubes were administered by injection
into the peritoneal cavity instead of having been
breathed in. The length-dependent effect of short CNTs
at the cellular level has been investigated in a study by
Becker et al.3” Therein, they demonstrated that human
fibroblasts selectively absorb DNA-wrapped single-
walled CNTs shorter than about 200 nm, which there-
upon induced significant reduction of cell viability
when present at high concentrations (between 200
and 400 pg/mL).

Many aspects concerning the dispersion, stability,
and the behavior of CNTs in biological settings have al-
ready been investigated in separate studies, but not all
in a concurrent manner or performed such that imme-
diate comparisons in different ambient systems could

be made. This article presents a multidimensional stabil-
ity analysis of five different types of single-, double-,
and multiwalled nanotubes (SWNTs, DWNTs, and
MWNTs) as a function of both buffer pH and salt con-
centration. To examine the influence of oxidation de-
bris, the samples were analyzed before and after re-
moval of the debris. All samples were characterized by
atomic force microscopy (AFM), and phase analysis light
scattering (PALS) to obtain information on sample mor-
phology and particle size. We then investigated the sta-
bility of oxidized SWNT dispersions in cellular growth
media with varying serum concentrations, as well as hu-
man plasma. Because the dispersion state is a definite
factor influencing cell uptake and biodistribution, we
have also tested the influence of different functionaliza-
tion methods (RNA-wrapping or covalent PEGylation)
to enhance the dispersibility of oxidized SWNTs in these
environments. Finally, the effect of all samples on WiDr
colon cancer cells was investigated by means of cell vi-
ability assays, and RNA-wrapping and covalent PEGyla-
tion are discussed as options to improve CNT biocom-
patibility.

RESULTS AND DISCUSSION

Functionalization of C(NTs and Sample Characterization. Acid
oxidation is commonly used to render pristine CNTs
soluble in water and introduce functionalities to the
tube surface. In this study, the same acid oxidation pro-
tocol was applied to all samples. Because different types
of CNTs exhibit different susceptibilities toward acid
oxidation, varying extents of CNT shortening were ob-
served, as demonstrated by AFM analysis (Figure 1).
Nanolab SWNTs and long and thin MWNTs remained
most intact, followed by DWNTs, and finally CoMoCAT
SWNTs and short and thick MWNTSs. In the case of Co-
MoCAT SWNTSs, this is likely due to their smaller diam-
eter (~0.8 nm) in comparison to Nanolab SWNTs (~1.5
nm), which makes them more prone to destruction by
acids and sonication.?® In the case of short and thick
MWNTs, however, it seems likely that the reduction in
average particle size is due to size fractioning of the
CNTs during ultracentrifugation. The pristine tubes ex-
hibit diameters from 110 to 170 nm and hence, oxida-
tion of the outer layer appears to be insufficient to sol-
ubilize such heavy tubes. Only the shortest and thinnest
CNT species in the sample appear to have been ren-
dered soluble by oxidation, so that they remain in the
supernatant during high-speed ultracentrifugation. In-
deed, AFM height analysis showed that most tubes in
the sample after acid oxidation had diameters between
15 and 40 nm and few up to 80 nm (data not shown).
Furthermore, the yield was only 1%, compared to 5 and
15% for the other samples.

Phase analysis light scattering (PALS) measure-
ments of 20 wg/mL oxCNT dispersions in water were
carried out to obtain the size distributions of the vari-
ous samples. The mean values “/” of the obtained size
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Figure 1. Characterization of the CNT samples by atomic force microscopy (all images 10 um?, insets 0.8—2.5 um?) and PALS (I = trans-
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formed mean of CNT length distribution = full width at half-maximum). Concentrations are between 1 and 10 pg/mL.

distributions were subject to a mathematical transfor-
mation to account for the anisotropic shape of CNTs
(see Supporting Information for details) and are dis-
played in each panel of Figure 1. The results are in good
agreement with the AFM results, except probably in
the case of the Nanolab oxSWNTs, of which the major-
ity seems to be longer than the [ value suggests. How-
ever, this sample also contains very small CNT frag-
ments barely visible in the AFM images, thus lowering
the mean length obtained.

The PALS data furthermore indicate that removal of
oxidation debris by NaOH washing changes the mean
values of the size distributions. In the case of COMoCAT
SWNTs and short and thick MWNTSs the mean particle
size becomes slightly larger, whereas in the case of the
other CNT samples it decreases to some extent. A pos-
sible explanation might lie in the effect of oxidation de-
bris on the bundling states of the nanotubes. In the
case of longer nanotubes, such as Nanolab SWNTs,
DWNTs, and long and thin MWNTSs, oxidation debris
might promote bundling by gluing nanotubes to each

Long CNTs covered with oxidation debris:
formation of bundles glued together by debris

other, as illustrated in Figure 2. Removal of the debris
would lead to debundling of the tubes and thus to a de-
crease of the mean particle size. Short nanotubes, how-
ever, are more likely to form well-dispersed, micelle-
like structures: In this case, removal of oxidation debris
might result in the formation of agglomerates, as ob-
served for COMoCAT oxSWNTs and short and thick
MWNTs in the AFM images (Figure 1g,j), and hence re-
sult in an increase of mean particle size.

Another interesting fact is that the full width at half-
maximum (fwhm) decreases after NaOH washing, indi-
cating a narrower size distribution. This might again be
a reflection of the debundling behavior, as described
above. Debundling of long CNTs by NaOH washing re-
moves the largest structures, whereas agglomeration of
short CNTs after removal of oxidation debris removes
the smallest structures; both resulting in a narrower size
distribution.

To further investigate the effect of NaOH washing
on the morphology of oxCNTs, Nanolab oxSWNTs were
examined by Raman spectroscopy and high-resolution

Short CNTs covered with oxidation debris:
formation of micelle-like structures
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Figure 2. Possible effect of oxidation debris on the bundling behavior of (a) long CNTs, suggesting the formation of bundles,
and (b) short CNTs, suggesting the formation of micelle-like structures.

oxMWNTSs short & thick
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Figure 3. Characterization of oxSWNTs Nanolab before and after NaOH wash, as well as of the oxidation debris in the filtrate
of the NaOH wash. (a—c) HRTEM analysis, demonstrating the removal of oxidation debris by NaOH washing and the nontubu-

lar composition of the debris. (d—f) Raman analysis of the same sample to compare I/l ratios and demonstrate the resem-
blance of the filtrate’s Raman spectrum to that of common graphite.

transmission electron microscopy (HRTEM) before and
after NaOH washing (Figure 3). In addition, the oxida-
tion debris in the filtrate of the NaOH wash was ana-
lyzed by the same methods to obtain an idea of its com-
position. Figure 3a demonstrates that the surface of
the unwashed oxSWNTs is covered with a uniform layer
of oxidation debris, whereas the tubes in the washed
samples (Figure 3b) feature a cleaner surface (also vis-
ible in the AFM images in Figure 1). HRTEM analysis of
the debris fraction reveals a nontubular, globular
shaped structure (Figure 3c), mainly consisting of car-
bon, oxygen, and sodium, as detected by energy-
dispersive X-ray spectroscopy (EDX) analysis (see Fig-
ure S3 in the Supporting Information). It furthermore
shows that the sample also contains a fair quantity of
double-walled nanotubes (Figure 3b). Raman analysis of
the CNTs showed a slight decrease of the I/I ratio
from 0.068 to 0.060 after NaOH washing, indicating the
removal of defective material from the sample. Further-
more, a change in the radial breathing modes (RBMs)
can be observed (see also Figure S4, Supporting Infor-
mation). The spectrum of the unwashed sample (Figure
3d) features two main peaks at 188 and 295 cm ™', re-
lating to accumulated diameters at 1.27 and 0.79 nm. In
the spectrum of the NaOH-washed sample (Figure 3e),
however, the first peak is split up into four intense peaks
ranging from 181 to 213 cm™ " with much lower inten-
sities. This is indicative of a narrower diameter distribu-
tion, that is, due to removal of a defective outer layer of

the present double-walled tubes or dissolution of
slightly larger diameter tubes. The second peak at 295
cm ', relating to CNTs with a diameter of about 0.79
nm, remains unchanged. The Raman spectrum of the
oxidation debris in the filtrate (Figure 3f) bears a close
resemblance to the spectrum of common graphite and
indicates that the debris consists of highly disordered
graphitic carbon. The lack of RBMs confirms the ab-
sence of smaller more ordered tubular structures in the
form of SWNTs.

Besides the samples’ morphologies, their zeta po-
tentials were measured as a function of pH. The zeta po-
tential is a measure of electrostatic interactions be-
tween colloidal particles and has been used in the
literature to investigate the density of acidic sites on
the surface of MWNTSs and the stability of the colloidal
MWNT dispersions.*® An increase in absolute zeta po-
tential leads to enhanced electrostatic repulsion and is
hence associated with improvement of the stability of
particle dispersions. Herein, short and thick oxMWNTs
were chosen for zeta potential measurements, as they
contain the largest tubes with the lowest aspect ratio
and hence afford the best and most accurate results
with the phase analysis light scattering (PALS) tech-
nique, which is normally used for spherical colloids.
Both unwashed and NaOH-washed oxMWNTs were in-
vestigated to account for the effect of oxidation debris.
Figure 4 shows that in both cases the zeta potential is
least negative at pH 2. It then becomes more negative
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Figure 4. Zeta potential of short and thick MWNTSs (un-
washed and NaOH-washed) as a function of pH. The zeta
potential decreases with increasing pH as more and more
carboxylic groups become deprotonated. The zeta poten-
tial of the unwashed sample is higher because the oxida-
tion debris contains a major part of the samples’ func-
tionalities.

with increasing pH, as more carboxylic groups become
deprotonated, and finally stabilizes around pH 8. When
comparing the two different samples, it becomes ap-
parent that the zeta potential of the unwashed sample
is more negative than that of the NaOH-washed
samples over the whole pH-range. This is likely due to
the presence of oxidation debris in the unwashed
sample, which contains a major part of the samples’
functionalities®*®*>° and hence contributes to the total
zeta potential, as long as it is attached to the CNT sur-
face. At a basic pH, however, the debris detaches from
the tubes, and since the size of the particles in the de-
bris is no longer large enough to give rise to light scat-
tering it ceases to contribute to the zeta potential,
which also explains the slight increase at a pH above
10.

Stability Studies of oxCNT Dispersions in Buffers of Varying pH
and Concentrations. The pH and salt concentration in
an aqueous medium highly influences charged mol-
ecules and objects within their boundaries. Thus, the
stability of CNT dispersions is also influenced by pH
and salt concentration of the environment, and if
they are to be used for theranostic purposes, these
aspects must be studied in detail. Hence, we have
conducted a multiparameter study of CNT disper-
sion stability by subjecting dispersions of five differ-
ent types of oxidized SWNTs, DWNTs, and MWNTs
(with and without oxidation debris) to buffers of
varying concentrations and pH (2—12). As discussed
previously, oxidation debris tends to stabilize CNT

TABLE 1. Methodology for Scoring the Stability of oxCNT
Dispersions in Buffers

color/shading stability of
score extent of precipitati of sup dispersion (%)
0 total clear 0—5
1 heavy light gray 5-10
2 medium, clearly visible mid gray 10—25
3 little, barely visible dark gray 25—50
4 no visible agglomerates dark gray 50—100

dispersions by acting as a pseudosurfactant or
charge buffer. The stability of each sample was then
assessed and scored after 4 days according to a
scale from 0 to 4, as described in Table 1 and Fig-
ure S1in the Supporting Information. The semiquan-
titative character of this method has been validated
as described in Figure S2 in the Supporting Informa-
tion.

The results of the following study will be discussed
in the framework of the Derjaguin, Landau, Verwey,
and Overbeek (DLVO) theory,***" which describes the
stability of colloidal solutions as a function of attractive
forces, such as van der Waals and 7 —r interactions, and
repulsive forces caused by the electrostatic double
layer surrounding each particle. Both the zeta poten-
tial and width of the electric double layer contribute to
the total repulsive force. A higher absolute zeta poten-
tial leads to enhanced electrostatic repulsion and is
hence a major factor influencing dispersion stability.
Another aspect affecting oxCNT dispersion stability is
the type of counterions present, giving rise to a so-
called “lyotropic effect”. Although counterions of the
same valence have similar critical agglomeration con-
centrations (CACs), small differences can exist owing to
the different ion sizes. The order of the CAC for monov-
alent cationsisH™ > Cs* >Rb™* > NH," >Na™ > Li",
indicating that Na™ ions have a greater capability to in-
duce agglomeration in dispersions than H™ ions. The ly-
otropic effect is of considerable importance in this ex-
periment because of the manner in which the buffers
were prepared (citrate buffers for pH 2—6 and phos-
phate buffers from pH 7 to 12), leading to the lowest
Na™ concentrations at pH 2 and 7 and highest Na* con-
centrations at pH 6 and 12.

Taken together, the stability of the CNT dispersions
is influenced by three main parameters: the zeta poten-
tial, the Na™ concentration of the buffers, and the pres-
ence of oxidation debris in unwashed oxCNT samples.
This is illustrated in Figure 5, in which both zeta poten-
tial (A) and Na™* concentration (B) were plotted as a
function of pH and normalized so that the highest ab-
solute zeta potential and the lowest Na™ concentration
corresponded to a value of 1 (optimal dispersion stabil-
ity), and the highest Na™ concentration and lowest ab-
solute zeta potential corresponded to a value of 0 (mini-
mal dispersion stability). In the case of the unwashed
sample, a third curve (C) was generated to account for
the surfactant properties of oxidation debris in the un-
washed sample, which was normalized in the same
fashion. The resulting curves R, and R, are combina-
tions of the three effects; generated in a way to best
correlate with the experimental data. In the case of the
NaOH-washed samples, both effects A and B were
weighed equally. In the case of the unwashed samples,
however, the experimental data (Figure 6) suggest
that the effect of the oxidation debris (C) is dominat-
ing, which was implicated by giving it a higher weight
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Figure 5. lllustration of the various factors affecting CNT dispersion sta-
bility with curve A being the effect of the zeta potential, curve B being
the effect of the Na™ concentration, and curve C being the effect of the
oxidation debris’ surfactant properties as functions of pH. The result-
ing green curves R, and R, are a combination of effects A—C. A y-value
of 1 corresponds to optimal dispersion stability and a y-value of 0 to
minimal dispersion stability.

not NaOH-washed

NaOH-washed

oxSWNTs Nanolab

(75%) than the effects A and B, which were each
weighted with 12.5%. This semiempirical observation
can then be used to capture a semianalytical trend that
could be effective in describing the dispersion efficacy
of the multidimensional parameters we have used in
this study.

Effect of Buffer Concentration. Figure 6 shows the results
of our multiparameter stability study, looking at the ef-
fects of pH and salt concentration on various types of
oXCNT dispersions. With regard to the salt (buffer) con-
centration, all oxCNT dispersions agglomerate more
readily as it increases, regardless of the pH. This effect
originates from the compression of the electrical
double layer surrounding the oxCNTs by high salt con-
centrations, which destabilizes dispersions, as also de-
scribed by Peng et al.33

Effect of CNT Type and Shape. The experiment further shows
that the dimensions of the CNTs after oxidation clearly
influence the stability of the resulting CNT dispersions.
Sorting the different CNT samples by length according
to the AFM and PALS data leads to the following order:
oxSWNTs Nanolab >=> oxDWNTs >=> oxMWNTs (long
and thin) => oxMWNTs (short and thick) >=> oxSWNTs
CoMoCAT. A comparison with the solubility profiles in
Figure 6 indicates that the order is the same for disper-

oXxDWNTs

oxSWNTs CoMoCAT

stabilly of dispersion

sion stability: oxSWNTs Nanolab being most sensitive
to changes in buffer pH and concentration and Co-
MoCAT oxSWNTs and short and thick MWNTs being
somewhat insensitive to these parameters. This behav-
ior can be attributed to the fact that long CNTs are
prone to increased intertube attraction due to van der
Waals forces and w— interactions (assuming a similar
extent of surface oxidation) and are thereby more likely
to form agglomerates and bundles in comparison to
short CNTs.

Effect of pH. The effect of pH is in fact a superposi-
tion of three separate factors—zeta potential, Na™
ion concentration, and presence of oxidation debris.
To simplify discussion of the experimental findings,
we combined these effects in a resulting curve, as il-
lustrated in Figure 5. Curve A illustrates the effect
of the zeta potential on dispersion stability: In the
case of carbon nanotubes, the absolute zeta poten-
tial is lowest at low pH, where most carboxylic
groups are protonated (and hence uncharged), re-
sulting in poor aqueous solubility. Theoretically, the
lowest solubility would appear around the isoelectric
point of CNTs or “point of zero charge”, which lies
at a pH of about 1.% The further the pH deviates
from the isoelectric point, the more carboxylic
groups become deprotonated, leading to a higher
absolute zeta potential and enhanced dispersion sta-
bility.** Curve B describes the lyotropic effect caused
by changes in the Na™ concentration, due to the
way the buffers are composed (the curve was gener-
ated by inverting and normalizing the Na™ concen-
tration in the buffers). It features two minima at pH 6
and 12, where the Na™ concentration is highest
and thus exerts the strongest destabilizing effect.
Curve C was generated to account for the effect of
oxidation debris in the unwashed sample. Its interac-
tion with the CNT surface is strongest at low pH
and becomes weaker with increasing pH, until it
completely detaches at a pH > 11 due to increased
hydrophilicity of both the debris and the CNTs,

oxMWNTs short & thick

oXMWNTs long & thin

StaBilty of disparsion

Stabilty of dispersion

%lnw
% 50

Figure 6. Results of the stability studies of oxCNTs at a pH range from 2 to 12 and buffer concentrations ranging from 10 to 50 mM. Red
coloring corresponds to optimal dispersion stability and blue coloring corresponds to minimal dispersion stability.
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Figure 7. (a) Stability of oxidized SWNTs (unwashed & NaOH-washed) with different surface coatings in cellular growth me-
dium of varying serum concentrations (0—10%). Note that the error bars are included, but very small and thus hardly visible.
(b) Influence of the PEG density on the stability of oxidized SWNTs in cellular growth medium. (c) Stability of oxidized SWNTs

with different surface coatings in human plasma.

which weakens the m— interactions. In fact, Fig-
ure 6 shows that unwashed CNTs are much less sus-
ceptible to agglomeration at lower buffer concentra-
tions than their NaOH-washed counterparts. Only at
pH > 11, where total detachment of the debris oc-
curs, does the solubility of unwashed oxCNTs drop
almost instantly. Because the experimental results
indicate that the shape of the stability profiles is
dominated by this effect, it was given a higher
weighting in the semiempirical model than the ef-
fect of zeta potential and Na™ concentration, as in-
dicated above.

In summary, CNT dispersions containing short and
unwashed tubes exhibit the best stability. However,
the presence of oxidation debris is not always desir-
able, especially if molecules are to be attached to the
CNT surface in a covalent manner. In these cases, ag-
glomeration can be evaded by using buffers of low con-
centrations and low Na™ content.

Stability Study of SWNTSs in Cellular Growth Media of Varying
Serum Concentrations. For biomedical use, the require-
ments of CNTs to be stable in both buffer solutions

and the various physiological environments they
encounter in the body are critical prerequisites.
The stability of oxidized Nanolab SWNTs with differ-
ent surface functionalizations was therefore investi-
gated in cellular growth media of varying serum con-
centrations, as well as in human plasma (Figure 7).
The two selected functionalization schemes, PEGyla-
tion and RNA-wrapping, are of particular clinical im-
portance. PEGylation of drugs and nanoparticulate-
drug formulations is a widely used approach to
reduce immunogenicity and nonspecific interac-
tions with proteins, as well as to enhance blood cir-
culation times. RNA-wrapping, on the other hand, is
highly relevant with regard to the delivery of thera-
peutic RNA, such as siRNA and mRNA, which are nu-
cleic acids directly functional in cells. Furthermore,
RNA is less mutagenic than DNA, as it cannot inte-
grate into the host chromosome and can be effi-
ciently used for the purification of carbon nano-
tubes, if the RNA is subsequently removed by the
enzyme RNase, as demonstrated in previous work
of our group."”



We tested the dispersion stability of various oxi-
dized SWNT samples in cell medium by incubating
them in the medium for 24 h, followed by a centrifuga-
tion step to remove agglomerates that might have
formed. The amount of remaining nanotubes in the su-
pernatant was determined by UV—vis absorption spec-
troscopy with a SWNT in water dispersion serving as
the 100% value. To examine the influence of the se-
rum concentration, five different serum concentrations
were tested, ranging from 0 to 10%. Furthermore, we
compared unwashed and NaOH-washed SWNTs and in-
vestigated whether RNA-wrapping and PEGylation can
improve dispersion stability. Figure 7a shows that all in-
vestigated CNT formulations were poorly stable in
serum-free cellular growth medium. This is not surpris-
ing, since serum-free medium is nothing more than a
solution of various salts and other compounds at a con-
centration of 154 mM—a concentration, at which all ox-
CNT formulations investigated in this study immedi-
ately precipitated. However, the presence of only 2.5%
fetal calf serum (FCS) increased the dispersion stability
by more than 50%, presumably due to serum proteins
attaching to the CNT surface. A further increase in FCS
concentration resulted in 80—90% stability and thus be-
came comparable to that of CNTs in water. The high-
est stability was obtained for unwashed, PEGylated ox-
SWNTSs with a stability of 100% in both water and FCS-
supplemented cell medium, whereas RNA-wrapped,
nonoxidized CNTs were the least stable with only 49%
in water and 38% in FCS-supplemented cell medium.
The other oxidized CNTs gave similar high levels of sta-
bility with PEGylated, NaOH-washed oxSWNTs being
the least stable. In this particular case, the nanotubes
precipitated during the PEGylation reaction and al-
though they could be redispersed after completion of
the coupling reaction, the sample nevertheless seemed
to have forfeited stability.

In a separate study we tested whether the PEG
density affects the dispersion stability of PEGylated
oxSWNTs in cell medium. Instead of Nanolab SWNTs
we have used oxidized CoMoCAT SWNTs for this ex-
periment, as they are more stable and thus also al-
lowed us to study the dispersion stability in serum-
free cell medium, which, in comparison, caused
almost complete precipitation of PEGylated Nano-
lab oxSWNTs. The oxidized nanotubes were conju-
gated to amine-terminated PEG molecules at initial
weight ratios ranging from 50:1 to 1:1 (50:1 was the
ratio used in the experiment presented in Figure 7a).
Unreacted PEG was removed after the reaction. Fig-
ure 7b shows that higher PEG densities indeed im-
prove the dispersion stability in serum-free cell me-
dium to a significant extent. An initial PEG/CNT ratio
of 50:1 is able to keep 60% of the nanotubes in dis-
persion, likely due to electrostatic repulsion of the
positively charged PEG chains. At lower PEG/CNT ra-
tios, this effect decreases until it is no longer suffi-

cient to maintain the systems’ dispersion stability. A
similar trend is observed in cell medium containing
10% FCS, again with the highest initial PEG/CNT ra-
tio affording the highest dispersion stability. It is,
however, much less substantial, which is in accor-
dance with the fact that PEG prevents nonspecific in-
teractions with serum proteins (seen also in Figure
7¢). The observed stabilizing effect caused by serum
proteins is likely due to electrostatic interactions of
the proteins with the terminal amine group of the
PEG chains, resulting in steric stabilization, rather
than to proteins adsorbing onto the CNT surface.

We have also tested the dispersion stability of the
SWNT samples in human plasma in order to simulate
the therapeutic application of CNTs. In this case UV—vis
absorption spectroscopy cannot be used, as plasma ab-
sorbs at wavelengths around 600—1000 nm. Instead,
we measured the increase in particle size due to ag-
glomeration effects by PALS measurements after a 96 h
incubation period in plasma. The particle size of the
same sample in water served as a control. Figure 7¢c
shows that after the incubation period, the mean par-
ticle size increased from 455 (oxCNTs in water) to 642
nm, which is likely due to attachment of plasma pro-
teins, such as fibrinogen, albumin, and apolipoproteins,
to the CNT surface.® Note that fibrinogen is only
present in plasma, but not in serum. These nonspecific
interactions between plasma proteins and CNTs can be
prevented by an appropriate surface functionalization
scheme. In this article, we have tested RNA-wrapping
and covalent PEGylation as two possibilities. As Figure
7b shows, RNA-wrapping resulted only in a slight de-
crease of mean particle size (about 30 nm), which is
likely due to degradation of RNA in biological environ-
ments by RNases after a certain period. Covalent PEGy-
lation, however, decreased the mean particle size by
140 nm (from 642 to 502 nm), which is only 46 nm more
than the mean particle size of the oxCNT sample in wa-
ter. This shows that covalent PEGylation can effectively
prevent nonspecific adsorption of plasma proteins to
the nanotube surface.

These experiments demonstrate that the dispersion
properties of oxCNTs are significantly changed when
passing from a chemical environment to a biological
environment due to high salt concentrations and the
attachment of plasma/serum proteins to the CNT sur-
face. Although the latter can help to stabilize oxCNT dis-
persions, especially at high salt concentrations as found
in the body, it might be disadvantageous when it re-
places functional surface coatings. Thus, it is usually the
best option to design carbon nanotubes with intended
biomedical use in such a way that nonspecific interac-
tions with proteins are prevented, for example by
PEGylation.

Cell Viability Assays. A study by Becker et al.>” demon-
strated that adherent human lung fibroblasts preferen-
tially take up nanotubes shorter than 200 nm, indicating
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Figure 8. Results of adapted MTT cytotoxicity assay on WiDr human colon cancer cells after an incubation period of 96 h
with various samples of oxCNTs (NaOH-washed) at concentrations ranging from 0.5 to 20 pg/mL. (a) Dose—response curves
for the five different types of CNTs, showing no dose-dependent cytotoxicity at this concentration range, (b) average cell vi-
ability for Nanolab oxSWNTs with different surface functionalizations, indicating that PEGylation results in a statistically sig-
nificant enhancement in cell viability. The “cells only” control correlates with 100% cell viability.

that the dispersion state of CNTs is likely to influence
cellular exposure, cytotoxicity, and response of cells to
CNTs. They observed acute cytotoxicity only for very
high CNT concentrations (197 and 360 g/mL), which
is about 10-times higher than concentrations typically
used in in vitro and in vivo experiments. However, their
study examined only one CNT sample (CoMoCAT
SWNTs wrapped with DNA), which was separated into
different length fractions. In our experiments, we incu-
bated WiDr colon cancer cells with five different oxCNT
samples (all NaOH-washed) at various concentrations
for 96 h to investigate the effect of CNT size and disper-
sion properties on cell viability. The applied MTT viabil-
ity assay is a standard colorimetric assay, which mea-
sures the activity of mitochondrial enzymes reducing
the MTT reagent (thiazolyl blue tetrazolium bromide)
to yield a purple formazan product.** Because it has
been reported that some viability assays, including MTT,
can lead to false positive results when used with CNTs
due to assay reagent adsorbing to the CNT surface,*
we exchanged the cell medium containing the CNT
with fresh medium just before adding the MTT dye.
Our main goal was to examine the effect of CNT dimen-
sions and different surface funtionalizations on cell vi-
ability at concentrations commonly used for in vitro and
in vivo experiments.

Figure 8 shows the viability curves of WiDr colon
cancer cells as measured by an adapted MTT assay,
which have been incubated with the five different ox-
CNT samples for 96 h. The viability curves do not show
a dose-dependent toxicity, which might be attributed
to the fact that cellular uptake of CNTs is incomplete,
and thus the effective CNT concentrations acting upon
the cells are lower than the inoculation concentrations.
All CNT samples, however, induced about 5—15% cell
death after the incubation period, independent of the
inoculation concentration. This might be due to inhibi-
tion of cell proliferation*® or decreased adhesion,*”

which are both effects that would be predominantly
observed for long incubation times, as seen in our
study. A length-dependent effect on cell viability was
not observed for the tested concentration range, but
might become apparent at higher CNT concentrations.
In the second part of this study, the effect of two differ-
ent types of surface functionalizations on cell viability
was examined. RNA-wrapping did not significantly re-
duce the cytotoxic effect of the CNT samples, but PEGy-
lation resulted in a statistically significant enhance-
ment in cell viability (83% compared to 75%). This
might be due to better dispersion stability or could be
a consequence of the ability of PEGylation to reduce
nonspecific uptake by cells,*® an ability, which is often
utilized in the framework of targeted drug delivery
studies.

In parallel studies, we are currently looking at more
subtle changes in cellular behavior after CNT exposure,
such as stress response. This also includes a greater
number of cell lines, as previous studies have demon-
strated that most toxicological effects of CNTs depend
on the cell type. The results of these studies will be pub-
lished separately in the near future.

CONCLUSIONS

This study is the first of its kind to present a multipa-
rameter stability analysis of various types of functional-
ized CNTs in environments relevant for biomedical
studies. Its findings are of considerable value for select-
ing the most appropriate material and functionaliza-
tion protocol for in vitro or in vivo applications. We dem-
onstrate that the same acid oxidation protocol leaves
some CNT samples nearly unaltered, whereas others are
significantly broken up, leading to altered CNT dimen-
sions and surface properties, which in turn influence
their dispersion in salt solutions, cellular growth me-
dia, and human plasma. A similar diversity was found
for the effect of the removal of oxidation debris, which



leaves the tubes with a clean surface, but also impairs
dispersion stability. However, functionalization of CNTs
with appropriate biomolecules allows for tailoring of
their surface properties and is shown to improve disper-
sion stability, as well as to reduce cytotoxicity. Overall,
this study demonstrates that an extended knowledge

EXPERIMENTAL SECTION

Material. SWeNT SG 65 were obtained from SouthWest Nano-
Technologies via Sigma-Aldrich (produced by CoMoCAT, tube di-
ameter 0.8 = 0.1 nm, carbon content >90% by weight, >50%
of tubes are (6,5) chirality, >90% of tubes are semiconducting,
order no. 70414, lot no. MKBB63098). SWNTs D1.5L1-5-S were
purchased from NanolLab, Inc. (produced by CVD using iron (fer-
rocene) as catalyst, purity >95%, diameter ~1.5 nm, length
1—5 pm, lot no. 90907). MWNTSs 1 and 2 were both obtained
from Sigma-Aldrich (MWNTs 1: produced by CVD, outer diam-
eter 10—20 nm, inner diameter 5—10 nm, length 0.5—200 pwm,
carbon content >95%, order no. 636525, lot no. 03826TB.
MWNTs 2: diameter 110—170 nm, length 5—9 wm, carbon con-
tent >90%, order no. 659258, lot no. 04121HD). DWNTs were
synthesized at CIRIMAT-LCMIE, Université Paul Sabatier in Tou-
louse, France.

The different nanotube samples are referred to as follows:
SWeNT SG 65 as “CoMoCAT SWNTs”, SWNTs D1.5L1-5-S as
“Nanolab SWNTs”, MWNTSs 1 as “long and thin MWNTs”, MWNTs
2 as “short and thick MWNTs”, DWNTs as “DWNTs".

Other chemicals were purchased from Sigma-Aldrich (Poole,
U.K)) and used without further treatment. The applied RNA
(R6750) was derived from baker’s yeast (S. cerevisiae).

Functionalization of CNTs. Acid oxidation of CNTs was carried
out as follows: 100 mg of CNTs were dispersed in 20 mL of con-
centrated nitric acid, sonicated with a tip sonicator (MSE Soni-
prep 150, amplitude 8 wm) for 6 X 10 s, and incubated in a wa-
ter bath at 95 °C for 2 h. After oxidation, the acid was diluted with
water, and the mixture was centrifuged for 10 min at 50000g, fol-
lowed by extensive washing with water. These pretreated CNTs
were then redispersed in a 3:1 mixture of concentrated nitric and
sulfuric acid and the above-described process was repeated. Af-
terward, the oxidized CNTs were vacuum filtered using a 0.2 pm
polycarbonate filter (Whatman Ltd.) until the eluate was clear
and of neutral pH (unwashed sample). The product was split into
two parts, of which one was washed with 0.01 M sodium hydrox-
ide to remove oxidation debris, followed by washing with wa-
ter until the eluate was clear and of neutral pH (NaOH-washed
sample). The filtrate was collected for further analysis. Both parts
were then sonicated with a tip sonicator for 6 X 10 s and centri-
fuged three times at 75000g to remove big agglomerates and
CNT bundles. The concentration of these dispersions was deter-
mined gravimetrically.

To prepare pristine, RNA-wrapped CNTs, 20 mg of RNA was
dissolved in 10 mL of water and mixed with 20 mg of pristine
CNTs. The mixture was sonicated with a tip sonicator for6 X 10s
and in a water bath for 90 min. To remove insufficiently function-
alized CNTs, the dispersion was centrifuged at 750009 for 15
min. The supernatant was collected and filtered through a 0.2
wm polycarbonate filter to remove excess RNA. Finally, the con-
centration was determined gravimetrically and adjusted to 50
wg/mL or 200 pwg/mL. To wrap oxidized CNTs with RNA, 1 mg of
RNA was dissolved in 1 mL of water and added to 20 mL of a
50 pg/mL oxCNT dispersion. The mixture was tip sonicated for
6 X 10 s and repeatedly filtered through a polycarbonate filter
(0.2 wm pore size) to remove excess RNA. Finally, the functional-
ized oxCNTs were resuspended in water.

For covalent PEGylation of oxidized carbon nanotubes, an
oxCNT dispersion in 1T mM sodium phosphate buffer pH 8.0 was
mixed with EDC (2 mM) and sulfo-NHS (5 mM) and stirred at
room temperature for 15 min. Next, 0.5 mL of amine-terminated
PEG 2000 (50 mM) was added to the mixture, tip sonicated for
10's, and incubated for 2 h at room temperature while stirring. Fi-

of CNT dispersion is of paramount importance, if they
are to fulfill their promise for applications in the bio-
medical field, for example as theranostic vehicles. It
thereby provides a valuable platform for the develop-
ment of CNT formulations for current and future bio-
medical applications.

nally, the PEGylated oxCNTs were filtered using a 0.2 .m polycar-
bonate filter, washed abundantly with water to remove excess
reagents, and resuspended in water at a concentration of 50 g/
mL.

Sample Characterization. The CNT samples in this work were
characterized by atomic force microscopy (AFM), high resolu-
tion transmission electron microscopy (HR-TEM), Raman spec-
troscopy, and zeta potential measurements. For AFM sample
preparation, oxCNTs were diluted with water to obtain a concen-
tration of 10 wg/mL and a droplet of 2 pL was placed onto a
freshly cleaved mica substrate (1 cm?) and dried in air. AFM mea-
surements were performed using a PicoPlus instrument (Agi-
lent Technologies, Chandler, AZ) operated in contact mode at
room temperature with a lateral scan rate of 1—1.5 Hz at 512
lines. Data analysis was carried out using “Gwyddion 2.9"', a free
SPM data visualization and imaging tool released under the
GNU General Public License. HR-TEM and EDX analysis was car-
ried out using a high resolution transmission electron micro-
scope JEOL-EM 2100. Raman spectroscopy measurements were
performed using a NT-MDT NTEGRA Spectra Probe NanoLabora-
tory at an excitation wavelength of 633 nm. The particle size dis-
tributions of oxCNT dispersions were measured for 20 p.g/mL ox-
CNT dispersions in water using a Brookhaven ZetaPALS
(Holsville, New York) by means of phase analysis light scattering
(PALS), and the results were subjected to a mathematical trans-
formation in order to account for the anisotropy of a tubular
sample as developed by Cherkasova et al.*® (Supporting Informa-
tion). The zeta potential { was measured using the same instru-
ment and 5 mM citrate or phosphate buffers from pH 2 to 12
(ionic strength = 30 mM), and the results were plotted as a func-
tion of pH. Each data point is the mean value of 10 runs, each
comprising 20 measurement cycles. The { values are calculated
from the particle mobilities by means of the
Helmholtz—Smoluchowski equation.

Stability Studies of oxCNT Dispersions in Buffers of Varying pH and
Concentrations. Solutions of buffer (100 mM) of pH 2 to 12 were
produced using mixtures of 100 mM citric acid/trisodium citrate
solutions for pH 2—6 and 100 mM monobasic/tribasic sodium
phosphate solutions for pH 7—12. As citrate and phosphate have
the same valency, this guarantees the same ionic strength for
all buffer solutions. Furthermore, the distribution of the pK, val-
ues guarantees good buffering properties over the whole pH
range with an exception of pH 9 and 10 (located within the steep
part of the titration curve). For these cases, it was separately con-
firmed that the buffering capacity is sufficient to maintain a
stable pH after the addition of oxidized CNTs. In the next step,
20 pg/mL oxCNT solutions were mixed with the buffers at vari-
ous concentrations to achieve a final oxCNT concentration of 10
wrg/mL and final buffer concentrations of 10, 20, 30, 40, or 50
mM. The stability of each solution was rated after 4 days accord-
ing to a scale from 0 to 4, as described in Table 1 and Figure S1
in the Supporting Information. For more information on method
validation please refer to the Supporting Information.

Stability Study of SWNTs in Cellular Growth Medium of Varying Serum
Concentration. Fetal calf serum (FCS) was added to MEM-based,
phenol red-free cellular growth medium (GIBCO, Invitrogen, Pais-
ley, U.K.)) supplemented with GlutaMAX and antibiotics in order
to create FCS concentrations of 0%, 2.5%, 5%, 7.5%, and 10%.
Next, five different Nanolab SWNT samples were mixed with the
different media formulations at final CNT concentrations of 10
rg/mL. The samples comprised pristine, RNA-wrapped SWNTs,
oxidized SWNTs (NaOH-washed and unwashed), RNA-wrapped,
oxidized SWNTs (NaOH-washed and unwashed), as well as PEGy-
lated, oxidized SWNTs (NaOH-washed and unwashed). After



one day of incubation, all samples were centrifuged at 145009
for 10 min, and the supernatants were analyzed by UV —vis spec-
troscopy at a wavelength of 730 nm, which is outside of the ab-
sorption window of FCS.

Evaluating the Effect of the Various Nanotube Preparations on Cell
Viability. WiDr cells were cultured in Eagle’s minimal essential me-
dium (MEM) supplemented with 2 mM L-glutamine, 10% fetal
bovine serum, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, and penicillin/streptomycin (100 units/mL penicil-
lin and 100 pg/mL streptomycin) for use in a 5% CO, in air atmo-
sphere. Cultured cells in single cell suspension were seeded at a
density of 10 cells per well and incubated for 24 h. The follow-
ing day, dilution series of all CNT samples in cellular growth me-
dia were prepared, and the appropriate amounts of CNTs were
added to the wells to obtain final CNT concentrations of 20, 10,
5,2,1,and 0.5 wg/mL. After an incubation period of 96 h, the old
culture medium containing the CNTs was replaced with fresh
medium, and cell viability was evaluated by means of the MTT as-
say.** Each sample was tested in quadruplicate.
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