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D
evelopment of single-wall carbon
nanotube (SWCNT)-based cellular
technologies requires advances in

multiple fronts, such as generation of bio-
compatible SWCNTs that are not toxic, do
not illicit an immune response, and do not
interfere with normal cell processes, while
maintaining the inherent properties of
SWCNTs. Initially, nonpurified, bundled,
and long SWCNTs had been associated with
toxicity and negative cellular effects.1�4

Purification of SWCNTs to remove catalyst
and carbonaceous impurities,5,6 dispersion
into isolated tubes using biocompatible
agents,3,7�22 and selection of short (100s
of nm) SWCNTs for optimal cellular delivery23

has produced nontoxic SWCNTs appropri-
ate for biological applications. These bio-
compatible SWCNTs have been utilized as
drug delivery platforms,9 showing promis-
ing results in vitro specifically for anticancer
drug8,24�29 and nucleic acid30�32 delivery
inside the cell. Other studies have shown that
SWCNTsenter cellsviaendocytosis4,13,19,20,33�35

and localize within different compartments
of the cell.7,36�39 SWCNTs, visualized directly
by Raman spectroscopy2,4,7,8,20,35,36,38,40,41

and near-infrared (NIR) fluorescence
microscopy19,21,22,37,42 or via fluorescent
conjugation,24,29,39,42�47 can remain in cells
for months with little deleterious effects.38

Examination of the time- and concentra-
tion-dependent rates of SWCNT uptake and
an ability of cells to recover from SWCNT
exposure, albeit over a limited range of
dosage level and exposure time, has pro-
vided insight into cell�SWCNT interactions.
Uptake and recovery has been investigated
for SWCNTs coated with Pluronic F108, a
bioinert polymer, with murine macro-
phages at low SWCNT concentrations of
e8 μg mL�1 between 1 and 24 h using
fluorescence spectroscopy.21 Single-particle
tracking using SWCNT fluorescence34 has

been used to determine the uptake of
individual SWCNTs coated with DNA for
single or double pulsed exposurewith pulse
widths typically on the order ofminutes.19,20

In this paper, we report uptake rates for
bovine serum albumin (BSA)-stabilized
SWCNTs7 over two decades in SWCNT
concentration and multiple decades of ex-
posure time. We quantified SWCNT concen-
tration in cells using Raman spectroscopy,
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ABSTRACT

Single-wall carbon nanotubes (SWCNTs) are increasingly being investigated for use in

biomedical applications for intracellular imaging and ablation, as well as vehicles for drug

and gene delivery. One major obstacle to the development of safe, controlled, and effective

SWCNT-based biomedical materials is limited quantification of dosage- and time-dependent

uptake kinetics, cellular effects, and recovery profiles. Here, we quantified NIH-3T3 cellular

uptake of and recovery from individualized SWCNTs dispersed using a biocompatible dispersing

agent, bovine serum albumin (BSA). Uptake and recovery were determined by monitoring the

mass of SWCNTs-BSA per cell, as a function of SWCNTs-BSA over the concentration range of 1 to

100 μg mL�1 and time range of seconds to days. To determine SWCNTs-BSA biocompatibility

as a function of uptake and recovery, cytotoxicity, proliferation potential, and cell phenotype

were monitored for each condition. Interestingly, the rate of cellular uptake of SWCNTs-BSA

was rapid, reaching steady state within ∼1 min, in agreement with modeling. We also

observed a threshold SWCNT exposure level (>1 μg mL�1) above which internalization is

saturated and uptake scales linearly with exposure amount. Cells were able to recover from

SWCNTs-BSA over∼30 h, regardless of dosage level or exposure time. We suggest that these

differential rates of uptake and recovery, quantified in our work, may enable cell-based SWCNT

delivery systems.

KEYWORDS: carbon nanotube . uptake . recovery . NIH-3T3 cells .
bovine serum albumin
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which identifies all SWCNTs in a linear regime.We show
via experiment and an analytic model that SWCNTs-
BSA reach steady-state internalization in one minute
and that there is a threshold value of external concen-
tration above which cellular uptake machinery is satu-
rated. We also quantified the time- and concentration-
dependent recovery rates from SWCNT exposure,
showing that cells expel SWCNTs-BSA within days
and recover cellular functions.

RESULTS AND DISCUSSION

Short-Time Rates of SWCNT Uptake. To determine the
time-dependent uptake of SWCNTs-BSA, we first esti-
mated the time scale for internalization via modeling.
Previous investigations of the endocytosis and exocy-
tosis of individual SWCNTs-DNA presented models
with parameters of internalization and expulsion for
pulses of SWCNTs-DNA exposure.19,20 We used a sim-
plified analytic model using these parameters from the
pulsed exposure system for our system of continuous
exposure to SWCNTs-BSA. Since cell uptake of SWCNTs
occurs via endocytosis for SWCNTs with all dispersants
examined thus far,4,13,33 we hypothesized that rates of
internalization would be cell-dependent but indepen-
dent of dispersant type. Our model suggests that
internalization occurs rapidly, with steady state being
reached in ∼1 min (Figure 1A).

Focusing on this time scale, we then designed
experiments to determine time- and concentration-
dependent uptake of SWCNTs-BSA by NIH-3T3 cells for
exposure times ranging from 5 s to 40 min at concen-
trations of 1, 30, and 100 μg mL�1. We quantified
SWCNTs-BSA uptake using Raman spectroscopy; cali-
bration curves show linear Raman intensity over the
experimental SWCNTs-BSA concentration range
(Supporting Information, Figure 1). Our experimental
measurements agree with our model and show that
the mass of SWCNTs-BSA per cell rapidly reached a
steady state within ∼1 min (Figure 1B). Previous stud-
ies of SWCNTs-DNA show experimental steady state at
e30 min20 or ∼2 h.19 SWCNT uptake with BSA as a
dispersing agent may be more rapid than negatively
charged DNA due to charge differences (possibly
Columbic repulsion) and possible cell-surface receptor
interaction. We also observed an order of magnitude
higher SWCNTs-BSA uptake (intracellular levels
compared with extracellular treatment levels) than
SWCNTs-DNA.19,20 Thus, the BSA coating on SWCNTs
increases the kinetics and steady-state levels of
SWCNTs by more than an order of magnitude over
DNA coating.

To obtain parameters useful for designing po-
tential SWCNT-based biotechnologies, we used the
forward finite difference operator to calculate the
time-dependent uptake rate for each concentration
(Figure 1C). At very short times (seconds), there is a
positive internalization rate, in general agreement

with the model's predictions. From 10 to 100 s, there
appears to be damped oscillations in the uptake rate,
but sample acquisition rates were insufficient to
satisfy the Nyquest theorem to determine potential
higher frequency components.48 These rates con-
firmed that there is no net uptake after ∼1 min. The
steady state was established possibly due to a balance
between endocytosis and exocytosis of SWCNTs-BSA;
we note that similar behavior was also observed for
SWCNTs-DNA.20

Long-Time Rates of SWCNT Uptake. Although short-time
results showed steady-state SWCNTs-BSA internaliza-
tion within 1 min, cellular changes have been ob-
served by us3 and others1 for substantially longer
times, likely related to the time scale of cellular
processes. Therefore, we performed internalization
experiments with exposure times between 1 and
48 h. In agreement with the short-time results, the
overall internalization of SWCNTs-BSA per cell remained
constant, even after 48 h of continual exposure
(Figure 2A, B).

By completely removing the SWCNTs-BSA-contain-
ing media (Figure 2B, D, F) or by performing a vigorous
phosphate-bufferedsaline (PBS)washstep (Figure2A,C, E),
we observed changes in uptake amount but not
uptake rate. The wash step significantly reduced

Figure 1. Concentration-dependent uptakeof SWCNTs-BSA
at short time. (a) Analytic solutions of endocytosis models
with parameters from previously reported data19 demon-
strated rapid uptake, reaching steady state in ∼1 min.
(b) Experimentally determined uptake of SWCNTs-BSA into
NIH-3T3 cells confirmed that a steady level of internalization
was rapidly reached for different concentrations. (c) The
rate of SWCNTs-BSA uptake, calculated from uptake data,
showeda positive rate at very early time (<10 s), followedby
oscillations, and zero at longer time.
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(ANOVA, p < 0.005) the amount of SWCNTs-BSA asso-
ciated with cells at each concentration. Since we have
previously shown that SWCNTs associate with cell
membranes,4 we attribute this differential mass of
SWCNTs to be associated with the cell membrane
and, to a smaller degree, the substrate. While it is
possible that agitation during the wash step may have
removed cells with extremely high levels of SWCNTs
that were consequently weakly attached to the sub-
strate, we find this to be unlikely since Raman imaging
of cells showed a homogeneous distribution of
SWCNTs, as discussed later. We suggest that the sig-
nificant mass of SWCNTs associated with the cell
membrane allows fast steady-state internalization of
SWCNTs-BSA by reducing diffusion limitations via re-
duction of dimensionality.

To determine the long-time parameters of interna-
lization, finite difference operations were performed.
As expected from the short-time results, the time-
dependent uptake rates are 0 at long times

(Figure 2C, D). Concentration-dependent internaliza-
tion rateswere determined bydividing the internalized
SWCNT mass per cell by the external SWCNT concen-
tration. Average concentration rates are similar for
both 30 and 100 μg mL�1 exposures (∼0.1 and ∼0.6
(pg cell�1)/(μg mL�1), for wash and no wash,
respectfully). However, the concentration rate is higher
for 1 μg mL�1 (∼0.4 and ∼6 (pg cell�1)/(μg mL�1), for
wash and no wash, respectfully). Since we have ob-
served that a considerable amount of SWCNTs interact
with cell membranes, it is possible that the membrane
component, when exposed to 1 μg mL�1, is nontrivial
compared to the mass internalized. This difference
in concentration rates between 1 versus 30 and
100 μg mL�1 suggests a threshold value of exposure
between 1 and 30 μg mL�1, below which the cell
internalization machinery is not saturated and above
which the machinery is saturated. As many studies
investigate only low concentrations (∼1 μg mL�1) and
potential chronic workplace exposure would occur at

Figure 2. Concentration-dependent uptake of SWCNTs-BSA at long time. (a) SWCNTs-BSA internalization was quantified for
cells with a PBS wash step prior to analysis. (b) Without the supplemental wash step, more SWCNTs-BSA were observed with
cells, likely fromweakmembrane association. Time-dependent rates of SWCNTs-BSA uptake showed little change per time or
concentrationwith (c) or without (d) awash step. (e and f) Concentration-dependent rates of uptake are shownper time point
per concentration. The average per concentration across all time is reported in the figure. While 30 and 100 μg mL�1 have
similar coefficients, 1 μgmL�1 is strikingly higher, potentially due to a higher ratio ofmembrane to fully internalized SWCNTs.
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low concentrations, this threshold is critical to under-
standing the cell response to SWCNTs at these low
levels in juxtaposition to higher exposure levels, espe-
cially since the rate of internalization for subthreshold
exposure levels is substantially higher than superthres-
hold levels.

SWCNTs-BSA Concentration-Dependent Biocompatibility. To
correlate rates of SWCNT uptake with deleterious
cellular effects, we determined cell viability, prolifera-
tion, and gross cellular morphology. We imaged cells
with phase contrast and fluorescence microscopy,
since fluorescence assays of proliferation and viability
are nonlinearly quenched by SWCNTs.1,49 We have
previously found that SWCNTs influenced cells at low
initial seeding density3 (∼1.5 � 104 cells cm�2; 1/2
of standard seeding density).50 These NIH-3T3 cells,
seeded at low density, displayed a dose-dependent
reduction in proliferation (Figure 3A) and an increase
in acute cytotoxicity (Figure 3B). Cells exposed
to the highest concentration of SWCNTs-BSA (i.e.,
100 μg mL�1) essentially did not proliferate from their
pre-SWCNTs-BSA levels (Supporting Information, Figure 2)
and are virtually all propidium iodine (PI)-positive,
indicating acute cytotoxicity. However, cells prolifer-
ated when seeded at a standard density50 of ∼3.0 �
104 cells cm�2 (Figure 3C) and did not show SWCNTs-
BSA-induced cytotoxicity (Figure 3D and Supporting
Information, Figure 3). We suggest that the seeding
density-dependent reduction in proliferation may
be related to focal adhesions and cell spreading:
cells at low seeding density, where cell�substrate
interactions are more important than cell�cell inter-
actions, may be unable to effectively spread51 or
form focal adhesions due to SWCNT-mediated actin
reorganization.3,52,53 Also, SWCNT interactions with
the cell membrane may alter cell�cell signaling at
low cell density. Fortunately for potential SWCNT-
based biomedical devices, minimal deleterious cellular
effects were observed at higher seeding densities,
suggesting that SWCNTs would not be acutely cyto-
toxic in vivo.

Recovery from SWCNTs-BSA. An important considera-
tion for SWCNT-based biomedical applications and
potential workplace exposure to SWCNTs is recovery
of cells after SWCNT exposure. To this end, NIH-3T3
cells were exposed to SWCNTs-BSA for 16 h at varying
concentrations, were passaged, and were then either
allowed to recover (i.e., given fresh, SWCNTs-BSA-free
media) or perpetually exposed to SWCNTs-BSA. After
passage, cells were seeded at the standard density to
avoid confounding low seeding density effects with an
inability to recover. Cell proliferation was tracked as a
function of time per experimental condition and fit
with an exponential curve to obtain a proliferation time
constant (τ, Figure 4A). Both recovery and perpetually
exposed SWCNT samples across the range of concen-
trations showed no statistical change in proliferation

time constants compared with control (p values >0.5),
and no experimental condition was acutely cytotoxic
(Figure 4B). These results demonstrate that cells ex-
posed to SWCNTs-BSA are able to grow and divide
normally.

To determine cellular recovery from SWCNTs-BSA
exposure, we monitored both the cellular expulsion of
SWCNTs-BSA into the media and the cellular retention
of SWCNTs-BSA as a function of time and original
SWCNTs-BSA concentration. After passage and 1 h of
fresh, SWCNT-free media, the SWCNTs-BSA retained
per cell weremoderately reduced and remained on the
order of pg cell�1 (Figure 4C). Correspondingly, at 1 h
the concentration of SWCNTs-BSA in the media nor-
malized per cell was large (Figure 4D). In general, the
data showed two distinct time periods of recovery.
Immediately after passage (0 h), the cells began to
adhere to the substrate and spread but were not
proliferating. After 7 h (and before 24 h), cells began
to proliferate.50,51 In this temporal regime, it was likely
that some cells were unable to adhere and spread after
passage and died, releasing SWCNTs-BSA into the
media. Also, since the media initially contained no
SWCNTs-BSA, membrane-associated SWCNTs-BSA
may have detached into the media. Hence, there was
a slight increase in the concentration of SWCNTs-BSA in
the media until the 7 h time point. Concomitantly, as
the concentration of SWCNTs-BSA increased slightly in
the media, healthy cells performing normal, active

Figure 3. Biocompatibility of SWCNTs-BSA. (a) NIH-3T3 cells
seeded at low density (1.5� 104 cells cm�2) showed a dose-
dependent reduction in proliferation upon exposure to
SWCNTs-BSA for 48 h. (b) Acute toxicity (reported by
permeability to propidium iodine (PI)) showed a dose-
dependent response. (c) When cells were seeded at a
“standard” seeding density50 (3.0 � 104 cells cm�2), there
was only a slight, nonsignificant reduction in proliferation
and (d) no change in viability. Student's t test comparing the
condition to the BSA control; *p < 0.05; **p < 0.01; ***p <
0.0001.
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cellular processes may have internalized some of these
extra expelled SWCNTs, increasing their net interna-
lized SWCNTs-BSA concentration, since the rate of
internalization is much faster than rate of recovery.
Therefore, the concentration of SWCNTs-BSA both in
the cells and in the media slightly increased until∼7 h.

After 24 h, cells have proliferated since they have a
proliferation time constant of∼55 h. With substantially
more cells and a finite amount of SWCNTs-BSA,
the available SWCNTs-BSA per cell greatly decreased.
While cells may stochastically internalize some SWCNTs-
BSA from the media, the quantity internalized would
be drastically reduced as the amount of SWCNTs-
BSA in the media per cell would exponentially
become smaller due to cell proliferation. This extra-
cellular SWCNT condition would also be true for cells
in vivo, with blood flow making the effective extra-
cellular SWCNT concentration∼0. After 80 h, cells have
proliferated by >300% from passage, and the concen-
tration of SWCNTs-BSA in cells is ∼0. In general,
average SWCNTs-BSA uptake was statistically (p values
<0.005) greater for perpetually exposed cells than that
retained in recovery cells across all times (Figure 4e):
recovery cells had ∼3% the amount of SWCNTs as
did cells with continual exposure to SWCNTs. Hence,
NIH-3T3 cells are able to recover from SWCNTs-BSA
exposure.

To determine a rate of recovery, the concentration
of SWCNTs-BSA per cell was modeled using an expo-
nential decay, beginning at the time of maximal

internalized SWCNTs-BSA. The rates of recovery are
42 ( 19, 24 ( 10, and 28 ( 6 h�1 for 1, 30, and
100 μgmL�1, respectfully. Thus, the rate of recoverywas
independent of original SWCNTs-BSA concentration;
the average is 31( 7 h�1

;and was much slower than
the extremely fast steady state reached for internaliza-
tion at ∼1 min. This recovery time constant is some-
what dependent on cell passage, and the fluctuations
observed at 7 h may not be observed in nonpassaged
cells. However, for SWCNT therapies that utilize pre-
seeding of cells with SWCNTs and then systemic
delivery of SWCNT�cells, passage-related changes will
be relevant.

Imaging SWCNTs-BSA Recovery. To visualize cell recov-
ery from SWCNTs-BSA, we performed confocal Raman
spectroscopy and imaging co-registered to phase con-
trast microscopy and imaging (Figure 5 and larger
views in Supporting Information, Figures 4�9). The
SWCNT G-band, due to its intense and unique signal,
was used to probe SWCNT local concentration by
relating Raman G-band intensity to SWCNT concentra-
tion through a calibration curve (Supporting Informa-
tion, Figure 1B). The SWCNT signal inside cells was
substantially higher than external concentration, sug-
gesting subcellular concentration of SWCNTs. Imaging
revealed that SWCNTs were primarily located outside
of the nucleus with a substantial peri-nuclear localization,
previously reported by our group4,7 and others.36�38 The
presence of peri-nuclear SWCNTs measured in a plane
where the NIH-3T3 nucleus was in best focus suggests

Figure 4. Recovery of cells fromexposure to SWCNTs-BSA. (a) Cells seeded at standard density (3.0� 104 cells cm�2), exposed
to SWCNTs-BSA, and allowed to recover showedno change in proliferation compared to control cells, as did thoseperpetually
exposed to SWCNTs-BSA. (b) Acute toxicitywasmonitored at each timepoint after subculture, and no experimental condition
was acutely cytotoxic. (c) The mass of SWCNTs-BSA remaining in cells that were allowed to recover was monitored as a
function of time. The amount of SWCNTs per cell was minimal at long time. (d) The concentration of SWCNTs-BSA in the
recovery media normalized by the amount of cells was quantified as a function of time. Initially, the concentration was
relatively high and at long time was lower on a per cell basis. (e) The amount of SWCNTs per cell was significantly reduced for
all recovery conditions compared to continually exposed cells, averaged over time (Student's t test, p < 0.005).
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that confocal Raman slices were taken within the cell
and signal was not from outside the cell.

We have also collected SWCNT NIR fluorescence
with the Raman spectra (Figure 5). Preservation of NIR
fluorescence inside cells confirmed that SWCNTs were
mostly intact. In some small regions with an absence of
detectable fluorescence, either SWCNTs may have
been in acidic vesicles leading to protonation and loss
of fluorescence54 or smaller concentrations of SWCNTs
failed to produce a detectable fluorescence signal. We
investigated the radial breathing modes (RBM) of the
spectra,55,56 wherein intensity above 250 cm�1 gener-
ally indicates SWCNT bundling, while intensity below
250 cm�1 is primarily from individual SWCNTs.15,55

Confocal Raman spectra showed substantially more
intensity (∼350%) from the RBM< 250 cm�1 compared
to the RBM > 250 cm�1, suggesting little if any SWCNT
bundling.

Potential Application: Cells As SWCNT Delivery Vehicles. A
possible strategy to deliver SWCNTs locally within the
body would be to preload cells with SWCNTs-BSA
in vitro and use cells as vectors to deliver SWCNTs-BSA
to other cells. To create such a delivery system, the rate

parameters determined in this study are crucial for
controlling the delivery time and quantity of SWCNTs-
BSA. For example, NIH-3T3 cells could be loaded to
18 pg cell�1 by incubation with a 30 μg mL�1 solution
of SWCNTs-BSA for 24 h. Our data suggest that other
cell types, such as humanmesenchymal stem cells, can
take up larger amounts of SWCNTs-BSA.7 Cells could be
delivered to tissues (1:1 SWCNT-treated cells: endo-
genous cells). After ∼60 h (∼2 recovery rate time
constants), the vector cells would fully expel their
SWCNTs-BSA, generating a local extracellular concen-
tration of∼0.35 μg mL�1. This extracellular concentra-
tion would subsequently lead to ∼0.15 pg cell�1

internalized by the target cells.

SUMMARY

Development of SWCNT-based biomedical technol-
ogies requires a quantitative understanding of uptake,
biocompatibility, subcellular localization, and retention.
Previous studies have typically only investigated uptake
at a single and very low concentration (e.g.,∼1 μgmL�1)
or time point (e.g., ∼1 h).19�21 Here, we present a
comprehensive analysis across a broad phase space,

Figure 5. Confocal Raman imaging of fixed cells. Large fields of view were acquired by concatenating multiple fields of view
(WiRE software). Confocal Ramanmappingwas performed, focusing on theG-band, the radial breathingmode (RBM), and the
fluorescence peak. By using a standard curve relating concentration to G-band intensity, the subcellular, local concentration
of SWCNTs-BSAwas determined and is represented as color in theG-bandmaps. The SWCNTs-BSA fluorescencewas relatively
intense, confirming that cells did not alter the initial SWCNTs-BSA fluorescence. Analysis of the RBM recapitulated that, while
cells process SWCNTs into locally high concentrations, SWCNTs-BSA remain individually dispersed (high RBM signal below
250 cm�1). Scale bar is 20 μm.
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enabling the determination of quantitative rates for
time- and concentration-dependent uptake and re-
vealing threshold values unable to be obtained with-
out such a thorough investigation.
Further, few studies have investigated retention as

well as recovery. Here, we have systematically exam-
ined recovery; cellular recovery from exposure to and
release of SWCNTs is critical to the design of devices.
We have shown that SWCNTs-BSA enter cells in
seconds and are expelled from cells over hours and
days. It is foreseeable that a systemic administration of
SWCNTs-BSA could be used as a potential therapy, as

healthy cells would be able to readily recover from
SWCNTs-BSA administration.
A critical barrier to designing SWCNT-based subcellular

technologies is the lack of a detailed understanding of
time- and concentration-dependent uptake and recovery.
To create a foundation of rates, we quantified time- and
concentration-dependent uptake, biocompatibility, and
recovery of NIH-3T3 cells exposed to SWCNTs-BSA, provid-
ing critical design parameters for SWCNT-based bio-
technologies. Additionally, we demonstrated the ability
of cells to recover from SWCNTs, suggesting that SWCNTs-
BSA can be utilized as a safe subcellular nanobiomaterial.

MATERIALS AND METHODS

SWCNTs-BSA Dispersion. SWCNTs-BSA were prepared as de-
scribed previously.3,5�7,57 The final product was highly purified,
pristine, length-selected (145 ( 17 nm) HiPCO SWCNTs
(diameter 1.0 ( 0.3 nm). Details about SWCNT preparation are
also included in the Supporting Information.

SWCNTs-BSA Characterization. SWCNTs-BSA sample yield and
qualitative dispersion quality were assessed using vis�NIR
absorbance spectroscopy (Varian Cary 5000 UV�vis�NIR
spectrophotometer) (Supporting Information, Figure 10A).
SWCNT concentration was determined by an extinction coeffi-
cient of 2.6 absorbance mLmg�1 mm�1 at 930 nm.58 The peaks
of the spectrum arise from van Hove singularities of the density
of states and qualitatively indicate dispersion quality.

To better verify SWCNT dispersion quality, we measured
NIR fluorescence spectra from SWCNTs-BSA (Horiba Jobin
Yvon Nanolog spectrofluorometer) (Supporting Information,
Figure 10B). To this end, SWCNTs-BSA were diluted to 0.3
absorbance cm�1, and NIR spectra were acquired for 60 s of
exposure time with excitation and emission slit widths of 10 nm
by a liquid-nitrogen-cooled Symphony InGaAs-1700 detector.
The data were analyzed with Nanosizer software (Horiba Jobin
Yvon). Numerous chiralities were observed, withminimal exciton
energy transfer, indicating individually dispersed SWCNTs.54

We collected Raman spectra from SWCNTs-BSA dispersions
using an inVia confocal Ramanmicroscope (Renishaw; Support-
ing Information, Figure 10C) with a 785 nm laser (100 mW). The
radial breath modes are characteristic of SWCNTs,38,56 and
intensity above 250 cm�1 generally indicates SWCNT bundling,
while intensity below 250 cm�1 is primarily from individual
SWCNTs.38,56 The majority (∼85%) of RBM were <250 cm�1,
confirming SWCNTs were individually dispersed in suspension
(left inset).56,59 The laser also caused the SWCNTs to fluoresce,
which was detected by the Raman system in the range of 2242
and 2649 cm�1 (right inset real-space wavelength).38,55,56

Cell Culture. NIH-3T3 cells were cultured in Dulbecco's mod-
ified Eagle's medium (DMEM with high glucose (4500 mg L�1),
with 4.0 mM L-glutamine, without sodium pyruvate, Thermo
Scientific Hyclone) supplemented with 10% v/v newborn calf
serum (Invitrogen) and 1% v/v streptomycin�penicillin
(Invitrogen). Cells were maintained at 37 �C at 5% CO2.

Determination of Uptake. For uptake studies, NIH-3T3 cells
were passed into 6- or 96-well plates at a seeding density of
3 � 104 cells cm�2 and allowed to incubate for 24 h. Then,
SWCNTs-BSA were added and diluted in cell culture media to
their respective final concentrations. To ensure cellular effects
were not mediated by different volumes of SWCNTs-BSA dif-
ferently diluting the cell culture media, appropriate volumes of
1 wt % BSA in ultrapure water were added to the samples at
lower SWCNTs-BSA concentration to maintain the same total
volume of solution added.

After the indicated time of incubation with SWCNTs-BSA,
the media was aspirated completely. “Wash step” cells received

a wash with cell culture phosphate-buffered saline (Invitrogen),
while “no wash step” did not. Cells were then maintained in cell
culture PBS and rapidly imaged at 20� using phase contrast
microscopy to enable a determination of cell count. A finite
number of images (n > 5 of ∼0.4 mm2

fields of view) were
acquired, the cells were manually counted, and the total cells
per well was calculated by extrapolating the average counts to
the entire size of the well. Immediately after imaging, the cells
were subjected to cell lysis buffer (Cell Signaling Technology),
diluted to 1� in the cells' current PBS. After the addition of
buffer, the cells were placed at 4 �C to aid the efficacy of the lysis
buffer (manufacturer's recommendation), which also facilitated
cell detachment from the substrate. The wells were also ex-
posed to probe tip sonication for ∼5 s at 60 W to ensure
complete cell lysis and to ensure that the SWCNTs were homo-
geneously distributed throughout the solution. Before acquir-
ing data, the wells were again imaged using phase contrast
microscopy to verify that cells were completely detached from
the substrate.

To determine the concentration of SWCNTs in the cell lysis
samples, the solutions were pipetted into a 24-well, glass (#1.5)
bottom dish (MatTek) and subjected to confocal Raman spec-
troscopy. A Raman spectroscopy calibration curve (R2 = 0.998)
of G-band counts versus SWCNT concentration over multiple
decades (initial sample concentration was determined via
vis�NIR absorption spectroscopy and subjected to serial
dilution) was developed and used to determine the concentra-
tion of SWCNTs from the cell lysates solutions' G-band signals
(Supporting Information, Figure 1A). To ensure precise Raman
G-band counts across multiple days, the system was precisely
tuned to the same silicon standard before each experiment.

Determination of Proliferation and Viability. For biocompatibility
studies, NIH-3T3 cells were passed into six-well plates at a
seeding density of 1.5 � 104 cells cm�2 as the low density
condition and 3.0 � 104 cells cm�2 as the standard seeding
density.50 Cells were incubated for 24 h and were then sub-
jected to SWCNTs-BSA, as described above. After 48 h, the
media was aspirated, the cells were washed with PBS, fresh
media (� phenol red to enable imaging) was added, and the
cells were exposed to Hoechst 33342 (Invitrogen, a cell-perme-
able nucleic acid stain andmarker of all cells) at 10 μgmL�1 and
propidium iodine (PI, Invitrogen, a cell-impermeable nucleic
acid stain and marker of dead cells) at 500 nM for 15 min. The
cells were rapidly imaged on a Leica DMI 6000B inverted light
and fluorescence microscope maintained at 37 �C at 20� for
blue (Hoechst 33342) fluorescence, red (PI) fluorescence, and
phase contrast (n > 10 per well). Fluorescently labeled nuclei
were automatically counted using ImageJ and were manually
verified. For each condition, ∼1000 cells were analyzed.

Recovery. NIH-3T3 cells were passed into four separate
dishes at 6 � 104 cells cm�2. After 8 h, the cells were attached,
and the dishes were subjected to the appropriate SWCNT
condition: specifically, 0 (control), 1, 30, or 100 μg mL�1 of
SWCNTs-BSA. After an additional 16 h, each dish was
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concomitantly subcultured. To investigate time- and concen-
tration-dependent recovery, cells were seeded into 96-well
plates such that each time point had its own plate consisting
of control, SWCNTs-BSA (1, 30, and 100 μg mL�1), and recovery
(1, 30, and 100 μgmL�1) cells. Recovery cells for this study were
cells that were exposed to SWCNTs-BSA before subculturing but
were subsequently cultured in fresh, SWCNTs-BSA-free media
after passing. For each point in the phase space (time, SWCNTs-
BSA concentration, and recovery or perpetual SWCNT), samples
were made for determining uptake and biocompatibility as
described above.

Confocal Raman Spectroscopy and Imaging. Cell samples for con-
focal Raman imaging were prepared by culturing cells on
sterilized #1.5 coverslips (Fisher) and subsequently fixing them
in 3.7% formaldehyde (Sigma-Aldrich). Phase contrast and
confocal Raman imaging were performed on an inverted
Raman confocal microscope (inVia Ramanmicroscope, Renishaw)
with a 785 nm laser (100 mW), a 100� (1.4 NA) oil immersion
phase objective (Leica Microsystems), and a 0.9 NA air con-
denser (Leica Microsystems) for phase-contrast imaging, as
previously reported by our group.7 The in-plane (x�y) resolu-
tion of the Raman microscope with the 100� objective is
∼250 nm, and the z resolution is ∼300 nm. For determining
SWCNT uptake, the cell lysate solutions in the 24-well glass
bottom dish were imaged using a 50� (0.75 NA) dry objective.

Control of mapping parameters and imaging processing
were performed using WiRE software (Renishaw). Confocal
Raman spectra were collected in a rectangular grid with step
sizes of e2.50 μm. The G-band, centered at 1590 cm�1, is
indicative of SWCNTs.38,55 To map G-band intensity, confocal
Raman spectra between 1327 and 1819 cm�1 were collected
with a 0.86 cm�1 resolution. The Raman signal-to-baseline at
1590( 17 cm�1 was analyzed in WiRE to obtain intensity maps
of SWCNTs. Confocal Raman spectra between 100 and 715 cm�1

were collected with 1.07 cm�1 resolution, and signal-to-base-
line intensity maps were made for the ranges 210�250 cm�1

(individual SWCNTs) and 250�280 cm�1 (bundled SWCNTs).
Finally, to monitor SWCNT fluorescence,38,55,56 confocal Raman
spectra were collected between 2242 and 2649 cm�1 with
0.71 cm�1 resolution.

Modeling. SWCNTs-BSA cellular internalization was modeled
based on a model and rate parameters developed by Jin et al.19

The rate parameters used are as follows: kf = 1.2� 106 M�1 s�1;
kr = 5.6� 10�3 s�1; ke = 2.23� 10�4 s�1; and krec = 1.6� 10�5 s�1,
where kf is the association rate constant of SWCNTs from the
media with the cell membrane, kr is the disassociation rate
constant of SWCNTs from the media with the cell membrane,
ke is the rate constant of endocytosis, and krec is the rate constant
of recycling. The equations were modeled in MATLAB
(MathWorks) and solved using an ordinary differential equation
solver capable of handling stiff equations (ode23tb), as the
models' rapid equilibrium made for a stiff system.
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