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Length-dependent intracellular bundling of
single-walled carbon nanotubes influences
retention†

Sumin Jin, ‡a Piyumi Wijesekara, ‡b Patrick D. Boyer,‡c Kris Noel Dahl *c and
Mohammad F. Islam *a

Single-walled carbon nanotubes (SWCNTs) are increasingly being investigated for biomedical imaging,

sensing, and drug delivery. Cell types, cellular entry mechanisms, and SWCNT lengths dictate SWCNT

uptake, subsequent intracellular trafficking, and retention. Specialized immune cells known as macrophages

are capable of two size-dependent entry mechanisms: endocytosis of small particles (diameter o 200 nm)

and phagocytosis of large particles (diameter 4 500 nm). In comparison, fibroblasts uptake particles

predominantly through endocytosis. We report dependence of cellular processing including uptake,

subcellular distribution, and retention on the SWCNT length and immune cell-specific processes. We chose

SWCNTs of three different average lengths: 50 nm (ultrashort, US), 150 nm (short) and 500 nm (long) to

encompass two different entry mechanisms, and noncovalently dispersed them in water, cell culture media,

and phosphate buffer (pH 5) with bovine serum albumin, which maintains the SWCNT optical properties and

promotes their cellular uptake. Using confocal Raman imaging and spectroscopy, we quantified cellular

uptake, tracked the intracellular dispersion state (i.e., individualized versus bundled), and monitored recovery

as a function of SWCNT lengths in macrophages. Cellular uptake of SWCNTs increases with decreasing

SWCNT length. Interestingly, short-SWCNTs become highly bundled in concentrated phase dense regions of

macrophages after uptake and most of these SWCNTs are retained for at least 24 h. On the other hand,

both US- and long-SWCNTs remain largely individualized after uptake into macrophages and are lost over a

similar elapsed time. After uptake into fibroblasts, however, short-SWCNTs remain individualized and are

exocytosed over 24 h. We hypothesize that aggregation of SWCNTs within macrophages but not fibroblasts

may facilitate the retention of SWCNTs within the former cell type. Furthermore, the differential length-

dependent cellular processing suggests potential applications of macrophages as live cell carriers of

SWCNTs into tumors and regions of inflammation for therapy and imaging.

Introduction

Single-walled carbon nanotubes (SWCNTs) have received much
attention in cellular imaging, diagnostics, and therapy due to
their high cellular uptake with almost no change in cell viability
and functions.1–3 Uptake and subcellular compartmentalization
of SWCNTs in various cell lines have extensively been studied.4–6

Immune cells, particularly macrophages, have emerged as
attractive targets for nanoparticles and SWCNTs since these
cell types are involved in many physiological and pathological
conditions including wound healing, inflammation, and cancer,7,8

motivating tracking of macrophages for diagnosis and altering them
for therapies.9,10 Furthermore, because macrophages are scavenger
cells, they take up more SWCNTs than other cell types.5,11–15

Consequently, the subcellular distribution, functional state,
and residence time of SWCNTs in macrophages are important
parameters to establish further applications in biomedicine.

The specific subcellular trafficking and ultimate fate of
internalized nanoparticles are largely determined by the cell
type1,6 and the mechanism of cellular entry16,17 as well as
the nanoparticle surface properties18–20 and the nanoparticle
size.21–27 Macrophages have been previously studied to explore
the effect of the SWCNT physicochemical properties on cellular
functions.12,13,18–20 For example, acid-functionalization and
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metallic impurities of SWCNTs induced increased necrosis and
altered gene expression resulting in reduced phagocytic activity
in macrophage cell lines, alveolar macrophages, and human
monocyte-derived macrophages.18–20,28,29 Furthermore, SWCNTs
with an average length of around 3 mm and dispersed with bovine
serum albumin (BSA) were found to affect the cell morphology,
viability, and function with increased necrosis above a concentration
of 10 mg mL�1 in J774A.1 macrophages.5 In contrast, ammonium
functionalized and polyethylene glycol stabilized SWCNTs did not
affect functional activities of immune cells.12 Additionally, Pluronic
F108 dispersed SWCNTs with a length of 1 mm were highly ingested
by macrophages without showing cytotoxicity.30 In vivo administra-
tion of SWCNTs to mice, both orally and intraperitoneally, showed
that individual SWCNTs of lengths less than 80 nm aggregated into
sizes of lengths smaller than 2 mm and accumulated within liver and
splenic macrophages.26 Moreover, aggregated SWCNTs remained in
murine myoblast stem cells even after 3 months.31 In comparison,
endocytosis rates of SWCNTs in many other cell types including
fibroblasts increased with a decrease in the SWCNT length,
but many of these SWCNTs were then lost by exocytosis.22,23,32

Therefore, it is still unclear how the physical properties of SWCNTs
and cell-specific processing affect the subcellular distribution and
importantly the dispersion state of SWCNTs (i.e., individualized
versus bundled) within macrophages as well as the ability of cells
to expel SWCNTs and recover from exposure.

Herein, we report length-dependent uptake, subcellular distribu-
tion, and retention of SWCNTs in macrophages and compare such
processing in fibroblasts to elucidate the effects of immune cell-
specific processes. Macrophages are capable of two size-dependent
entry mechanisms: endocytosis of small particles (diameter o
200 nm) and specialized phagocytosis of large particles
(diameter 4 500 nm). To maintain the optical properties of SWCNTs
and promote cellular uptake into macrophages, we non-covalently
disperse long-, short- and ultrashort (US)-SWCNTs of average
lengths of 500 nm, 150 nm, and 50 nm, respectively, with
BSA.1,11,32–34 In our previous studies, BSA coated SWCNTs have
shown homogeneous uptake in both J774A.1 macrophages and
NIH-3T3 fibroblasts compared to other dispersing agents, includ-
ing Pluronic F127, lysozyme, and g-globulin, without causing any
cytotoxic effect.2,11,32,33,35 Using confocal Raman spectroscopy, we
quantify cellular uptake, the intracellular distribution and the
dispersion state of SWCNTs, and recovery from SWCNT exposure
for at least 24 h in macrophages as a function of SWCNT length.
We also compare cellular processing of short-SWCNTs in macro-
phages with that in fibroblasts to distinguish cell type dependent
cellular processing. Our results on differential length-dependent
cellular processing will accelerate potential applications of macro-
phages as live cell carriers of SWCNTs into tumors and regions of
inflammation for therapy and imaging.

Experimental
Preparation of SWCNT dispersions

Long-SWCNTs-BSA dispersions were prepared from raw high
pressure carbon monoxide conversion synthesis (HiPCO)

SWCNTs (Carbon Nanotechnologies, Inc.) with diameters of
1 � 0.3 nm and polydisperse lengths much longer than 500 nm.
To preserve the lengths of longer SWCNTs, we followed a
previously reported dispersion technique that retained SWCNTs
with lengths greater than 1 mm in dispersion, albeit with a
different surfactant.36 Briefly, B2.2 mg of the SWCNT powder
was dissolved in 2.2 mL of 10 wt% BSA (Sigma-Aldrich) solution in
ultrapure deionized water (resistivity 18.3 MO cm, total oxidizable
carbon o5 ppb) and exposed to 30 min of low power, high
frequency (12 W, 55 kHz) bath sonication (Cole-Palmer Ultrasonic
Cleaner). Long-SWCNTs-BSA suspensions were centrifuged for
30 min at 10 000� g to remove large SWCNT aggregates and the
supernatant was collected.

Short-SWCNTs-BSA dispersions were prepared using purified
and length fractionated SWCNTs from the same HiPCO batch.
The purification and length fractionation procedures, described
previously in greater details,21,37–41 resulted in a SWCNT sample
containing o5 wt% carbonaceous impurities and B0.3 wt%
metallic impurities38,40 with lengths of 145 � 17 nm.21,37,39,41

Short-SWCNTs were dispersed at 0.1 wt% in 1.0 wt% BSA
solution in ultrapure deionized water via high power, low
frequency probe-tip sonication (ThermoFisher, Model 100;
3 mm tip diameter) at 6 W for 2 h. Under these conditions,
the SWCNTs are not expected to be shortened from sonication
induced scission.42 To separate bundles from isolated SWCNTs,
suspensions were centrifuged at 21 000 � g for 7 min and the
supernatant was collected.

US-SWCNTs were prepared via acid-cutting of raw HiPCO
SWCNTs following a previously reported method.43 Briefly,
B1.5 g of raw HiPCO SWCNTs were stirred at 300 rpm in
120 mL of 3 : 1 H2SO4/HNO3 (98%, ThermoFisher and 68%,
BDH Chemicals, respectively) acid mixed at 40 1C for 20 h. The
acid mixture containing SWCNTs was diluted by 20� in deionized
water. SWCNTs were sedimented overnight. The supernatant was
decanted and remaining SWCNTs were washed subsequently with
deionized water until neutralization. US-SWCNTs-BSA dispersions
were made with the same process that was followed to prepare
short-SWCNTs-BSA dispersions.

SWCNT dispersion characterization

UV-vis-NIR absorbance spectroscopy. To quantitatively
determine the SWCNT concentration and qualitatively assess
dispersion quality, SWCNT dispersions were examined using
UV-vis-NIR absorbance spectroscopy (Varian Cary 5000 spectro-
photometer). Concentration was determined using an extinc-
tion coefficient of 2.6 (absorbance mL) (mg mm)�1 at 930 nm.32

The stability of long-, short-, and US-SWCNTs-BSA dispersion in
both cell culture media at 37 1C and phosphate buffer at pH 5
was monitored over 3 days using absorbance spectroscopy by
quantifying the peak width at half max of the van Hove peaks in
the NIR region (Fig. S1, ESI†). Stability of SWCNTs-BSA in
ultrapure deionized water has been reported previously.1,2

The absorbance spectra of long- and short-SWCNTs-BSA also
show sharp van Hove peaks that are indicative of individually
dispersed SWCNTs. The peaks in the absorbance spectra of
US-SWCNTs-BSA are less pronounced likely due to chemical
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functionalization of SWCNT surfaces during acid-based length
shortening.

Raman spectroscopy. The SWCNT structure after dispersion
and the dispersion state in suspension were characterized using
Raman spectroscopy. Samples diluted to B0.1 absorbance cm�1

in water were analyzed on an inverted, inVia confocal Raman
microscope (Renishaw) using a 50� air objective with a 0.75
numerical aperture (NA) and a 785 nm laser (i.e., Elaser = 1.58 eV;
100 mW). Spectra were acquired between 100–3200 cm�1

(Fig. S2A, ESI†). Each Raman spectrum was normalized to its
G-band intensity. Note that the G-band is a characteristic Raman
feature of SWCNTs and quantifies the sp2-hybridized carbon
bonds in the samples. The D-band-to-G-band intensity ratio
(ID : IG) was calculated by dividing the D-band intensity
at B1300 cm�1 by the G-band intensity at B1590 cm�1; note
that the D-band characterizes the sp3-hybridized carbon in the
samples. For the G-band, spectra between 1188–1696 cm�1

(centered at 1450 cm�1) were collected with 0.88 cm�1 resolution.
Spectra between 100–650 cm�1 (centered at 350 cm�1), which
include radial breathing modes (RBMs) spanning 200–280 cm�1

that are sensitive to the aggregation state of SWCNTs, were
collected with 1.08 cm�1 resolution. The bundle fraction of each
dispersion was quantified by normalizing the maximum RBM
intensity 4250 cm�1 by the sum of maximum RBM intensities
between 200–250 cm�1 and 250–275 cm�1 (Fig. S2B, ESI†).44 For
NIR fluorescence, spectra between 2238–2659 cm�1 (centered
at 2450 cm�1) were collected with 0.71 cm�1 resolution. The
NIR fluorescence intensity of each sample was obtained by
integrating the signal between 2250–2650 cm�1 normalized by
its G-band intensity (Fig. S2C, ESI†).

A small ID:IG of 0.03–0.09 of the Raman spectra of SWCNT
dispersions confirms that the SWCNT structure remains largely
intact through the dispersion process (Fig. S2A, ESI†). The
RBMs, magnified in the left panel, show that US-SWCNTs-BSA
do not possess some of the chiralities that are present in long-
and short-SWCNTs-BSA possibly lost during acid-based length
shortening. All SWCNTs-BSA dispersions have significantly lower
bundle fractions than the SWCNT powder (***p o 0.001)
(Fig. S2A, ESI†). Long-SWCNTs-BSA dispersions contain a signifi-
cantly higher bundle fraction than short- and US-SWCNTs-BSA
(**p o 0.01), which is likely a result of the gentle dispersion
technique utilized to retain longer length SWCNTs.

The broad peaks over 1100–3100 cm�1 result from SWCNT
fluorescence (Fig. S2A, ESI†). The NIR fluorescence intensity was
calculated from the integrated intensity between 2250–2650 cm�1

and then normalized to the G-band intensity (Fig. S2C, ESI†). Both
short- and long-SWCNTs-BSA dispersions (**p o 0.01) provide
significantly greater NIR fluorescence than the SWCNT powder
and US-SWCNTs-BSA (**p o 0.01). Long-SWCNTs-BSA disper-
sions show a greater NIR fluorescence intensity compared to
short-SWCNTs-BSA despite possessing a greater bundle fraction.
US-SWCNTs-BSA dispersions display comparably low NIR
fluorescence likely because quantum yield of SWCNTs decreases
with length shortening.

Quantum yield. We estimated lengths and length variations
of the long- and US-SWCNTs by measuring quantum yield of

long-, short-, and US-SWCNTs-BSA dispersions using an
NIR fluorescence spectrometer (Nanolog, Horiba Jobin Yvon).
Long-SWCNTs-BSA have significantly greater quantum yield
than short- and US-SWCNTs-BSA (**p o 0.01), suggesting a
longer average length (Fig. S3, ESI†). US-SWCNTs-BSA display
the lowest quantum yield. The lengths and length variations
of the long- and US-SWCNTs were then estimated from the
relative quantum yield using the relationship: quantum yield p

(SWCNT length)2 (Fig. S3B, ESI†).45 The length and length
variation of length-fractionated short-SWCNTs (145� 17 nm), which
had been previously determined, was used as a reference.21,37,39,41

Cell culture and treatment

J774A.1 mouse macrophage-like cells (ATCC) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, 4500 mg L�1

glucose, 4.0 mM L-glutamine, without sodium pyruvate,
ThermoFisher, Hyclone), supplemented with 10% v/v fetal
bovine serum (FBS, ThermoFisher) and 1% v/v penicillin–
streptomycin (P/S, ThermoFisher). NIH-3T3 mouse fibroblast
cells (ATCC) were cultured in a similar medium, except with
newborn calf serum (CS, ThermoFisher) instead of FBS. Cells
were maintained at 37 1C and 5% CO2.

SWCNT uptake per cell. For bulk uptake measurements,
macrophage and fibroblast cells were seeded at 2 � 104 and
3 � 104 cells cm�2 into 24-well plates, respectively, and main-
tained in culture for 24 h. For cell-type dependent uptake,
short-SWCNTs-BSA were diluted to a final concentration of
30 mg mL�1 in a fresh medium, and both macrophages and
fibroblasts were exposed for 24 h and 48 h. For length-
dependent uptake, long, short-, and US-SWCNTs-BSA were
diluted to a final concentration of 30 mg mL�1 in a fresh
medium and macrophages were exposed for 24 h and 48 h.
Each treatment was performed in duplicate. The exposure
medium was removed and cells were gently washed once in
PBS. A fresh medium was added and cells were labelled with
Hoechst 33342 and propidium iodide (PI) for quantification of
proliferation and viability. Images were taken for Z5 fields
of view of B0.4 mm2 each on a Leica DMI 6000B inverted
light and fluorescence microscope maintained at 37 1C with a
20� (0.4 NA) air objective. Nuclei were segmented and counted
in ImageJ, and the average cell density was extrapolated to
determine the cells per well for uptake normalization. Cell
viability and proliferation of macrophages upon uptake of long-,
short-, and US-SWCNTs-BSA were determined from percentages
of PI(+) cells and the number of cells relative to the control,
respectively. Macrophages do not show a significant decrease in
viability for all three SWCNT lengths (Fig. S4A, ESI†). However,
they show the lowest proliferation after uptake of long-
SWCNTs-BSA for 48 h (Fig. S4B, ESI†) and this property is
consistent with previous report.5

SWCNT subcellular imaging. For subcellular Raman mapping
measurements, macrophage and fibroblast cells were seeded at
1 � 104 and 3 � 104 cells cm�2 onto sterilized #1.5 coverslips,
respectively, and maintained in culture for 24 h. For cell-type
dependent processing and recovery comparisons in fibroblasts
and macrophages, short-SWCNTs-BSA were diluted to a final
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concentration of 30 mg mL�1 in a fresh medium and cells were
exposed for 24 h followed by recovery. We also performed an
identical set of experiments with 10 mg mL�1 short-SWCNTs-
BSA because at a lower SWCNT concentration, it is easier to
discern correlation between the intercellular SWCNT retention
and SWCNT dispersion state. For length-dependent recovery
comparisons in macrophages, long-, short-, and US-SWCNTs-
BSA were diluted to a final concentration of 30 mg mL�1 in a
fresh medium and cells were exposed for 24 h followed by
recovery. For recovery conditions, the treatment medium was
removed, exchanged for a fresh medium without SWCNTs, and
cells were maintained in culture for an additional 24 h. At the
completion of cell recovery, the medium was removed and cells
were washed 3� in PBS and fixed with 3.7% v/v formaldehyde
(Sigma-Aldrich) for 15 min and mounted onto glass slides.

Quantification of SWCNT uptake

Cells were lysed using a combination of Triton X-100 and one
freeze thaw cycle and were probe-tip sonicated for B10 s at 6 W
(Fisher Scientific, Model 100; 3 mm tip diameter). Cellular
solutions were then pipetted into 24-well MatTek #1.5 glass
bottom plates and subjected to confocal Raman spectroscopy.
The SWCNT concentration was determined from the G-band
intensity above the baseline using a standard concentration
curve that relates the G-band intensity to the SWCNT concen-
tration determined via UV-vis-NIR absorbance spectroscopy for
long-, short-, and US-SWCNTs-BSA (Fig. S5A, ESI†).

Phase contrast and subcellular Raman imaging

Phase contrast imaging and Raman spectroscopy mapping
were performed on an inverted, inVia confocal Raman micro-
scope (Renishaw) using a 0.9 NA air condenser and a 100�
(1.4 NA) oil immersion objective. For Raman mapping, a
785 nm laser (100 mW) was used as the light source. Control
of mapping parameters and image processing were performed
using WiRE software (Renishaw). For Raman mapping, Raman
spectra were acquired with an X–Y step size r3.0 mm for one
field of view. Excitation laser power of 5% was used to prevent
sample degradation and ensure accurate bundle fraction
quantification. Spectra corresponding to the G-band, RBMs,
and NIR fluorescence region were taken sequentially over the
same X–Y coordinates all with an integration time of 2 s.

Spatial maps and quantification

Spatial maps of the G-band intensity, bundle fraction, and
NIR fluorescence were performed in MATLAB (MathWorks).
The maximum G-band intensity between 1540–1610 cm�1,
maximum individual RBM intensity between 200–250 cm�1,
and maximum bundle RBM intensity between 250–275 cm�1

above the baseline in the respective regions were calculated for
each data pixel. For NIR fluorescence, the integrated area under
the spectral curve between 2250–2650 cm�1 was tabulated. The
bundle fraction was quantified by normalizing the maximum
bundle RBM intensity by the sum of maximum individual and
maximum bundle RBM intensities.44 NIR fluorescence was
quantified by normalizing the integrated area by the maximum

G-band intensity. The local SWCNT concentration was deter-
mined using a calibration curve relating the G-band intensity to
the SWCNT concentration determined via UV-vis-NIR absor-
bance spectroscopy for long-, short-, and US-SWCNTs-BSA
(Fig. S5B, ESI†). Spectra with a G-band signal-to-noise ratio of
o3 were excluded from the analysis. Subcellular phase dense
regions of interest were manually segmented in ImageJ and the
corresponding individual and bundle RBM intensities within the
segmented region were quantified. Statistical analysis between
indicated samples was performed by unpaired Student’s t-test.

Results
Macrophages retain SWCNTs more than fibroblasts

Under conditions that we have previously established for
optimal cell delivery of short-SWCNTs-BSA,32 we exposed both
macrophages and fibroblasts to 30 mg mL�1 short-SWCNTs-BSA
for 24 h and then imaged SWCNT uptake, intracellular distribu-
tion, and recovery using the G-band Raman signal. We chose the
final exposure concentration of SWCNTs to be 30 mg mL�1 for
our experiments since this is the threshold concentration where
the rate of SWCNTs-BSA uptake in fibroblasts reaches a steady
state.32 For macrophages, this is the threshold concentration

Fig. 1 Uptake and recovery of short-SWCNTs-BSA into fibroblasts and
macrophages. (A) Co-localized phase contrast and confocal Raman
images of the G-band show short-SWCNTs-BSA localization within fibro-
blasts exposed to 30 mg mL�1 for 24 h (exposure) followed by 24 h in a
SWCNT-free medium (recovery). (B) Similar conditions for macrophages
show that the maximum short-SWCNTs-BSA uptake is nearly an order of
magnitude higher with more punctate distribution within cells upon both
exposure and in recovery. Scale bars reflect 20 mm. (C) Average mass of
short-SWCNTs internalized per cell for 2 cm2 quantified using Raman
spectroscopy shows higher uptake for macrophages compared to fibro-
blasts, particularly at 30 mg mL�1 exposure. Data = mean � SEM, n Z 2
replicate experiments. (D) Setting the exposure data to 1.0, we calculated
the recovery levels to a fraction of the maximum levels for fibroblast and
macrophage; *p o 0.05; ***p o 0.001. Data = mean � SEM, n Z 630
(320) and 560 (290) voxels for exposure (recovery) for fibroblasts and
macrophages, respectively.
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for short-SWCNTs-BSA before cells undergo drastic changes in
shape, as we have previously reported.11 In parallel, to deter-
mine recovery of cells from SWCNT exposure, we also exposed
both cell types to 30 mg mL�1 of short-SWCNTs-BSA for 24 h
followed by 24 h with no exposure to SWCNTs. Note that the
recovery is a function of both expulsion of SWCNTs and cell
division, and that the doubling time of J774A.1 and NIH-3T3
cells is similar (B20 h). Consistent with previous reports,11,32

macrophages take up more short-SWCNTs-BSA than fibroblasts
at 30 mg mL�1 exposure for both 24 h and 48 h (Fig. 1B and C).
In addition, macrophages retain significantly higher levels of
short-SWCNTs-BSA after a 24 h recovery period compared to
fibroblasts (Fig. 1D). Spatial imaging of the recovered fibro-
blasts (Fig. 1A) and macrophages (Fig. 1B) shows differential
subcellular localization patterns for SWCNTs. Recovered fibro-
blasts have lower levels of uniform G-band intensity over the
entire cell (Fig. 1A, recovery) indicating that a large percentage
of SWCNTs is exocytosed. In contrast, macrophages maintain a
heterogeneous distribution of the SWCNT concentration with
distinct, intense regions (Fig. 1B, recovery). Since macrophages
are professional phagocytes and fibroblasts take in materials
primarily through endocytosis, differential distributions within
cells are expected.

SWCNT retention correlates with bundling

To determine if cell-specific processes affect the dispersion
state of short-SWCNTs-BSA after uptake and in turn their
expulsion from cells, we performed Raman scans of each
confocal voxel within cells to determine the total concentration
of SWCNTs (G-band intensity at 1590 cm�1), bundled SWCNTs
(RBMs 4 250 cm�1), and individualized SWCNTs (NIR fluores-
cence between 2250–2650 cm�1). Ideally, SWCNTs should either
be individualized or bundled within cells, so the bundling

fraction should go inversely with the NIR fluorescence intensity.
High resolution phase contrast imaging of short-SWCNTs-BSA
treated macrophages exposed to a concentration of 10 mg mL�1

shows a distinct subcellular distribution of individual and
bundled SWCNTs (Fig. 2). The phase dense punctate regions
with a high concentration of bundled SWCNTs are best observed
at this concentration. At 30 mg mL�1, the phase dense regions are
widely distributed in a cell with overlapped areas of individual
and bundled SWCNTs because cells uptake a high amount of
SWCNTs (Fig. S6, ESI†). Furthermore, Raman spectra based
imaging of short-SWCNTs-BSA shows that SWCNTs are highly
bundled within the phase-dense regions. In contrast, SWCNTs
remain largely unbundled in the fibroblasts (Fig. 3A). The
average NIR fluorescence intensity is also higher in fibroblasts
versus in macrophages (Fig. 3B and Fig. S7, ESI†), corroborating
higher SWCNT bundling in macrophages. Interestingly, the low
degree of bundling after exposure is similar to that after recovery
for fibroblasts but decreases slightly for macrophages (Fig. 3A),
although the NIR fluorescence intensity after recovery increases
minimally for fibroblasts and noticeably for macrophages
(Fig. 3B). This could be due to a small fraction of bundles (less
than 10%) being processed and individualized within the cell

Fig. 2 Intracellular distribution and dispersion state of short-SWCNTs-
BSA in macrophages after 10 mg mL�1 exposure for 24 h. Spatial correlation
of phase dense subcellular regions identified in phase contrast images
with Raman spectroscopy mapping results shows that these regions are
preferentially comprised of less individual and more bundled SWCNTs.
Data = mean � SD.

Fig. 3 Quantification of short-SWCNTs-BSA bundling in fibroblasts and
macrophages. (A) Quantification of the bundle fraction from RBMs shows
lower bundling in fibroblasts than macrophages in both exposure (Exp) and
recovery (Rec); ***p o 0.001. (B) Corresponding NIR fluorescence signal
from individualized SWCNTs is higher in fibroblasts compared with macro-
phages. Fold change quantifications in cells are relative to the starting
value of short-SWCNTs-BSA dispersion; **p o 0.01; ***p o 0.001. (C) In
fibroblasts, comparison of bundling with the G-band intensity for every
imaged voxel shows that bundling is dependent of the G-band intensity
for both exposure and in recovery. (D) In macrophages, bundling is
independent of short-SWCNTs-BSA concentration for both exposure
and recovery. Data = mean � SEM, n Z 630 (320) and 560 (290) voxels
for exposure (recovery) for fibroblasts and macrophages, respectively.
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during the recovery time, which in sum is on the order of
two cell division cycles (24 hour for exposure and 24 hour
for recovery).

Since it is plausible that the higher uptake of SWCNTs in
macrophages relative to that in fibroblasts may lead to more
bundling in macrophages, we simultaneously imaged bundling
with the G-band intensity (Fig. 3C and D and Fig. S8, ESI†). We
find that for macrophages bundling is largely independent of
the G-band intensity, both for exposure and recovery (Fig. 3D).
Interestingly, fibroblasts show bundling to be dependent on the
concentration for exposure and recovery, showing that a larger
intracellular short-SWCNT concentration is associated with
decreased bundling. This suggests that less intense regions
are more likely to be bundled (Fig. 3C). Thus, similar to
recovery (Fig. 1A), short-SWCNTs-BSA appear to diffuse sub-
cellularly and less bundled in fibroblasts, likely enabling these
cells to expel SWCNTs (Fig. 1A) compared to highly bundled
SWCNTs in macrophages, which are largely retained (Fig. 1B).

SWCNT uptake is a function of length, but bundling and
retention are more complex

The uptake of SWCNTs-BSA in macrophages is a strong
function of SWCNT length (Fig. 4 and 5A) and is consistent
with previous observations.2,32 Long-SWCNTs with large length
polydispersity show the lowest delivery to cells and we suggest
that much of the macrophage uptake is from shorter length
SWCNTs within the distribution. Uptake is slightly higher
for short-SWCNTs, which have a much narrower length dis-
tribution, and is drastically higher for US-SWCNTs (Fig. 5A).
However, SWCNT bundling after cellular uptake does not
follow the same trend. Short-SWCNTs become highly bundled
but US-SWCNTs and long-SWCNTs remain mostly individua-
lized as evidenced by a lower bundle fraction (Fig. 4 and 5C and
Fig. S9A, ESI†) and a higher NIR fluorescence intensity (Fig. 4
and 5D and Fig. S9B, ESI†).

Since macrophage entry mechanisms of US- and short-
SWCNTs are likely similar and the SWCNT dispersion state is

Fig. 4 Differential uptake and bundling of (A) long-, (B) short- and (C) US-SWCNTs-BSA in macrophages. Raman spectroscopy maps taken over
individual cells. Each pixel represents a Raman spectrum containing the G-band signal for SWCNT concentration as well as processed RBM and NIR
fluorescence intensities used to quantify the SWCNT dispersion state. US-SWCNTs-BSA show highest uptake, but short-SWCNTs-BSA show highest
bundling. Scale bars reflect 20 mm.
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possibly an outcome of length-dependent cellular processing,
we investigated the recovery of macrophages after exposure to
long-, short- and US-SWCNTs (Fig. 4 and 5). Macrophages
retain significantly low levels of US-SWCNTs compared with
short-SWCNTs (Fig. 5B). This low retention correlates with the
high percentage of individual SWCNTs (low bundling (Fig. 4
and 5C) and high NIR fluorescence intensity after recovery
(Fig. 4 and 5D)) observed before and after recovery.

Discussion
Delivery versus retention in cells

Delivery of SWCNTs into cells has been widely studied through
measuring uptake. However, for cellular therapies with SWCNTs
ultimate delivery is a function of increased cellular internaliza-
tion as well as retention. Differential coatings on SWCNTs
often lead to altered cellular uptake, subcellular localization
and ultimately disparate retention patterns.2,33,46 Furthermore,
different cell types can uptake and process materials in differ-
ent ways leading to altered retention.1 In addition to the studies
here, others have seen that macrophages and other phagocytes

take in and retain SWCNTs more than fibroblasts and epithelial
cells.21,22 In this work, we observe that the high uptake asso-
ciated with BSA coatings combined with length-dependent
intracellular bundling contribute to the retention of large
amounts of SWCNTs in macrophages.

Potential mechanism for length-dependent SWCNT bundling

Uptake is size-dependent with uptake of US-SWCNTs is higher
than that of short-SWCNTs, which is higher than that of long-
SWCNTs. However, neither long- nor US-SWCNTs bundle
appreciably inside cells, especially compared to the high frac-
tion of bundling displayed for short-SWCNTs. We suggest that
long-SWCNTs are processed slowly inside of cells because of
their large size. Combined with low uptake, long-SWCNTs
manage to avoid bundling. In comparison, macrophages possibly
can readily take in and process US-SWCNTs and short-SWCNTs
very likely via similar uptake mechanisms. Short-SWCNTs are
collected and compressed in vacuoles, probably phagosomes
(Fig. 2), where SWCNTs bundle due to the lateral attraction
from van der Waals forces overcoming entropic fluctuations.
In contrast, US-SWCNTs likely evade bundling inside these
vacuoles because entropic fluctuations are significantly larger
relative to lateral attraction.

Cell mediated SWCNT delivery

While high levels of delivered SWCNTs (uptake plus retention)
may be preferential for many biomedical applications, there are
also applications associated with controlled release. The high
loading of US-SWCNTs into macrophages and subsequent slow
release may be of interest for cell-mediated delivery of SWCNTs
to other target cells. Macrophages could serve as efficient
SWCNT carriers since they intrinsically traffic materials to
regions not easily accessible with traditional delivery strategies,
including the blood–brain barrier47 and to hypoxic regions in
tumors.48 There are other applications such as macrophages
‘‘leaving trails of breadcrumbs’’ for imaging of macrophage
movements within tissues. These potential applications are
exciting, but require multiple cell types as well as tissue-level
in vivo examination.

Conclusions

We have determined the dependence of cellular processing
including uptake, subcellular distribution, and retention on
the SWCNT length and immune cell-specific processes. As
expected, macrophages uptake larger amounts of SWCNTs than
fibroblasts. Surprisingly, short-SWCNTs became highly bundled
while US- and long-SWCNTs remained individualized in macro-
phages. Furthermore, short-SWCNTs do not bundle in fibroblasts.
These bundled short-SWCNTs are retained in macrophages, whereas
unbundled SWCNTs are lost from fibroblasts. US-SWCNTs and
long-SWCNTs are also lost from macrophages after 24 h of
recovery. Thus, SWCNT length appears to play a critical role in
the dispersion state of SWCNTs after intracellular processing

Fig. 5 Uptake, concentrations and bundling of long-, short- and
US-SWCNTs-BSA in macrophages after exposure and recovery. (A)
Uptake of 30 mg mL�1 SWCNTs at 24 h and 48 h for 2 cm2 culture area.
Data = mean � SEM, n Z 2 replicate experiments. (B) Setting the
exposure data to 1.0, we calculated the recovery levels to a fraction of
the maximum levels. Significantly more long- and US-SWCNTs-BSA are
lost from macrophages compared to short-SWCNTs-BSA despite higher
uptake levels (cf. Fig. 4); ***p o 0.001. (C) Bundling fraction calculated
from RBMs and (D) individualized SWCNTs from NIR fluorescence both
suggest that US-SWCNTs-BSA are less bundled in cells than short-
SWCNTs-BSA; **p o 0.01; ***p o 0.001. Fold change quantification for
SWCNTs in cells relative to their respective starting values as dispersions
in solution. Data = mean � SEM, n Z 460 (350), 560 (290), and 530
(450) voxels for exposure (recovery) for long-, short-, and US-SWCNTs-
BSA, respectively.
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by immune cells, ultimately influencing the retention and
expulsion of SWCNTs by cells over time.
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