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Abstract
To add to the understanding of the properties of functionalized carbon nanotubes in biological
applications, we report a monotonic pH sensitivity of the intracellular fluorescence emission of
single-walled carbon nanotube–fluorescein carbazide (SWCNT–FC) conjugates in human
ovarian cancer cells. Light-stimulated intracellular hydrolysis of the amide linkage and
localized intracellular pH changes are proposed as mechanisms. SWCNT–FC conjugates may
serve as intracellular pH sensors.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Biocompatibility and the availability of accessible methods
for functionalization with bio-active molecules make single-
walled carbon nanotubes (SWCNTs) promising candidates
for intracellular delivery agents and for other applications
in bio-sensing and biomedicine [1–4]. Many studies have
focused on the use of SWCNTs as vehicles for direct delivery
of anti-cancer drugs across the cell membrane of cancer
cells [5, 6]. Utilization of the optical and electronic properties
of carbon nanotubes for intracellular sensing has been less
explored [7, 8]. Heller and colleagues found that DNA-
encapsulated nanotubes can be used to sense intracellular
cationic concentrations. After the addition of divalent cations
such as Hg2+, the transition of DNA secondary structure from
a B to Z conformation modulated the dielectric environment
of SWCNTs and decreased their near-IR emission energy,
thus yielding observable characteristic shifts in the SWCNT

luminescence spectrum [9]. Intracellular pH (pHi) is a key
parameter in most biochemical and biological processes [10].
Conventional methods for measuring pHi include the use of
radioactively labeled weak organic acids and bases [11, 12],
nuclear magnetic resonance spectroscopy (NMR) [13, 14],
and fluorescent dyes [15]. However, as many disease states
are associated with abnormal chemical environments at a
subcellular level; new probes are needed that measure pH
in localized environments inside living cells in real time.
The development of nanoparticle-based fluorescent probes
represents a new trend that offers the advantages of localized
and continuous pHi monitoring with high time resolution and
sensitivity [16–18]. Although SWCNTs are widely used as
intracellular carriers, little has been reported about utilizing
them as pHi probes. In this work, we have covalently
linked carbon nanotubes to fluorescein 5-thiosemicarbazide
(SWCNT–FC) and evaluated the response of the conjugate as
a probe for intracellular processes involving pHi changes in
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Figure 1. Differential interference contrast (DIC) (upper panels) and fluorescence (lower panels) images of SKOV-3 cells incubated in RPMI
1640 for 17 h with (a) FC, (b) a mixture of SWCNTs and FC, and (c) SWCNT–FC conjugates, and for 1 h with SWCNT–FC conjugates at
4 ◦C (d) and 37 ◦C (e).

SKOV-3 human ovarian cancer (SKOV-3) cells. Fluorescence
of SWCNT–FC conjugates in SKOV-3 cells was found to
increase upon light stimulation. Two hypotheses are proposed
to explain such observations: first, de-quenching of fluorescein
fluorescence could result from light-stimulated intracellular
hydrolysis of the amide linkage between SWCNTs and
fluorescein molecules. Second, light-induced intracellular pH
changes may cause fluorescence intensity variations of the
SWCNT–FC conjugates, since fluorescein is a pH-sensitive
dye. Either of the above-mentioned processes, or both,
would produce a fluorescence intensity increase upon light
stimulation. Our results demonstrate that nanosized conjugates
like SWCNT–FC have the potential to be used as localized
pHi sensors and trackers in studies of uptake mechanisms,
endocytotic degradation, and photo-induced phenomena in
living cells.

2. Materials and methods

2.1. Synthesis of carbon nanotubes-fluorescein (SWCNT–FC)
conjugates

HiPco SWCNTs (Carbon Nanotechnology Inc.) were
shortened and carboxylated by acid reflux treatment [19–21] to
yield highly functionalized nanotubes about 200 nm long with
carboxylic acid groups around the open ends and at defect sites
in the sidewalls. The mole per cent concentration of carbon
atoms belonging to carboxyl groups in oxidized SWCNTs
by this method has been reported to be between 3.6% and
8.0% [21]. Oxidized nanotubes were reacted with fluorescein-
5-thiosemicarbazide (FC) (Sigma-Aldrich) and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (Sigma-Aldrich) to form
covalent conjugates through an amide linkage. SWCNT–FC
conjugates were then filtered, rinsed thoroughly to remove
unreacted materials, and re-dispersed in Dulbecco’s Phosphate
Buffered Saline (PBS 1X) solution without calcium and
magnesium salts (Irvine Scientific, Irvine, CA) to a SWCNTs
concentration of 0.25 mg ml−1.

2.2. Cell lines and fluorescence microscope

White-light and fluorescence microscopy were employed to
evaluate the uptake of SWCNT–FC conjugates by SKOV-3
cells (ATCC, Manassas, VA) cultured in RPMI 1640 medium
(Irvine Scientific, Irvine, CA) containing 10% heat-inactivated
fetal bovine serum (FBS; Gibco, Carlsbad, CA), 2 mM L-
glutamine (Gibco, Carlsbad, CA), 45 units ml−1 penicillin
(Gibco, Carlsbad, CA), and 45 μg ml−1 streptomycin (Gibco,
Carlsbad, CA). Cells were incubated with solutions of: FC
[0.025 mg ml−1], SWCNT [0.025 mg ml−1] mixed with
FC [0.025 mg ml−1], and SWCNT–FC [0.025 mg ml−1]
conjugates for 17 h in RPMI 1640 culture medium. Cells
were washed to remove extracellular nanotubes and dye
molecules prior to fluorescence imaging. A Zeiss Axiovert 200
M fluorescence microscope (Carl ZeissMicroImaging, Inc.,
Thornwood, NY, USA) was used for imaging. Filter sets
for SWCNT–FC 480 nm excitation and 540 nm emission,
respectively.

3. Results

3.1. Internalization of SWCNT–FC

Figures 1(a)–(c) compare the FC uptake levels by SKOV-
3 cells incubated with free FC, SWCNTs mixed with FC,
and SWCNT–FC conjugates, respectively. Unlike their
unbonded counterparts where the uptake is minimal, SWCNT–
FC conjugates were able to readily cross the cell membrane
and exhibit strong fluorescence from the cytoplasm and
intracellular organelles. The SWCNT–FC conjugates entry
mechanism was evaluated by comparing uptake at low
(4 ◦C) and normal growth temperatures (37 ◦C). After 1 h,
only cells incubated at 37 ◦C (figure 1(e)) show strong
fluorescence due to internalized SWCNT–FC conjugates; no
detectable emission was observed in cells incubated at 4 ◦C
(figure 1(d)). This result is consistent with an energy-
dependent endocytotic pathway as the SWCNT–FC conjugates
uptake mechanism [22]. Figure 2(a) depicts a SEM image of
fixed SKOV-3 cells incubated with SWCNT–FC conjugates.
Interestingly, nanotube-like structures were found across the
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Figure 2. (a) SEM image of fixed intracellular SWCNT–FC SKOV-3 cells; (b) micro-Raman spectrum of intracellular SWCNTs showing a
G-band peak at 1592.4 cm−1; (c) left: optical microscopy image of SKOV-3 cell culture previously incubated with SWCNT–FC conjugates,
right: fluorescence microscopy images taken at different focus planes in Z -direction from top to bottom. The interplane distance is 1 μm;
(d) three-dimensional representation of the data collected in (c).

cell membrane. The micro-Raman spectrum of one of these
structures reveals a strong G-band peak at 1592 cm−1, which
is characteristic of SWCNTs (figure 2(b)). In order to gather
more information in regards to intracellular SWCNT–FC, the
cell was chosen inside square on the left white-light image
of figure 2(c). Fluorescence images were taken at different
focal planes along the z-axis. The distance between each focal
plane is 1 μm. The resulting 3D fluorescence image is shown
in figure 2(d) with Zeiss AxioVision 3.1 imaging software.
Vesicle-like intracellular fluorescence emission sources were
found to be localized in the perinuclear region in the cytoplasm.

3.2. Photoluminescence of SWCNT–FC within cells

Interestingly, we observed that intracellular SWCNT–FC
conjugates exhibit a fluorescence emission enhancement after
light stimulation. SKOV-3 cells incubated with SWCNT–
FC were exposed for 2.5 s to the 480 nm band-pass-
filtered emission of a mercury lamp (source power density =
0.04 W m−2), after which fluorescence microscopy images
were taken at 0, 5 and 10 min (figure 3(a)). We integrated
and averaged the fluorescence intensity of cells from each
image in figure 3(a). Comparison of the averaged fluorescence
intensity at 0 and 10 min reveals a 50% increase in fluorescence
intensity (date were analyzed in figure 7). To further confirm
that the intracellular fluorescence intensity increase was caused
by light stimulation, we used a 63× objective to irradiate
a small area 300 μm in diameter, and then we imaged
a larger concentric area 1 mm in diameter with a 10×

objective. Figure 3(b) clearly shows that there is a stronger
fluorescence emission area which corresponds to the region
irradiated with the 63× objective. The regions photo-excited
later with the 10× objective show much lower fluorescent
emission. This result demonstrates that exposing intracellular
SWCNT–FC conjugates to light stimulation produces a strong
increase in fluorescence intensity and suggests an intracellular
photo-activated process that was sensed by the SWCNT–FC
conjugates. To understand the nature of the observed photo-
activation phenomenon, the time evolution of the intracellular
SWCNT–FC fluorescence intensity after being photo-activated
was further studied. We first photo-exposed SKOV-3 cells with
intracellular SWCNT–FC conjugates for 2.5 s, then the cells
were placed in fresh growth medium for 36 h. After incubation,
cells were separated into two samples, washed thoroughly
and photo-exposed again for either 2.5 s (figure 3(c)) or
1.5 s (figure 3(d)). Note that figures 3(a) and (c) reveal that
although the fluorescence intensity of SWCNT–FC conjugates
increases with time in all areas within the cells, it becomes
stronger within intracellular organelles than in the cytoplasm.
This behavior may be attributed to the activation of a photo-
stimulated process that affects the endosomal membranes.
Disruption/perturbation of the endosomal membranes may
allow an increase in the endosomal pH and/or facilitate the
diffusion of the fluorescence emitters from organelles to the
cytoplasm, where they find a higher pH and therefore exhibit
stronger fluorescence [23]. Comparisons of figures 3(c)
and (d) reveal decreased fluorescence intensity when the photo-
activation time was reduced from 2.5 to 1.5 s (110% and 60%,
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Figure 3. Fluorescence images of intracellular SWCNT–FC in SKOV-3 cells (a) after 2.5 s light exposure (480 nm), (b) with 10× objective
after photo-activation of with 63× objective, (c) after PBS washing and 2.5 s light exposure, and (d) after PBS washing and 1.5 s light
exposure.

Figure 4. (a) Strong background fluorescence in the medium from SKOV-3 cells containing intracellular SWCNTs after 36 h incubation.
(b) Same cells after washing with PBS.

respectively, after 10 min) (date were analyzed in figure 7). We
found strong background fluorescence in growth medium after
SWCNT–FC-loaded SKOV-3 cells (light-stimulated (480 nm))
were incubated for another 36 h (figure 4(a)), although the cells
themselves retained their fluorescence after replacement of the
medium (figure 4(b)). The presence of fluorescent material in
the growth medium may be due to diffusion or expulsion of
SWCNT–FC conjugates from the SKOV-3 cells to the external
medium, or from endosomal hydrolysis of the conjugates that
yields free and de-quenched FC molecules which are then
expelled to the extracellular medium.

4. Discussion and conclusion

4.1. pH sensitivity of SWCNT–FC within cells

To explain the observed photo-activation of SWCNT–FC
in SKOV-3 cells, we considered the pH sensitivity of FC

fluorescence. FC photoluminescence increases with pH
monotonically over the pH range 3–10 [23]. We confirmed
this behavior for our SWCNT–FC conjugates by measuring
the fluorescence intensity of aqueous solutions of SWCNT–FC
conjugates at different pH values. Figure 5(a) shows that the
fluorescence intensity of SWCNT–FC conjugates increases by
two orders of magnitude from pH 4.1 to 7.0. An additional
20% increase occurs between pH 7.0 and 10.0. To investigate
whether the intracellular photoluminescence of SWCNT–
FC conjugates corresponds to changes in pHi, we used
chloroquine to modulate pHi. Chloroquine is a weakly basic
amine which concentrates in acidic intracellular compartments
(lysosomes, Golgi complex) and increases the intracellular
pH [24–28]. Figure 5(b) shows that the fluorescence
intensity of intracellular SWCNT–FC conjugates increases
after chloroquine is added to the medium (60% increase
after 10 min) (date were analyzed in figure 7). Moreover,
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Figure 5. (a) Normalized fluorescence intensity of free SWCNT–FC conjugates increases with an increasing pH value within the range of
4.1–10.0. Fluorescence images of intracellular SWCNT–FC in (b) chloroquine-treated SKOV-3 cells after 2.5 s light exposure (480 nm),
(c) with 10× objective after photo-activated with 63× objective. (d) Fluorescence emission intensity of free SWCNT–FC conjugates
decreases after 480 nm exposure (photobleaching), while fluorescence emission intensity of intracellular SWCNT–FC conjugates increases
after 480 nm light exposure.

chloroquine-treated, SWCNT–FC-loaded SKOV-3 cells photo-
excited and imaged with 63× and 10× objectives display
a uniform distribution of fluorescence emission intensity
throughout the imaged sample (figure 5(c)), contrary to what
is observed for photo-activated samples without chloroquine
(figure 3(b)). Figure 5(d) shows fluorescence spectra of
intracellular and extracellular SWCNT–FC conjugates before
and after photo-excitation. Emission from extracellular
SWCNT–FC conjugates is observed to decrease slightly
(photobleaching) after excitation while photo-excited (480 nm)
intracellular conjugates exhibit a strong fluorescence intensity
increase. If SWCNT–FC internalization into SKOV-3 cells
occurs via endocytosis, we may expect that the conjugates
are localized in endosomal compartments, where they find a
pH of around 6.0–6.5, before being delivered to lysosomes
to be degraded. Lysosomes have an acidic internal pH of
about 5.0 [29, 30]. In this environment the fluorescence
of internalized SWCNT–FC conjugates will be substantially
quenched. On the other hand, for internalized SWCNT–
FC conjugates to increase their emission intensity, i.e. to
be exposed to a higher pH environment, they must either
cross the endosomal or lysosomal membrane into the
cytoplasm, or the pH of the lysosomal compartment must
increase. SWCNT–FC in the cytoplasm sees pH values
around 7, which would correspond to a two- or four-
fold increase in fluorescence intensity for endosomal and
lysosomal conjugates, respectively [23]. Integration of the

fluorescence intensities in figure 3 reveals a two-fold intensity
increase for all photo-activated samples after 10 min, which
matches closely the predicted intensity increase of SWCNT–
FC conjugates due to endosome-to-cytoplasm transfer (date
were analyzed in figure 7) or an increase in vesicle pH.
Although it is possible for cationic conjugates to disrupt
endosomal membranes [23], unreacted carboxyl groups in
the SWCNT–FC conjugates would make them anionic at
intracellular pH values.

4.2. Hydrolysis of SWCNT–FC within cells

An additional issue of concern in assessing the photo-
activation process is the possibility of a photo-induced
hydrolysis of the amide linkage between nanotubes and
FC molecules. Fluorophores such as FC undergo strong
fluorescence quenching when conjugated to carbon nanotubes
due to energy transfer by π–π interaction between the
nanotube and the dye molecules [31]. Therefore, hydrolysis
of SWCNT–FC conjugates would in principle release de-
quenched FC molecules, which in turn could also contribute to
the photo-activated fluorescence intensity increase in SKOV-
3 cells. Figure 5(d) shows fluorescence spectra of SWCNT–
FC conjugates outside and inside SKOV-3 cells before and
after photo-excitation. Emission from extracellular conjugates
is observed to decrease slightly after photo-excitation while
photo-excited intracellular conjugates underwent a strong
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Figure 6. (a) Fluorescence emission of an FC solution remains unchanged after acid hydrolysis. (b) Fluorescence emission intensity of an
SWCNT–FC solution increases after hydrolysis.

Figure 7. Intracellular fluorescence intensity from SWCNT–FC
SKOV-3 cells was integrated and averaged with Zeiss AxioVision 3.1
imaging software. (a) After 2.5 s light exposure (488 nm), (b) after
PBS washing and 2.5 s light exposure, (c) after PBS washing and
1.5 s light exposure, (d) after 2.5 s light exposure with chloroquine
added (figure 5(b)).

fluorescence intensity increase. Hydrolyzable amide bonds
that undergo photocleavage to give a free carboxyl group
in significant yields are almost unknown [32]. Because
the UV radiation required for amide photolysis falls in the
range between 190 and 300 nm, therefore a pure photolysis
of this bond during photo-activation (with light of 480 nm
in wavelength) would not be favored. The fact that
only intracellular conjugates yield a substantial fluorescence
increase under light excitation clearly demonstrates the
activation of one or several light-induced intracellular
processes that may disrupt endosomal membranes and/or
lead to the enzymatic hydrolysis of SWCNT–FC conjugates.
Lysosomes carry hydrolases, which become active in the
acidic intra-lysosomal environment and could cleave FC from
nanotubes via hydrolysis. However, for large non-viral vectors,
transfer from endosomes to lysosomes may be inhibited due
to their size [33], therefore SWCNT–FC of comparable size

may be hydrolyzed in endosomal compartments. This is
consistent with the results shown in figure 3, for which the
(two-fold) fluorescence increase matched better an endosome-
to-cytoplasm rather than a lysosome-to-cytoplasm fluorophore
transfer. To demonstrate that hydrolysis of SWCNT–
FC conjugates could lead to fluorescence de-quenching we
measured the fluorescence of free FC and SWCNT–FC
conjugates before and after hydrolytic treatment. Briefly,
free FC and SWCNT–FC conjugates were mixed with a 1:2
mixture of acetic and hydrochloric acids in a sealed tube at
110 ◦C for 48 h, for amide bond cleavage [34]. Figure 6(a)
shows that the fluorescence intensity remains unchanged for
FC solutions after the hydrolysis process. De-quenching due
to hydrolysis of SWCNT–FC conjugates resulted in a nearly
two-fold enhancement in fluorescence intensity (figure 6(b)),
similar to the experimental data obtained with cells and
consistent with the mechanisms proposed for the observations
of internalized, photo-excited carbon nanotube conjugates in
SKOV-3 cells.

The monotonic pH sensitivity of SWCNT–FC conjugates
allows us to monitor the fate of SWCNT–FC conjugates
in SKOV-3 cells. We find that SWCNT–FC conjugates
are more likely taken up by an endocytotic process, for
which the conjugates remain in endosomes. The observed
photo-induced fluorescence increase of intracellular SWCNT–
FC can be attributed to the activation of one or several
processes that may include one or more of the following:
hydrolysis of endosomal SWCNT–FC conjugates yielding free
de-quenched FC molecules; permeation of the endosomal
membrane to allow SWCNT–FC conjugates into the cytosol;
neutralization of the acidic environment of the endosome.
Although an unambiguous explanation of the photo-activation
process remains to be determined, we have demonstrated
the potential use of SWCNT–FC conjugates as localized
intracellular probes.
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