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Carbon nanotubes (CNTs) were first specifically identified and
described in 1991.! These nanoscale materials have since been
widely used in a variety of fields due to their extraordinary prop-
erties, including high surface area, high mechanical strength, elec-
tronic properties, and excellent chemical and thermal stability.
CNTs have also been developed and explored for a wide range
of applications including in biomedicine, as biosensors, tissue
engineering scaffolds, and drug delivery systems. The interaction
between CNTs and mammalian cells was first observed by Pan-
tarotto and co-workers in 2003.2 Chemically functionalized single-
walled CNTs were studied to report internalization by cells. Since
then, more experimental techniques, materials, and cell types have
been studied to identify the interaction between CNTs and cells in
vitro. A variety of investigations are currently underway to study
the interaction between biological systems and CNTs.
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Cell Biology of Carbon Nanotubes

9.1 Experimental Techniques Used to Study the
Interaction Between Carbon Nanotubes and
Cells In Vitro

Carbon nanotubes (CNTs) are mainly classified as single-walled
(SWNTs) and multi-walled (MWNTs) according to the number of
the concentric layers of graphitic sheets rolled into cylindrical struc-
tures. Both SWNTs and MWNTs have been reported to translo-
cate into cells using several analytical techniques, including opti-
cal microscopy, micro-Raman spectroscopy, single-particle tracking
(SPT), transmission electron microscopy (TEM), flow cytometry, and
fluorescence microscopy. Each technique offers its own advantages
and disadvantages that will be discussed separately below.

9.1.1 Optical Microscopy

Optical microscopy provides imaging of CNTs in live cell cul-
tures; however, due to low resolution, normally only large amounts
of uptaken CNTs can be detected in a non-quantitative manner.
Although the technique is simple (no specialized instrumenta-
tion required) and readily available in most laboratories, optical
microscopy can only offer qualitative results and also suffers from
the incapability to differentiate cell surface adsorption from intra-
cellular localization of the material. Optical microscopy can be pro-
posed as a rough, pre-screening technique to study the effect of vary-
ing CNT characteristics (e.g., surface charge, charge density, aqueous
dispersibility)® on their interaction with cultured cells before more
sophisticated and time-consuming techniques are employed.

9.1.2 Fluorescence Microscopy Techniques

Fluorescence microscopy is widely used to study the interaction
between CNTs and cells by the following: (i) detection of the intrin-
sic fluorescent signals of some CNT types; (ii) imaging CNTs using
X-ray fluorescence microscopy («XRF); and (iii) detection of fluo-
rescent probes that have been linked (covalently or non-covalently)
onto the CNTs.
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Since pristine SWNTSs exhibit unique near-infrared intrinsic fluo-
rescence, near-infrared fluorescence microscopy has been used to
observe the cellular uptake of SWNTs in live cells first described
in 2004 by the Weisman group.* SWNTs were seen within intra-
cellular compartments of macrophage cells understood to be
uptaken by phagocytosis. However, due to its relatively low signal
intensity, near-infrared fluorescence microscopy is currently lim-
ited to qualitative detection of cellular uptake. Moreover, specialized
instrumentation and expertise is also required today. uXRF was also
applied to image CNT localization within macrophages by Bussy and
co-workers.’ uXRF could provide information of the CNT-cell inter-
action by analysis of the fluorescence signal of the catalyst metal par-
ticles bound to CNTs. This technique has been shown to have enough
sensitivity to detect very low concentrations of CNTs. Thus, this tech-
nique could be employed more in the future to identify the CNT-
cell interactions and the effect on cells by uptaken CNTs; however,
specialized instrumentation is also needed.

Fluorescence microscopy (optical or confocal laser) can only be
applied to assess the cellular uptake of CNT probed with fluorescent
dyes, thus offering indirect observation of their cellular uptake. With
the help of confocal laser scanning microscopy (CLSM) and organic-
based fluorophores (fluorescein or members of the rhodamine,
cyanine, and Alexa families) methods to label cells and subcellular
compartments have also been applied to access the subcellular local-
ization of CNTs, as shown in Table 9.1. Some of the fluorescence
probes in these studies are covalently bound to nanotubes, while
others are non-covalently bound to CNTs. Regarding their intracel-
lular localization, this is generally observed with the help of added
intracellular compartment markers. In only a few of these studies
CNTs were reported within the nucleus of the cells with reported
co-localization of nuclear stains and fluorescence from the labeled
CNTs. The issue of nuclear localization of CNTs is still not conclu-
sive and is under intense investigation by various laboratories. Most
studies today report fluorescence-probed CNTs in the cytoplasm and
around the perinuclear regions. Taken together, it remains difficult
to conclude on the final intracellular trafficking destination of CNTs
mainly due to the dramatic variation in materials used (CNT types),
cells, fluorescent probes, association between CNTs, and probes and
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experimental conditions. However, what remains consistent and
reproducible throughout the studies performed today is the confir-
mation of the original reports that CNTs exhibit the capacity to be
uptaken by cells in ways and mechanisms that do not necessarily
follow established binding, internalization, and trafficking patterns
known for other nanoparticles.

9.1.3 Flow Cytometry

Flow cytometry-based assays have been proposed to assess CNT-
cell associations (both cell-bound or internalized) qualitatively by
measuring the increase in the sideward scattering of cells incubated
with non-fluorescent CNTs.? Data generated using light scattering
analysis established a good correlation between the increase in side-
ward scattering intensity and the increase in CNT intracellular accu-
mulation, which suggested that adsorption of the CNT onto the cell
membrane will eventually lead to intracellular uptake. Qualitative
measurements are based on the fact that as CNTs bind to the
cells, the granularity of the cells increases, which concomitantly
increases the sideward scattering intensity. It is difficult to distin-
guish between CNTs that are bound to the cell surface or internal-
ized by the cells because sideward scattering intensity only offers an
indication of cell surface roughness.> However, this technique can be
combined with other techniques such as optical microscopy, CLSM,
or TEM to distinguish CNT cell binding from internalization.

9.1.4 Electron Microscopy

TEM has been widely used to study the interaction between CNTs
and biological systems. Both pristine CNTs (unpurified and puri-
fied) and different types of functionalized CNTs (f-CNT) have been
studied intracellularly. TEM provides the highest possible resolu-
tion, indicating the exact intracellular localization of the CNTs. How-
ever, most TEM protocols have to be performed using fixed cells, so
it is difficult to follow the trafficking pathway of the CNT transloca-
tion into cells. As evidenced from Table 9.2, the intracellular localiza-
tion of CNTs can be classified into three major categories: (a) CNTs,
both pristine and functionalized, observed in the perinuclear region

09-Tagmatarchis-ch09



PSP Book - 9in x 6in 09-Tagmatarchis-ch09

January 19,2012 17:4

351

Experimental Techniques Used to Study the Interaction

(pauod)
Y0S0 %T Y3m paxy
1sod pue 1eynq a3e[Apooed S %S yum
S9[0NdeA Je[n[[ddelul N T°0 ul apAyapreten[3 pajuawalddns
LT up [eLIR3RW AI[-LNMS %Sz Buisn paxq 409 S[[92 eToH WAWa LNMS
Jouuew
Juapuadap-awny e ur g-[
aun{0340 A1oyewrwepjuroxd
a3 Jo aseaal
a3 paonpui pue syutod swny  J1aynq ayeydsodd wnipos N 1°0 (sire2
[1e e sajonoea drwe[dolfdo ur ¥0sQ %T ul paxy-isod pue y gy Aaupny oruokiquia wnipaw
9z uryym Juasald SLINMIN - Dob e danexy s,dumn], ut paxy o1dn uewny) s[[ad ¥qH MoI3 [[3) LNMI
S9[IISaA 10
sa[onoea Je|
-n[edenul
adojaaus Teapnu a3 J93ud apisur
j0U PIp INg ‘S[[J Jo uoISax pue uoidax
Jeapnutiad ayy pajoqe] Jeapnurrad
pue sap1saa orwise[dolfo Y 7 10§ INMS ayl e
Y4 ojur 9jerod.10oul SLNMS JobIepaxll  ysgyordn SI®d £.LE 0%HP paleod-yNa  ul paSew]
S[[ed M
uonoeIsul Jeynq SLND jo
IND Jo puejuade UOLIBZI[E0]
REN suoIsnouo) [02030ad uonexy (29 uoneInq adAy 119D Suiszadsiq 2dAy LND RENER)
SLND jo ayerdn ae[nj[ao ay3 a3e31saAul 03 H,[, uisn salpnis  "Z'6 d[qeL



PSP Book - 9in x 6in 09-Tagmatarchis-ch09

January 19,2012 17:4

Cell Biology of Carbon Nanotubes

352

urw O€ 10§ ¥0sQ

snoanbe 04T y3m paxy-1sod

Auo

pue paysem uay} ‘Y ZT 10J (wnipaw  jusuodwod uadAxo
wise[dolfd (#'£ Hd) 19pnq aeydsoyd 5,0009q[nQg ue upnpoxyur
a3 Ul d)e[NWNIOE N T°0 ul apAyaprereinid [ payrpowt Aq LNMIN
67 PUE S[[92 03Ul 183U SLNMIN 05SG'Z Ul paxi] skep 7 Ise[qoaqry  s,9A00s]) WANI 9[qn[OoS-I93eA
wise[doyAd aoejIns
1192 a3 jo 3sowr Adnaoo
Ued 1Y) S3[ONIeA 0JUl (payrind
pajn3ua SLNMS Mel pue pue payrindun)
S payund yioq pue SLNMIN V/N y¥z sadeydo.oejy V/N LNMS INMIN
(%M SZ°0)
QueIquUIdW wng
e Aq papuno.ins Suraq wayy 70sQ yam paxy-isod o1qely yam (§°'g
Jo Arrofewn ayy ‘wise[dolfo pue ‘epAyapjerein|3 Hd) 0%H a1
8¢ ul pazIfeso[ SLNMIN %SG°Z UMM PIXI] usy SI[®2 6¥SV aundenin INMIN
Jd.hiey
¥ 10j ‘4" £ Hd ‘@pAyapretein[3
S9[IISAA Te[N[[ad patayng-ajeydsoyd skep g 8Z-94-LNMS
91 UM pazi[eso] SLNMS %SG Ul pax1y 01dn sa1400£woIp.e) 0%H pazIpIxQ
S[[ed M
uonoeIsul Jeynq SLND Jo
INDjo puejualde UONIBZI[eI0]
PEN suoIsnIUOY) [020301d uonexy (99 uoneinq adAy 19D Suisizadsiq ad&y LND Jenyp)n
(ponunuoy) -7’6 a1qeL



PSP Book - 9in x 6in 09-Tagmatarchis-ch09

January 19,2012 17:4

353

Experimental Techniques Used to Study the Interaction

('pauo))

snajonu
ut os[e pue wise[dolfdo

81 ut 9z1[es0[ SLNMS
SN3[ONU [[9 Y3 UTYIM

azi[eso[ pue wise[dojfdo

€T a3 I93ud SLNMS

SnaNU Y} Ul pue JaLLIeq
suerquow ewsed ay)

0¢ $S0.2 03 punoj SINMIN

0,02~ e pauondas
pue ‘pajerpAysp
‘apAyapreraIn[3
%€ Ul pax1y
Tegnq SadId

ur apAyapreremnid
%% Ul pax1y

D.¥ 18 ySureno
J91eM Ul 91B19J.
[Auean jo uonnjos
%2 UM PXL]
pasuLl

pue apruefdoLLIa)
wnissejod

%E ymrosQ

%g ury 1 paxyisod
pue ‘pasuLl pue Jeynq
9)e[ApOJED ‘WINIPOS

SOUI0SOpUd 1°0 ul apAyapreten[3

0z uryim partodas SLNMS %Sz Ul paxI]

skep
9o1dn

sAep
yo1dn

ut

ut

(ste2

WS [eWAYIUISIW
uewny) DSWH
(s8eydoaoew
paaLIap-a14o0uow
uewny) WAH

S[[92 ToH

SI[®2 MdH

V/N

JHL

9S01X3P %S

(¥L-zL

Hd) winipaw

IMynd 13D

LNMS PozZIpIXQ

LNMS
snajonu Ay}
uym pue
wse[dolfo
LNMIW- fHN ay uj

LNMS P3ZIpIXQ



PSP Book - 9in x 6in 09-Tagmatarchis-ch09

January 19,2012 17:4

Cell Biology of Carbon Nanotubes

354

paAlasqo
saIpoq Je[oure|
Sur103s JueldERLINS JO

Jaqunu paseaoul Inq

Y T Joj Joynq ayeydsoyd
T°0 Ul Y0SO %T ut paxy isod pue

wnipaur (%5)

SLNMS jo uonezijeoo[  ‘q T 10j Iaygnq areydsoyd | 1°0 Surureyuod
€€ Je[njpoenul-UON Ul dpAydp[ereIn(S 9 G Z Ul paxly uve SI® 6%SV wum.tag LNMS
1050342 a3 ut
Suipisal pue sueIquUIaW
a3 Sunuard saqny
J19110US PUB SUBIQUUI suot3al
[[92 943 JO apIsIno (s[190 3se[qo1qy LNMS Je[n[eoe.nul
z¢ 9y} uo saqn} Ja8uog XLIyew £xods ue ur paxI] yStu1aaQ uewny) gTeA uonn[os jfes Pa1e0d-YNAd oyy109ds-uoN
uonedo[suen; | T .10j apruedo.riay wnissejod
309.1p pue sIs03£o0pud %€ YIM YQSQ %ZUl 10j Paxy
ysnoayr ypoq  3sod pue {1y e y T J0j (4£Hd)
S[[92 JIU3 STHN-LNMIN  19nq 1e[Apodes wnipos i 1°0 HOOJ-LNMIN
1€ pue SHOOD-LNMIN Ul 9pAyapleeIn|s %5z ul paxig y gy o1dn S[[®2 MdH 0O%HP ‘CHN-LNMIN
A493-52510PD
uot3au Jeapnuriad -LNMS
61  punodeazled0[ SLNMS V/N qt S[[®2 €INH sdd PaZIPIX0O
S[[ed M
uonoeIAIUL Jeynq SLND
IND Jo puejualde JO uonezI[eso|
PEN SuoISN[IU0Y) [020301d uonexy [[9) uoneinq adAy 19D Suisizadsiq ad&y LND Jenyp)n
(ponunuoy) -7’6 a1qeL



PSP Book - 9in x 6in 09-Tagmatarchis-ch09

January 19,2012 17:4

355

Experimental Techniques Used to Study the Interaction

"WINIIS dUIAO( €3] S, ‘PIOE 93€[0] 1Y ‘UBINJOIPAYEIId) H ], ‘98Uuelo auIpLID. :QY ‘WU (g 1a39uwelp a3elaay,,

3[99Mm e ey} 210U
10J SOWOSOSA] 9pISul

€T urewa.r SLINMS-0V
BLIPUOTD0)TWI

JO AJIUDdIA 9Y) Ul SWOS

pue S[[92 Jo apIsul

¥e PaAI95q0 SLNMIN

S[[90 dwWos
Jo wise[dolfd ayy ur
paynuapl aIam SLND

vz JO JaquINu [[ewWs Y

19[onu ur j0u
pue wse[dolfd ayy ut

01 A[uo pa3ed0] SLNMS

Y0S0 %1
pue apAyapreren|3
%T UMM PIXTL]

V/N

poe dIuue}

04T Ul pajuepIowt
‘Y0sQ ut paxy-isod
‘(1apnq o114pooded
wnrpos N 1°0 ut
opAyapreuwtiojered
%S'C
‘apAyapretan(3
%S'7)

QAnEXY S, LSAoUIEY]
Ul pax1y

urw Og 10j ¥0sQ %1
y3m paxy-isod pue
Y ¢ 10y 1oynq sdd

W T°0 Suturejuod
apAyaprerein(3
%G Ul paxIy]

skep £ 01
dn urw gg

skep ¢

uve

ut

NEE
%S Sururejuod
wnipaw
S[[®2 eToH 2an3nd ysaay
SISB[2091SQ V/N

(s1190

[e1[@ya0pus dn.oe
uewny) HIVH sdd
s[[92 7o doy sdd

LNMS
pa1eod-Qy

LNMRN-5u08

LNMIN
pue LNMS

LNMS
Pa1e0d-URSOIYD

~Vd-OLId



January 19,2012 17:4 PSP Book - 9in x 6in

356

Cell Biology of Carbon Nanotubes

inside intracellular vacuoles or vesicles; (b) CNTs detected both in
the cytoplasm and within the cell nucleus. According to these obser-
vations, CNTs were found not only to translocate across plasma
membranes, but also seemed to enter the nuclear envelope. Most
such studies were performed using chemically f-CNT; however,
Porter et al.?® imaged individual non-functionalized SWNTs within
cells using low-loss energy-filtered TEM in combination with elec-
tron energy loss spectrum imaging. These techniques allowed for
improved contrast between (unlabelled) SWNTs and cell organelles
including the plasma membrane, vesicles, and the nucleus with-
out staining. They showed direct evidence of the individual SWNTs
crossing lipid bilayers and enter into the cytoplasm and nucleus; (c)
CNTs were found into non-specific intracellular regions. An exam-
ple of such study was recently reported by Simeonova et al, who
observed small numbers of purified (non-functionalized) SWNTs
and MWNTs in the cytoplasm or along the plasma membrane of
human aortic endothelial cells.?*

9.1.5 Micro-Raman Spectroscopy

SWNTs show strong Raman scattering® evidenced by the presence
of characteristic G-band peaks. CNTs uptaken within living cells
could be studied by micro-Raman spectroscopy confirming their cel-
lular uptake. This technique was first applied by Daniel et al to
observe the cellular uptake of CNTs in live cell cultures by comparing
the Raman scattering and fluorescence spectra of SWNTs and cor-
relating those signals to intracellular location based on area maps
of the cells in comparison to optical microscopy and TEM.?® Later,
Raman spectroscopy was used to detect the cellular uptake of non-
covalently surface-modified SWNTs, coated with either peptides or
PEGylated lipids.3® The advantages of micro-Raman spectroscopy
are its high sensitivity and low background signal interference along
with the capability for long-term detection.

9.1.6 Intrinsic Photoluminescence (Via SPT)

SPT is a technique used to study the diffusion of small molecules
both computationally and experimentally. Although there is not high
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enough resolution to allow visualization of specific cellular uptake
using this technique, the interaction between SWNTs and live cells
can be assessed in a dynamic fashion.3”-38 Moreover, by mapping and
monitoring the trajectories of SWNTs internalized into live cells as a
function of time and cell topography membrane surface adsorption
and desorption, diffusion, endocytosis, and exocytosis from fibrob-
lasts (NIH-3T3 cells) has been proposed.37-38

9.2 Mechanisms Involved in the Cellular Uptake of CNTs

The cellular uptake of CNTs has been reported by several labora-
tories employing a variety of experimental techniques as discussed
in Section 9.1. Table 9.3 summarizes as comprehensively as possi-
ble the different CNT types used in various studies along with the
reported conclusions offered on the mechanism(s) of intracellular
uptake involved in the uniformly agreed observation of CNT intra-
cellular localization. Below, we will attempt to summarize the main
such mechanisms that have been proposed (Section 9.2.1) and dis-
cuss the critical parameters that have been implicated in determin-
ing which of those mechanisms can be deemed more predominant
(Section 9.2.2).

Table 9.3. Cell biology studies and the proposed mechanisms of CNT
cellular uptake

Type of Cell Experimental Mechanism of uptake Ref.
CNT technique proposed
Pristine SWNT Macrophage- Near-infrared Localized in small 4
CNTs like cells fluorescence phagosomes suggesting
microscopy phagocytosis pathway
SWNT, MWNT HeLa HEK cells TEM Localized in cytoplamic 26,
vacuoles suggesting 27
endocytosis pathway
SWNT HMM cells Low-loss Localized in the 23

energy-filtered
TEM combined

cytoplasm and also in
nucleus suggesting
with nuclei diffusion pathway

marker

(Contd.)
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Table 9.3. (Continued)

Type of
CNT

Cell Experimental

technique

Mechanism of uptake

proposed

Ref.

Coated
(non-
covalently
surface-
modified)
CNTs

SWNT

Phospholipid-
PEG-coated
SWNT

Poly(rU)-coated
SWNT

DNA-coated
SWNT

DNA-coated
SWNT;
protein-coated
SWNT

Peptide-coated
SWNT

NIH-3T3 cells SPT

HL60 cells, CHO CLSM
cells and 3T3

cells

combined
with
endosome
marker

MCF7 cells CLSM

3T3 cells TEM

HeLa cells CLSM under
endocytosis-
inhibiting

condition

HeLa cells Raman

scattering

[ The
ation between SWTN
and cells is associated

associ-

with several
mechanisms (see Sec-
tion 9.2.1.3 for details)
including mem-
brane surface adsorp-
tion and desorption,
surface diffusion and
endocytosis and exo-
cytosis

The cellular uptake of
SWNT is reported as
size-dependent
Uptake pathway is
consistent with
adsorption-mediated

endocytosis

SWNTSs could
penetrate the nuclear
membrane suggesting
a diffusion pathway
Localized in the
cytoplasmic vesicles
and the perinuclear
region of the cells
suggesting
endocytosis pathway
Uptake reported via
an energy-dependent
endocytosis pathway
and the endocytosed
species are confined
inside endosomes
Cellular uptake
reported as time- and
temperature-
dependent suggesting

endocytosis pathway

37-
39

40

25

7,8,
41

42
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Table 9.3. (Continued)
Type of Cell Experimental =~ Mechanism of uptake Ref
CNT technique proposed
DNA-coated IMRIO0 cells TEM and CLSM  Uptake reported as 32
SWNT (human lung length-dependent
fibroblasts)
FITC-FA- Hep G2 cells CLSM Localized only in the 10
chitosan-coated combined with cytoplasm and not in
SWNT nuclei marker; nuclei, suggesting
TEM endocytosis
Covalently = SWNT-PEG- HelLa, U20S, CLSM Localized in the 17
modified FITC MEF, HT1080,  combined with nucleus, mainly in
CNT by C33A,HEK293 intracellular the nucleolus
oxidation cells compartment  suggesting diffusion
markers
Oxidized SWNT HEK293 cells CLSM and TEM Localized in 20
endosomes,
suggesting uptake
through an
endocytosis pathway
MWNT-NH,; HEK293 cells TEM Localized in 31
MWNT-COOH endosomes and
lysosomes for short
term and in the
nucleus at later time
points, suggesting a
combination of
endocytosis and
direct penetration
Oxidized L1210FR cells ~ CLSM under Localized inside of 43
SWNT-biotin (leukemia cells) endocytosis- cells in an
inhibiting energy-dependent,
condition endocytosis pathway
Oxidized SWNT  BY-2 cells CLSM under e SWNTs traverse 44
(Walled plant endocytosis- across both plant cell
cells) inhibiting walls and cell mem-
condition brane
o SWNT/FITC is
taken up by
fluid-phase
endocytosis

(Contd.)
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Table 9.3. (Continued)

Type of Cell Experimental =~ Mechanism of Ref
CNT technique uptake proposed
Covalently =~ SWNT-NH- Human 3T6 and CLSM Localized inside of 2
modified FITC murine 3T3 the cells by an
CNT by 1,3 fibroblasts energy-
dipolar independent,
cycloaddi- passive
tion translocation
pathway
MWNT—NH;’ HeLa, HEK293  TEM CNTs able to cross 30,45
cells cell membrane and

accumulate in
cytoplasm to reach
the nucleus

suggested diffusion

pathway
SWNT/MWNT: A549, HeLa CLSM
NHJ -CNT, cells, Jurkat combined with
NHCOCH3-CNT, human, MOD-K intracellular
FITC-CNT, cells, compartment
NH;—CNT— C.neoformans,  markers and
FITC, E. coli, S. under
FITC-CNT- cerevisiae endocytosis-
MTX, inhibiting
AmB-CNT- condition
FITC,

NH2-CNT-FITC

e CNTs cellular uptake reported concentration-dependent
e CNTs cellular uptake reported independent of functional group and cell type 14, 15

9.2.1 Trafficking Pathways in the Cellular Uptake of CNT

The exact mechanisms involved in the cellular uptake of CNT
are not yet clearly elucidated and more likely are a contribution
of multiple pathways. Both energy-dependent endocytosis path-
ways and energy-independent translocation through the plasma
membrane have been reported to play a role leading to CNT
cell internalization. There are several parameters that seem to
play an important role in determining the intracellular localiza-
tion and trafficking of CNT, among which the most critical are
type of CNT surface modification and CNT dimensions (diameter
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and length). More than a single experimental technique and CNT
type should be studied in combination to further understand those
interactions.

9.2.1.1 Types of CNT endocytosis leading to internalization

The initial report of CNT cell internalization (using chemically f-
CNT) was published by Pantarotto et al. in 2003 and observed the
cellular uptake of fluorescent (fluorescein isothiocyanate [FITC])
probe-conjugated CNTs. This study reported the cellular uptake of f-
CNTs even at low temperature (4°C) or in the presence of an endocy-
tosis inhibitor (sodium azide). Based on such evidence f-CNTs were
proposed to be able to translocate into cells (3T3 and 3T6 cells)
under energy-independent pathways.? A following study by Dai
and co-workers reported that PEGylated lipid-coated SWNTs were
uptaken also in both adherent (HeLa) and non-adherent (HL60) cell
cultures. Moreover, they observed that these lipid-coated SWNTs
were co-localized intracellularly with an endosome marker (FM 4-
64) at 37°C, while their uptake was blocked at low temperatures.
Therefore, an energy-dependent endocytotic mechanism was pro-
posed by these authors to account for the uptake of non-chemically
f-CNT into cells.” The same group also studied shortened SWNTs
(non-covalently) coated with ssDNA or protein (BSA) molecules to
suggest that their cellular uptake follows a clathrin-dependent endo-
cytosis pathway rather than a caveolae or lipid-rafts pathway.® The
intracellular localization of CNTs was mainly observed by TEM and
fluorescence microscopy, while other techniques such as SPT37—39
have also been more recently employed to study the mechanism of
cellular uptake of ssDNA-coated SWNTs in NIH-3T3 cells. Trajecto-
ries of non-photobleaching SWNTs were tracked during the inter-
action with NIH-3T3 cells in real time using optical microscopy.
Thousands of individual trajectories allowed the analysis of the
SWNTs trafficking pathway within these cells. Using image process-
ing algorithms, it was proposed that within the 50.8% trajectories
that identified different kinds of interactions between SWNTs and
cellular compartments, around 12.7% seem to follow an endocyto-
sis pathway.3” It is becoming apparent that the type of molecules
that are used to coat or wrap CNT to make them more dispersible in
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aqueous and biological media plays a critical role in the interaction
with cells. Whether cellular uptake of CNTs takes place through an
energy-dependent endocytosis pathway and which one of the var-
ious pathways is predominant needs further investigation using a
variety of different CNT types (lipid-, polymer-, DNA-coated, etc.).

9.2.1.2 Can CNTs pierce through cell membranes as
“nano-needles”?

The mechanism of CNT cellular uptake using chemically func-
tionalized CNTs in a variety of cell types was studied by
Kostarelos and co-workers.>1* Both SWNTs and MWNTs were
functionalized using identical chemical synthesis with a wide
range of molecules of increasing molecular weight (ammonium,
acetamido, FITC, methotrexate, amphotericin B, and their combina-
tions) and monitored cellular uptake in several kinds of cells (includ-
ing A549, fibroblasts, HeLa, CHO, HEK293, Keratinocytes, Jurkat,
E. coli, C. neoformans, and S. cervisiae). f-CNTs cellular uptake was
observed even under endocytosis-inhibiting conditions. Based on
such studies it has been suggested that f-CNTs interact with cel-
lular membranes as “nano-needles,” able to pierce the plasma
membrane and translocate to the intracellular compartments in
a largely energy-independent, passive diffusion mechanism. Fur-
ther evidence by TEM and confocal microscopy has recently
been reported in support of a “nano-needle” CNT behavior.21415
Porter et al. observed by TEM that SWNTs could translocate
across the lipid bilayers into the neighboring cytoplasm, and
also be localized inside the cell nucleus.?> By SPT and optical
microscopy, Strano et al. suggested around 18.4% of the trajec-
tories following surface diffusion.?® PEGylated SWNTs have also
been reported recently in the nucleus of HeLa cells observed
by fluorescence microscopy.!” The proposition from such studies
that CNTs can transport across cellular membranes and through
the nuclear envelope offers further support as to their capac-
ity to pierce through membranes; however, further investiga-
tion is needed to elucidate the exact mechanisms and possible
alternative pathways involved in the intracellular trafficking of these
materials.

09-Tagmatarchis-ch09



January 19,2012 17:4 PSP Book - 9in x 6in 09-Tagmatarchis-ch09

Mechanisms Involved in the Cellular Uptake of CNTs | 363

9.2.1.3 Fate of CNTs after internalization

The Strano group applied optical microscopy and SPT to explore
the fate of ssDNA-coated SWNTs following cellular uptake (NIH-
3T3 cells). They reported that 49.2% trajectories following a purely
convective diffusion in the flow field with no cellular interaction
while the remaining 50.8% trajectories followed different trafficking
pathways, including 6.2% membrane surface adsorption, 18.4% sur-
face diffusion, 12.7% endocytosis, 5.9% exocytosis, and 7.4% des-
orption from the membrane. That was the first published evidence
indicating CNT exocytosis after cellular internalization.3” In an alter-
native paradigm, recent studies by Kagan et al. have reported the
possibility for enzymatic degradation CNTs*®; however, this work
has been carried out only chemically, in the absence of interaction
with cells. Further data on the degradation mechanisms of CNTs
in vitro and in vivo are very much needed. Nevertheless, informa-
tion about the fate of CNTs following cellular internalization is still
scarce and at very early stages, with further investigation in this area
clearly needed.

9.2.2 Parameters Involved in the Cellular Uptake of CNTs

9.2.2.1 Surface modification of CNT: non-covalent coating
versus chemical conjugation

Different approaches to modify the CNT surface result in differ-
ent degrees of aqueous dispersibility, stability in cell media, and
type of interaction with cellular membranes and other intracellu-
lar components. Kam et al. reported an energy-dependent endocy-
tosis pathway for the cellular uptake of SWNTs coated with large
molecular weight biopolymers,’-® while others found that energy-
independent cell internalization was taking place extensively by f-
CNT chemically conjugated with small molecular weight functional
groups.'* It seems that the interaction between cells and large
biopolymers linked to CNT by non-covalent coating or chemical con-
jugation is a critical factor that favors energy-dependent endocy-
totic mechanisms. On the other hand, f-CNTs functionalized with
small molecules are able to translocate inside the cytoplasm by




January 19,2012 17:4 PSP Book - 9in x 6in

364

Cell Biology of Carbon Nanotubes

energy-independent endocytotic mechanisms that favor piercing of
the plasma membrane via lipid exchange. It would be interesting
and useful to determine the characteristics (e.g., molecular weight,
charge, hydrophobicity) of the molecules used to surface-modify
nanotubes in correlation with the cell internalization mechanisms
that these will dictate.

9.2.2.2 CNT diameter and length

It is still not clear whether the diameter of CNTs (determined
by the number of the concentric carbon layers) is involved in
the mechanisms leading to cellular uptake, since both SWNTs and
MWNTs have been reported to be able to internalize into cells. The
effect of CNT length on cellular uptake has been also been studied
using SWNTs. One publication has suggested length-dependent cel-
lular uptake based on evidence that as different lengths of SWNTs
(average lengths of 660 + 40 nm, 430 & 35 nm, 320 £ 30 nm, and
130 + 18 nm studied) were compared, CNT of 320 &+ 30 nm pro-
vided the highest cellular uptake.3? More studies on the effect of CNT
dimensions on cellular uptake are needed, even though they can be
challenging since other parameters (such as aggregation in biologi-
cal media, wide length, and diameter distributions among CNT sam-
ples) will exert significant impact on the studied effects; therefore,
great caution is advised.

9.2.2.3 Concentration of CNT

The cellular uptake of CNTs has been reported to be dependent on
their concentration interacting with cells, the higher the concentra-
tion of dispersible CNTs the higher the cellular uptake.'>1” How-
ever, great care should be taken to make sure that cell internal-
ization occurs at concentrations below the toxicity threshold. For
example, actin cytoskeleton disruption accompanied with altered
VE-cadherin localization and a concomitant diminished viability of
human aortic endothelial cells has been found to be related to
high concentrations of CNTs.?* Cheng and co-workers!’ reported
an interesting phenomenon of reversible accumulation of FITC-
labeled PEGylated SWNTs (FITC-PEG-SWNTs) within the nucleus of
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several mammalian cell lines (Table 9.1), by studying their intra-
cellular trafficking and fate. By comparing the fluorescence inten-
sity of intracellular CNTs and extracellular CNTs, they observed that
the intranuclear distribution of SWNTs depended on the extracel-
lular concentration of SWNTs and the translocation of CNTs in and
out of cells at similar rates. Even though such results are intriguing,
the underlying mechanisms of cellular internalization and exocyto-
sis need to be verified.

9.2.2.4 Cell type

Some of the cell types that have been reported to internalize CNTs
are shown in Tables 9.1 and 9.2. Our group and others have reported
the cellular internalization of different f-CNTs in a wide variety of
cell types, including mammalian cells including fibroblasts exhibit-
ing deficient phagocytosis, fungi, yeast, and bacterial cells.>** More
recently, other cell types have also been reported to uptake CNTs
including plant cells.** It seems that CNT exhibit a capacity to inter-
nalize in cells irrespective of cell type; however, more work needs to
be performed to correlate the internalization of different CNTs with
cell types.

9.2.2.5 Duration of CNT interaction with cells

The cellular uptake of CNTs has been reported to be dependent on
incubation time; the longer the incubation with CNTs the higher the
degree of cellular uptake of CNTs.3! The incubation times between
CNTs and cells in different studies are shown in Tables 9.1 and 9.2.
In one report, cellular uptake in the cytoplasm and nucleus was
reported after 6 days of incubation'®; however, this parameter will
greatly depend on other CNT characteristics such as the stability of
the dispersion in biological media, the surface modification of the
CNTs (e.g., surface charge) that may accelerate interaction with cell
cultures. More systematic studies using adherent and non-adherent
cell cultures with different types of CNTs are needed to elucidate the
importance of this parameter.
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9.3 Conclusion

The cell biology of CNTs has become an increasingly interesting area
of research both at the basic biological level and also due to the vari-
ety of potential biomedical applications using CNTs. The field has
experienced an exponential increase in the number of studies and
laboratories using CNTs in contact with various cell types that will
surely increase in the next few years. We have already learnt that the
type and nature of molecules used to modify the surface of CNT play
adeterminantrole in their initial interaction with cells and their sub-
sequent intracellular trafficking and translocation. From the basic
cell biology point of view, the now numerous reports on the capac-
ity of CNT structures to pierce cellular membranes and translocate
directly through to the cytoplasm offer a new insight into the way
fabulous nanostructures interact with lipid membranes and at the
same time a novel tool to transport small molecules intracellularly.
This is only the beginning in a research area that promises to exploit
CNTs both as a tool for basic cell biology and a useful nanodevice for
the delivery of therapeutic or diagnostic agents.
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