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Carbon nanotubes (CNTs) exhibit intrinsic unique physical and chemical properties that make them
attractive candidates for biological and biomedicine applications. An efficient cellular uptake of CNTs
is vital for many of these applications. However, most of the cellular uptake studies have been
performed with a two-dimensional cell culture system. In this study, cellular uptake of single-walled
carbon nanotubes (SWCNTs) was investigated by using a three-dimensional cell culture system.
Bovine articular chondrocytes cultured in SWCNTs/collagen composite hydrogels maintained their
proliferation capacity when compared to the culture in collagen hydrogels. Ultraviolet-visible-near-
infrared spectroscopy analysis revealed a high amount of SWCNTs were internalized by cells.
Confocal Raman imaging showed that most of the internalized SWCNTs were distributed in the
perinuclear region. The results indicated that SWCNTs could be internalized by chondrocytes when
SWCNTs were incorporated in the three-dimensional biomimetic collagen hydrogels.

Keywords: Single-Walled Carbon Nanotubes, Collagen Hydrogles, Bovine Articular
Chondrocytes, Cellular Uptake, Intracellular Distribution.

1. INTRODUCTION
One of the most important characteristics of carbon nano-

tubes (CNTs) is that they can effectively cross biolog-

ical barriers1�2 and therefore can be used as targeted

and multi-delivery vehicles for diagnostically and ther-

apeutically active molecules.3�4 Meanwhile, their inher-

ent optical, electrical and thermal properties make CNTs

attractive candidates for biological imaging, detection and

therapy.3�5�6 Nevertheless, the main intrinsic drawback of

CNTs is their extremely poor dispersibility in most of

the common solvents due to their super-hydrophobicity

and significant van der Waal’s forces.7�8 These features

are associated with cytotoxicity and other negative cellular

effects,9 whereas well dispersed CNTs have no apparent

cytotoxicity.10�11 Furthermore, the success of many CNTs-

based applications largely depends on how many CNTs

can be internalized by cells. An efficient cellular uptake

∗Author to whom correspondence should be addressed.

can greatly facilitate such applications in biomedicine

and biotechnology. Two major pathways for the cellular

uptake of CNTs have been confirmed. One describes CNTs

as nanoneedles that can penetrate cell membranes in an

energy-independent manner12�13 and another one suggests

that cellular uptake of CNTs performed via the clathrin-

mediated endocytosis14�15 which is an energy-dependent

manner. In addition, adsorption of some biocompatible

molecules, such as BSA, DNA and peptides, on the sur-

faces of CNTs may induce and facilitate receptor-mediated

endocytosis of CNTs.16–18 However, most of the cellu-

lar uptake studies in vitro have been performed with a

two-dimensional (2D) cell culture system. 2D cell culture

conditions are different from the microenvironment sur-

rounding cells in vivo. As a result, the response of cells to

CNTs, including cellular uptake, can not completely reflect

the virtual behavior in their native tissue. One potential

strategy to overcome the problem is to culture cells with

a three-dimensional (3D) culture system which can mimic
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the natural extracellular matrix (ECM) and provide a func-

tional support for cell growth, proliferation, differentiation

and metabolism.19–21

Hydrogels with their beneficial characteristics, such

as high water content, controllable biodegradability and

excellent mass transfer properties, have been exten-

sively explored for applications in 3D cell culture and

regenerative medicine.22�23 Compared with other materials,

collagen-based hydrogles are of particular interest because

collagen is the most abundant protein in mammals, shows

regular helical structure, excellent biocompatibility and

moderate immunogenicity.24 Furthermore, collagen fibrils

can physically assemble with each other to form a collagen

network (fibrillogenesis) in aqueous solution. The result-

ing collagen hydrogels show a highly porous structure and

can offer a three-dimensional biomimetic microenviroment

for cells.

In this study, collagen hydrogels were used to inves-

tigate cellular uptake of single-walled carbon nanotubes

(SWCNTs) in a biomimetic 3D culture system. SWCNTs

were modified by coating their surfaces with collagen and

incorporated in collagen hydrogels to form the composite

hydrogels. Bovine articular chondrocytes were cultured in

the composite hydrogels and cellular effects of SWCNTs

were investigated.

2. MATERIALS AND METHODS
2.1. Preparation of SWCNTs/Collagen

Composite Hydrogels
Prior to the preparation of SWCNTs/collagen compos-

ite hydrogels, SWCNTs (purity > 90%, 0.7–1.3 nm in

diameter, Sigma-Aldrich, USA) were coated with collagen

(collagen-coated SWCNTs) using a simple non-covalent

approach to improve the dispersibility in water as reported

before.25 Briefly, 1,000 �g SWCNTs were sterilized using

ultraviolet light for 2 hours and put in 10 mL 0.1 wt% col-

lagen solution that was prepared by diluting 1.0 wt% col-

lagen aqueous solution (type I collagen in pH= 3�0 acetic

acid aqueous solution, Nippon Meat Packers Inc., Japan)

with pH = 3�0 acetic acid aqueous solution. The mixture

was sonicated (135 W, Bransonic, Japan) in an ice bath

for 2 hours. The dispersion solution was then centrifuged

(Tomy MX-301, Japan) at 20,000 g for 30 minutes

to remove aggregated and bundled SWCNTs. To pre-

pare SWCNTs/collagen composite hydrogels, the super-

natant was mixed with 1.0 wt% collagen aqueous solution

at a designated ratio. The SWCNTs-containing collagen

solution was mixed with 10 times concentrated DMEM

(Dulbecco’s modified Eagle’s medium, Sigma, USA) and

HEPES buffer solution (50 mM NaOH, 260 mM NaHCO3

and 200 mM HEPES) at a volume ratio of 8:1:1. All the

solutions were pre-cooled at 4 �C before mixing and all

the operations were performed in an ice bath. The mix-

tures were placed at 37 �C for gelation to form SWCNTs/

collagen composite hydrogels.

2.2. Characterization of SWCNTs/Collagen
Composite Hydrogels

The microstructures of the freeze-dried SWCNTs/collagen

hydrogels were observed and imaged with a JSM-

5610 scanning electron microscope (SEM, JEOL, Japan).

Briefly, hydrogel samples were frozen at −80 �C and

freeze-dried for 24 hours in a freeze-dryer under a vacuum

of 5 Pa (VirTis AdVantage Benchtop Freeze Dryer, SP

Industries Inc.). The freeze-dried specimens were plunged

into liquid nitrogen and cut using a cold scalpel. The cross

sections were then coated with platinum and observed by

SEM at 10 kV accelerating voltage.

2.3. Cell Culture in Composite Hydrogels
Bovine articular chondrocytes (BACs) were isolated from

the articular cartilage derived from a 9-week old female

calf. Freshly isolated chondrocytes were defined as P0.

BACs that were subcultured twice (P2) were used in this

study. The BACs were cultured in 75 cm2 tissue culture

flasks (BD Falcon, USA) at 37 �C in humidified air con-

taining 5% CO2. The culture medium was DMEM supple-

mented with 10% fetal bovine serum, 4,500 mg/L glucose,

4 mM glutamine, 100 U/mL penicillin, 100 �g/mL strep-

tomycin, 0.1 mM nonessential amino acids, 0.4 mM pro-

line, 1 mM sodium pyruvate and 50 �g/mL ascorbic acid

(serum DMEM). P2 cells were seeded into the composite

hydrogels during hydrogel preparation. P2 cells were sus-

pended in 10 times concentrated serum DMEM to prepare

cell suspension solution at a density of 1�0×108 cells/cm3.

The SWCNTs-containing collagen solution, cell suspen-

sion solution and HEPES buffer solution were mixed at a

volume ratio of 8:1:1. The cells-containing mixture solu-

tion was placed in 12-well plates and incubated at 37 �C
in humidified air containing 5% CO2 for 4 hours for for-

mation of hydrogels. After hydrogel formation, 1.5 ml

serum DMEM was added in each well. Cells cultured in

SWCNTs-free collagen hydrogels, which was used as a

control, were prepared by the same method as described

above by using collagen solution without SWCNTs. Cell

culture medium was changed every 3 days.

2.4. Cell Viability Assay
The proliferation of cells was evaluated by WST-1 assay.

Firstly, the cell culture medium was replaced with 550 �L
of WST-1 solution (Roche, Germany, 50 �L of WST-1

stock solution diluted with 500 �L of serum DMEM).

After incubation for 3 hour, 100 �L of supernatant solu-

tion was collected and placed into a 96-well plate. The

absorbance was measured at 440 nm using a plate reader

(Benchmark Plus, USA).

2.5. Cellular Uptake of SWCNTs in
the Composite Hydrogels

To determine the amount of SWCNTs internalized in the

BACs, the cells were harvested by digesting the hydrogels

2488 J. Nanosci. Nanotechnol. 14, 2487–2492, 2014
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with type I collagenase/trypsin-EDTA solution and washed

with warm PBS for 3 times. Then the washed cells were

ruptured via a papain (Sigma, USA) buffer solution and the

amount of SWCNTs in the buffer solution was measured

by using UV-vis-NIR spectroscopy. The value was con-

sidered to be the amount of SWCNTs internalized in

cells. Before being ruptured, the cells were counted with

a cytometer.

2.6. Analysis of Intracellular Distribution of SWCNTs
An inverted confocal Raman microscope (AMANplus,

Nanophoton, Japan) with a 532 nm laser (500 mW) and

phase objectives (Nikon Microsystems, Japan) was used

for both Raman and phase-contrast imaging. Briefly, the

cells cultured in the hydrogels with or without SWCNTs

for 7 days were harvested and re-cultured in a 4-chamber

culture slide. And then the cells were fixed with 4%

paraformaldehyde solution to prevent morphological and

chemical changes during image acquisition. After that,

the samples were washed with PBS and the slides were

mounted and sealed using nail lacquer. A phase-contrast

image of the cells was focused, revealing cellular mor-

phologies including the nuclei and extensions. A horizon-

tal confocal Raman image (x–y imaging mode) and an

entire vertical section image (x–z imaging mode) were

acquired to investigate the distribution of SWCNTs in cells.

The confocal Raman spectra from 779.7 to 1970.0 cm−1

were collected and the G-band, indicative of SWCNTs,

was used to map the distribution of SWCNTs. Control of

imaging parameters, processing and data analysis were per-

formed in a Raman Data Viewer software (Nanophoton,

Japan).

2.7. Statistical Analysis
All data were reported as mean ± standard deviation (SD).

One-way analysis of variance was performed to reveal sta-

tistical differences followed by Tukey’s post hoc test for

pairwise comparison. All statistical analyses were executed

using Kyplot 2.0 beta 15.

3. RESULTS AND DISCUSSION
3.1. SWCNTs/Collagen Composite Hydrogels
Figure 1(a) shows the schematic illustration of the prepa-

ration of SWCNTs/collagen composite hydrogels for

3D culture of BACs. To improve their dispersibility in

water, SWCNTs were coated with collagen at first. The

collagen-coated SWCNTs retained the inherent proper-

ties of SWCNTs and the suspension solution was sta-

ble for months.25 Most of the collagen-coated SWCNTs

were individually dispersed in the suspension solution.

SWCNTs/collagen composite hydrogels were prepared by

adding the collagen-coated SWCNTs in collagen aqueous

solution and gelation at neutral pH and 37 �C. The hydro-

gels were sticky and became static even when vessels were

Figure 1. (a) Schematic illustration of the preparation of SWCNTs/

collagen composite hydrogels for 3D culture of BACs. (b) Photographs

of collagen hydrogel and SWCNTs/collagen composite hydrogel.

put upside down (Fig. 1(b)). The pink color was due to the

color of the cell culture medium. The SWCNTs/collagen

composite hydrogels were slightly black because of the

incorporation of SWCNTs. The microstructure of collagen

hydrogels and SWCNTs/collagen composite hydrogels

Figure 2. SEM images of freeze-dried (a) collagen hydrogel and

(b) SWCNTs/collagen composite hydrogel.

J. Nanosci. Nanotechnol. 14, 2487–2492, 2014 2489
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Figure 3. Proliferation curve of BACs during culture in the collagen

hydrogels and SWCNTs/collagen composite hydrogels measured by a

WST-1 assay.

were observed by SEM after freeze-drying. The collagen

hydrogels and SWCNTs/collagen composite hydrogels

showed the same microstructures (Fig. 2). There were

many micropores in both hydrogels. The size of the

micropores was around 100 �m. The micropore structure

in the hydrogels should support cell movement and benefit

diffusion of nutrients and metabolic substances.

Figure 4. (a) Quantification of cellular uptake of SWCNTs in a BAC

population after culture for 1 to 17 days. (b) Average amount of SWCNTs

internalized in one cell on average after culture for 1 to 17 days. (N.S.

indicates no significant difference, ∗p < 0�05, ∗∗∗p < 0�001).

3.2. Cell Viability in Hydrogels
The effect of SWCNTs on cell viability has been investi-

gated in vitro by culturing cells with SWCNTs-containing

culture medium. However, the published data are fiercely

debated and extremely inconsistent.9–11�26 Figure 3 shows

the results of WST-1 assays on cell viability cultured

in collagen hydrogels and SWCNTs/collagen composite

hydrogels over time. There was no significant difference

between the two hydrogels, suggesting that the SWCNTs

in the hydrogels did not affect cell viability. This result

should be attributed to the good dispersibility of the mod-

ified SWCNTs and the bioactive collagen on the surface

of nanotubes.25

3.3. Cellular Uptake of SWCNTs in
Composite Hydrogels

There are many reports on the cellular uptake of SWCNTs.

The effects of size, shape and surface functionalization of

SWCNTs on internalization have been reported.17�27�28 The

results suggest that all of these parameters affect cellu-

lar uptake and surface adsorption of some biocompatible

molecules, such as BSA, DNA and peptides, can be an

important factor to affect cellular uptake of SWCNTs.16�17

Figure 5. (a) Phase-contrast, Raman and merged micrographs and (b)

x–z cross section confocal Raman image of a few cells after being cul-

tured in SWCNTs/collagen composite hydrogels for 7 days. x–z cross

section scanning was performed along the yellow line in the phase-

contrast micrograph. The color-coded scale bar represents the G-band

intensity of SWCNTs.

2490 J. Nanosci. Nanotechnol. 14, 2487–2492, 2014
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In this study, SWCNTs were detected in the cells when

the cells were cultured in SWCNTs/collagen composite

hydrogels. The amount of SWCNTs in the entire cell

population increased with culture time until day 7 and

remained unchanged since then (Fig. 4(a)). By dividing

the total amount of internalized SWCNTs by cell num-

ber, the amount of SWCNTs internalized per cell was cal-

culated (Fig. 4(b)). The uptake amount of SWCNTs per

cell increased until day 7 and decreased slightly since

day 7. Significant decrease was detected after culture for

15 and 17 days. At day 7, the amount of SWCNTs

per cell was 1�98 ± 0�09 pg. In other words, up to

Figure 6. (a) Phase-contrast, Raman and merged micrographs and (b)

x–z cross section confocal Raman image of a BAC population after

being cultured in SWCNTs/collagen composite hydrogels for 7 days. x–z

cross section scanning was performed along the yellow line in the phase-

contrast micrograph. The color-coded scale bar represents the G-band

intensity of SWCNTs.

7�01±0�32×106 SWCNTs (molecular mass ≈ 170 kDa

for length≈ 235 nm, diameter≈ 0.9 nm) were internalized

by one cell on average. The high internalization amount

of SWCNTs should benefit their applications for delivery

of therapeutic and diagnostic biomolecules.

3.4. Intracellular Distribution of
Internalized SWCNTs

Raman spectroscopy as a label-free technique is a use-

ful tool to visualize the SWCNTs in living cells.16�25�29

Confocal Raman imaging was performed to investigate

intracellular distribution of SWCNTs. Figure 5 shows

the phase-contrast and confocal Raman images of cells

using different scanning modes. The phase-contrast image

clearly revealed the cellular morphology of BACs, includ-

ing the cell shape, nucleus position and cell exten-

sion. In x–y scanning mode, the confocal Raman image

showed that SWCNTs were primarily located around the

nucleus (Fig. 5(a)). The result was consistent with previous

reports16�29�30 and supported by the x–z plane scanning

confocal Raman imaging performed across the center of

nucleus (Fig. 5(b)). By imaging a cell population (Figs. 6(a)

and (b)), cellular uptake was confirmed within the pop-

ulation of cells and the intensity of SWCNTs was most

prevalent in the perinuclear region. The results indicated

that SWCNTs could be internalized in cells when hydrogels

were used for 3D cell culture. The internalized SWCNTs

were predominantly distributed around the nuclei of cells.

The results suggest SWCNTs/collagen composite hydro-

gels may be useful for the delivery of proteins, drugs and

genes for biomedical applications.

4. CONCLUSIONS
Cellular uptake of SWCNTs in a 3D culture condition

was investigated by culturing chondrocytes in SWCNTs/

collagen composite hydrogels. The SWCNTs/collagen

hydrogels showed no negative effects on the viability

of chondrocytes. Uptake of SWCNTs by chondrocytes

during 3D culture was confirmed by using UV-vis-NIR

spectroscopy and 7�01± 0�32× 106 SWCNTs were inter-

nalized in one cell on average. The internalized SWCNTs

were prevalently accumulated in the perinuclear region.

The results indicated that SWCNTs could be internalized

by cells when being cultured in the 3D biomimetic collagen

hydrogels.
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