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Abstract

Single walled carbon nanotubes (SWCNTs) are utilized in many areas, accompanied with the ever 

rising safety concerns. Coating the SWCNTs by serum albumin has shown promises in reduction 

of their cytotoxicity. The cause of toxicity reduction could be due to the blockage of cellular 

protein adsorption by bovine serum albumin (BSA). Here, our study explored the mechanism of 

toxicity reduction from the point of view of protein adsorption. Different loadings of BSA led to 

varied surface coverage of the SWCNTs, which was positively related to the level of cytotoxicity. 

In addition, the BSA-coated SWCNTs were tested for their surface morphology change, cellular 

uptake, and adsorption of cellular proteins. BSA could be competed off the SWCNT surface by 

the cytosol proteins, and thus a higher BSA loading was needed to provide better protection to the 

cells. Cellular uptake was also reduced with a higher BSA loading. Moreover, the BSA coating 

changed the surface property of SWCNTs, and as a consequence, altered the types of proteins 

adsorbed by the SWCNTs. Our results support that adsorption of BSA reduces cellular uptake of 

SWCNTs as well as adsorption of cellular proteins on SWCNTs, both contributing to the much 

lower cytotoxicity observed for the BSA-coated SWCNTs.
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1. Introduction

Single-walled carbon nanotubes (SWCNTs) are expected to be one of the most widely used 

engineering nanomaterials.[1] The unique physicochemical properties have made them 

popular materials in electronics,[2] biosensors and transistors [3]. They have also been 

adopted as drug carriers for targeted delivery[4] and nano-probes for biomedical imaging[5]. 

These increasing applications of SWCNTs are greatly increasing the risk of SWCNT 

exposure to human and environments.[6] The safety of such materials has become more and 

more of a concern[7]. Toxicity investigation has been reported both in vivo and in vitro, and 

the different toxic effects observed have been attributed to factors including, impurities, 

surface modification, shape, length, agglomeration, etc.[8]

Proteins are the main functional molecules inside biological species, and the adsorption of 

proteins to SWCNTs could induce conformational changes in proteins, altering their 

function. For example, SWCNTs have been reported to be able to intrude into the 

hydrophobic core of proteins, which could either enhance the protein’s activity[9] or 

deactivate the protein.[10] Another report also showed CNT could also serve as a K+ channel 

blocker in a dose-dependent manner.[11] Thus, to protect cells, one possible way is to reduce 

the contact between SWCNTs and proteins, which can be done through surface 

modification. Strategies for modifying the SWCNT surface, has been a recent focus of 

SWCNT research.[12] The modification is usually to change the surface charge and 

hydrophobicity.[13] Non-covalent modification has been used very often to obtain better 

dispersions of SWCNTs.[14]

Binding of SWCNTs to proteins is mostly governed by π-π stacking,[15] electrostatic 

attraction [16] and hydrophobic interactions.[17] Therefore, one approach to modify the 

SWCNTs surface is by wrapping the SWCNTs with a layer of inert polymers which could 

mask the SWCNTs from being seen by the inner cellular biomolecules including proteins, 

nucleic acids, and metabolites. Reports have shown that SWCNTs pre-incubated with blood 

proteins induced less cytotoxicity on two different cell lines.[17] SWCNTs coated by bovine 

serum albumin (BSA) imposed no obvious toxicity to cells.[18] Albumin is chosen for 

protection of SWCNTs because it is the most abundant protein in the circulation system for 

the sake of in vivo applications of SWCNTs, as well as in the cell culture media used during 

in vitro study.[19] It is also a good dispersant for SWCNTs, which could minimize possible 

aggregation and agglomeration of SWCNTs.[20] We hypothesized that, the reduced toxicity 

effect from the BSA-coated SWCNTs could be caused by prevention of adsorption of 

certain cellular proteins to the SWCNTs.

Herein, in the present work, toxicity of SWCNTs coated with different amounts of BSA to 

the fibroblast cells was studied, and cytosol proteins that interacted with the non-coated and 

BSA-coated SWCNTs were identified. Competition of BSA and the cytosol protein binding 

on the SWCNTs surface was investigated. The results were correlated with the toxic effects 

observed for the SWCNTs coated with different amounts of BSA for better understanding 

the fundamental protection mechanism of BSA. We expected the study could reveal 

important protein contributors to the toxic effect caused by SWCNTs.

Liu et al. Page 2

Part Part Syst Charact. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2. Results and Discussion

SWCNTs have been reported to cause damage to cells through different ways, including 

oxidative stress, inflammatory responses, and DNA damage.[21] Reports have shown that 

BSA is a good dispersant for SWCNTs which could disperse up to 300 µg/mL and showed 

negligible toxic effects to human mesenchymal stem cells (hMSCs) and HeLa cells.[18] We 

tested two different SWCNTs : BSA mass ratios, 1: 1 and 1: 4, to reveal the changes in 

cellular uptake and protein adsorption pattern caused by BSA adsorption. By gradually 

increasing the surface coverage of SWCNTs via the BSA coating, we hoped to identify the 

particular cellular protein-SWCNT interaction that contributes significantly to the toxic 

effect of the SWCNTs.

2.1 Cell toxicity and ATP Production

After being coated with different amounts of BSA, the SWCNTs dispersed very well in the 

FBS free culture media. Cell viability was tested after 6 and 12 hrs incubation and the results 

were shown in Figure 1. Regardless of whether a 1 : 1 or 1 : 4 SWCNT : BSA ratio was 

used, when a higher amount of SWCNTs or a longer time was used during incubation, the 

cell viability was lower. This tells us that the SWCNTs indeed caused harmful effects to the 

cells under our experimental conditions. But, the SWCNTs coated with a higher BSA 

amount (1:4 ratio), had less cytotoxicity than the ones coated at the ratio of 1:1. No viability 

reduction was observed with 25 and 5 µg/mL of SWCNTs coated by 4-fold more BSA when 

the incubation time extended to 12 hrs, but an additional 10% loss in viability was seen 

using the SWCNTs coated at a 1:1 SWCNT:BSA ratio. Thus, a higher BSA amount did 

reduce SWCNT cytotoxicity.

Several studies pointed out the toxicity of CNTs came from oxidative stress, which could be 

caused by damages to the mitochondria.[22] In addition, two cell death pathways, apoptosis 

and necrosis, both involve the malfunction of mitochondria. Since mitochondria are the 

major energy production organelles in the cell, thus, its proper functioning can be viewed 

from the level of ATP production. Thus, we measured the ATP production levels to see 

whether ATP reduction incurred prior to the on-set of cell death, which could link the cell 

death directly to the malfunction of mitochondria. However, both ATP production and cell 

viability occurred simultaneously, which implies that the decrease in ATP level was caused 

by cell death rather than direct mitochondrial damage. No acute damage to the mitochondria 

was induced by SWCNTs before they killed the cells by other mechanisms.

2.2 Morphology of BSA-coated SWCNTs and the Amounts of BSA Loaded

As discussed above, one possible outcome of coating the SWCNTs with BSA is to block 

their interaction with proteins, which requires a complete coverage of the nanotube surface 

by BSA. The globular structure of BSA in pH 7.4 has the dimensions of 14×4×4 nm.[23] The 

diameter of the SWCNTs is between 1–5 nm according to the product information sheet 

provided by the manufacturer. By being wrapped with a bulky protein like BSA, the 

diameter of the SWCNTs should increase. AFM is an appropriate technique to visualize 

such increase and from the increase in CNT diameter, we could evaluate the degree of 

surface coverage.
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Figure 2 shows the representative AFM images of the bare SWCNTs and the SWCNTs 

coated with 1- or 4-a mass ratios of 1:1 and 1:4 (SWCNT : BSA). Without BSA coating, the 

SWCNTs captured on that image had a height of 1.5 nm (this and the following dimensions 

were the average values after counting tubes in multiple images, n > 5) (Figure 2a). After 

coated with BSA at a mass ratio of 1:1, the height increased to 4.6 nm (Figure 2b). This 

height increase is similar to two of the dimensions of BSA, suggesting the formation of a 

monolayer of the BSA coating. The coating formed at this mass ratio was quite uniform, 

giving out a smooth surface. Increasing the amount of BSA by 4 folds, the height of the 

SWCNTs increased to an average of 7.6 nm (Figure 2c). Two layers of BSA may have been 

formed on the SWCNTs but the coating was less uniform, giving out more roughness on the 

surface. The thicker BSA layer could then shield the original surface of SWCNTs better.

Although AFM images can tell us the morphology of the BSA-coated SWCNTs, they cannot 

reveal the coating coverage because only a few tubes could be observed in each image. To 

get a better idea of the surface coverage, we designed a filter-based assay to quantify the 

amount of BSA adsorbed on the SWCNTs. After 30 mins incubation, the mixture of 

SWCNTs and BSA was loaded on the ultracentrifuge filer with a MWCO of 300 kDa. Such 

filters have a large enough pore size to allow the passage of the free BSA molecules, but 

retain the long SWCNTs with the adsorbed BSA. The amounts of both the total BSA used 

for coating and the BSA recovered in the filtrate were determined by the BCA assay; and the 

results were displayed in Figure 3 with an inserted table.

Up to 10 µg and 32.1 µg of BSA were absorbed by 25 µg SWCNT with a coating ratio of 1:1 

and 1:4, respectively. The surface area of SWCNTs could commonly reach 600 m2g−1.[24] 

Assuming that each BSA molecule is adsorbed on the SWCNTs with an area of 14 nm × 4 

nm, we estimated that, only 34.8% of the surface of 25 µg SWCNTs was covered by BSA, 

but the coverage went up to 119.9% for the 1:4 coating ratio. The more than 100% coverage 

supports our observation made by AFM that multiple BSA layers could be formed on the 

SWCNTs coated by BSA at the 1:4 mass ratio. Our result revealed that, only less than half 

of the surface area of the SWCNTs could be covered when using the 1:1 coating ratio. The 

exposed surface may induce toxic effects to the cells, leading to the higher rate of cell death.

2.3 Cystosol Protein Competition with BSA to the SWCNTs Surface

BSA adsorption on CNT has been reported to be mainly due to hydrophobic reaction and π-

π stacking;[25] and the adsorption could be reversible.[17] The adsorbed BSA could be 

competed off the surface of SWCNTs by cellular proteins during and/or after cell entry. The 

functions of the adsorbed cellular proteins could then be altered and induce adverse effects. 

Thus, it is necessary to study the stability of BSA adsorption at the presence of cellular 

proteins.

Most studies have shown that the major location of SWCNTs in the cell could be in the 

cytoplasm.[18] We chose the cytosol proteins extracted from the fibroblast cells because they 

represent the first defense line against the exposure to SWCNTs which enter the human 

body via inhalation or skin adsorption. After incubating the SWCNTs with BSA for 30 

minutes, we added the cytosol proteins to the mixture to a final concentration of 0, 25 and 

100 µg/mL. Two hours later, the mixture was loaded on the ultracentrifuge filter with the 
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MWCO value of 300 kDa. The desorbed BSA in the filtrate was analyzed by SDS-PAGE 

and visualized by SYPRO Ruby staining. ImageJ was used for semi-quantification of the 

BSA amount. Each sample was labeled with 3 numbers (for example, 101, 111 etc), 

representing the mass ratio of the three components, SWCNTs, BSA, and the cytosol protein 

extract, used in the incubation. For example, sample 101 contained equal amounts of the 

SWCNT (1) and cytosol protein extracts (1), but had no BSA (0). From Figure 4, we can see 

that, for both the BSA-coated SWCNTs, more BSA molecules were competed off the 

SWCNTs surface with the increase of cytosol protein amounts used in incubation. From the 

band intensity change, obviously more BSA molecules came off from the SWCNTs with a 

1:1 coating ratio. Even when an equal amount of cytosol proteins was used to compete with 

the BSA coating, i.e. in the sample labeled as 144, both the BSA band intensity and the 

percent change in the band intensity were lower, compared to the incubation without the 

cytosol proteins were observed, compared to those seen in the sample of 111. Our result 

indicated that the higher BSA loading was more resistant to being replaced by proteins in the 

environment than the lower BSA loading used in coating. Nevertheless, the cytosol proteins 

that replaced the BSA molecules for binding to the SWCNT surface upon cell entry may be 

the key inducers for the toxicity of SWCNTs.

2.4 Quantification of Cellular Uptake of BSA Coated SWCNTs

Cell entry should be tested because it should precede any replacement of BSA and 

adsorption of the cytosol proteins on SWCNTs. It has been reported that SWCNTs enter 

cells mainly through an energy consuming process called endocytosis.[24] Previous works 

have shown that protein corona could greatly influence the cellular uptake of 

nanoparticles.[27] The impact could be related to the degree of perturbation to the cellular 

membranes. It has been reported that with the presence of high amounts of human serum 

albumin, the lipid bilayer vesicles experienced less perturbation from the nanoparticles.[28] 

Endocytosis of SWCNTs will likely start with an initial nonspecific adsorption of the 

hydrophobic part of SWCNTs on cell membrane.[4b] The bare nanoparticle surface may 

have higher affinity towards cell membrane comparing with the nanoparticle surrounded by 

protein ‘corona’.[29] Serum albumin is a common protein serving as a nonspecific 

transporter and osmotic pressure maintainer, and as a passive blocking protein to reduce 

nonspecific adsorption. Therefore, the coating of BSA on SWCNTs may possibly reduce 

cell entry through endocytosis, because the less hydrophobicity of the SWCNT surface after 

BSA coating could cause lower nonspecific interaction with the cell membrane.

To evaluate the cellular uptake of the BSA-coated SWCNTs, 12 mL of 10 µg/mL SWCNTs 

with the BSA coating ratio of 1:1 and 1: 4 were used to incubate with the fibroblast cells. 

Since incubation longer than 6 hours could induce significant cell death, a shorter incubation 

time of 3 hrs was employed in this test to ensure good cell viability during the uptake 

experiment. Following the incubation, the cells were washed to remove the free SWCNTs 

and treated with the mixture of 1 M NaOH and DMSO. Such a strong solution completely 

broke down the cells and also provided good suspension of the SWCNTs. The freely 

suspended SWCNTs were then quantified by NIR spectroscopy at the wavelength of 1050 

nm, which has been proved in our previous work to be the center of SWCNT’s distinct 

absorption region S22 (900–1100 nm).[30] At this wavelength, the absorbance showed good 
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linearity with the SWCNTs concentration (Figure S1 (showing both spectra and the 

calibration plot)), even when measured by spiking the known amounts of SWCNTs to the 

cell lysate. We then calculated the amount of SWCNT interacting with the cells either 

through cellular uptake or membrane adsorption. When coating the SWCNTs with an equal 

mass of BSA, 25.4±0.6% of all the SWCNTs added was taken by the cells. This percentage 

dropped to 18.5±0.8% when the SWCNTs were coated by 4-fold more BSA. Therefore, a 

thicker BSA coating may prevent the SWCNTs from attaching to the cell membrane or 

entering the cells, which may in turn reduce the cytotoxicity of SWCNTs.

2.5 Identification of Cytosol Proteins with High Affinity to the SWCNTs

Our results by far have pointed out that the SWCNTs could enter the cells or attach to the 

cell membrane; and some of the BSA coating could be replaced by cytosol proteins when 

the BSA-coated SWCNTs were incubated in cell lysate. Since the SWCNT-bound cytosol 

proteins could contribute to the cytotoxicity of SWCNTs, we isolated them for identification 

after incubating the cell lysate with the SWCNTs coated with BSA at either the 1:0, 1:1 or 

1:4 ratio, again using the 300 MWCO filter. The unbound proteins were removed by through 

washing with three times of 1×PBS buffer, and the adsorbed cytosol proteins remained on 

top of the filter were digested by trypsin. The peptides were collected as the filtrate and 

analyzed by LC-MS/MS.

The protein adsorption experiments were repeated four times and only the proteins identified 

in at least 3 out of the 4 repeats were reported and analyzed here (Supporting Information 

Table S1). A total of 43 proteins were identified to be absorbed by the bare SWCNTs. This 

number dropped to 25 for the BSA-coated SWCNTs at the 1:1 ratio; and to 30 for the 

sample coated at the 1:4 ratio (Figure 5). Comparing with the uncoated SWCNTs, the ones 

coated by BSA adsorbed much fewer proteins, which supports that the BSA coating could 

serve as a passive layer to reduce the adsorption of cytosol proteins. We first analyzed the 

general physicochemical properties of the bound proteins: hydrophobicity, pI, and Mw 

(Figure 6). The hydrophobicity is represented by the GRAVY score averaged from all 

proteins found in different samples (Figure 6a). With increasing amounts of BSA used in the 

coating, a more negative GRAVY score was observed. Although the absolute changes in the 

GRAVY score were small along with quite large variances, the data suggested an overall 

decrease of the hydrophobicity of the bound proteins, agreeing with what was reported 

previously.[31] This result supports the speculation that BSA covers up the hydrophobic 

surface of SWCNTs, making the tubes more hydrophilic and thus more stably suspended in 

aqueous solutions.[32] The average pI value for the uncoated SWCNTs was slightly lower 

than those found in the BSA-coated tubes (Figure 6b), but mainly the protein coronas 

formed on all SWCNTs carried no significant charges with the average pI value close to 7. 

The more distinct change was in the average Mw of the adsorbed proteins (Figure 6c). A 

much higher average Mw around 90 kDa was found for the proteins adsorbed by the 

uncoated SWCNTs, but those for the BSA-coated SWCNTs were around 45–55 kDa. The 

more than 35% or even 100% surface coverage by BSA did not leave large enough bare tube 

surfaces for the bulky proteins to bind. To displace the BSA molecules off the tubes, space 

hindrances would need to be overcome, which is not favored for larger proteins.
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We also looked at the individual proteins found in each incubation situation, hoping to 

reveal proteins potentially linked to the cytotoxicity of SWCNTs. Among all three samples, 

there are consistently 16 proteins being identified. These proteins could be sensitive to the 

shape of the SWCNTs but not the surface property. For example, actin, the actin binding 

transgelin, and tubulin were included in this group. Actin and tubulin can form structural 

filaments or tubular structures,[33] which may align better with the long and thin SWCNTs. 

Binding to actin, have been frequently reported to be the target molecules or structures for 

CNTs entering cells,[34] and the binding could be mediated via hydrophobic 

interactions. [31a] Three nucleus proteins were found to bind to all three SWCNTs: 

Nucleolin, Nucleophosmin, and Nucleosome assembly protein 1-like 1. They are all 

involved in chromosome formation. Binding to the cytoskeleton proteins like actin and 

tubulin, and to proteins involved chromosome formation could both affect cell proliferation 

and reduce cell viability.

There are 11 proteins uniquely found only in the incubation with the uncoated SWCNTs. 

Such proteins could be potentially of great importance in causing the cytotoxicity of bare 

carbon nanotubes without protein corona. Among them, clathrin controls the clathrin-

medicated endocytosis, which is reported to be one of the cell uptake mechanism for 

SWCNTs.[35] Another protein, Eukaryotic translation initiation factor 5A-1 was considered 

to be important in apoptosis process.[36] Prevention of adsorption of these proteins by the 

BSA coating could definitely contribute to the reduction of the observed cytotoxicity of the 

BSA-coated SWCNTs.

Moreover, one protein was found in the 101 and 111 incubations but not in the 141 one. It is 

Peroxiredoxin-1, which is critical in eliminating peroxides generated during metabolism and 

interacting with signaling molecules.[37] Oxidative stress is often observed in the SWCNTs 

infected cells. Then recruiting of this particular protein may induce two possible impacts, 

depending on whether the protein could be deactivated upon adsorption. If the protein can be 

adsorbed in its active form, then accumulation of peroxiredoxin-1 on the surface of 

SWCNTs may eliminate the peroxides generated in situ. However, if it gets deactivated 

upon adsorption, it may increase local oxidative stress since its anti-oxidant role is 

interrupted.

3. Conclusion

Our results support that, the cause of the reduced cytotoxicity of SWCNTs coated with BSA 

could be via reduction of interaction between the SWCNTs and the cellular proteins. BSA 

would wrap around the tubes and prevent strong adsorption of the cytosol proteins on the 

SWCNTs. Since some of the potential adsorbents carry out important cellular functions such 

as maintaining cell structure and reducing levels of peroxide, prevention of the adsorption of 

these proteins could lead to enhanced cell viability upon the attack by SWCNTs. Our study 

is meaningful for the future engineering safe nanomaterials for applications in 

biotechnologies and drug deliveries; also implies the potential behaviors of biopolymer-

coated nanomaterials in the environment.
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4. Experimental Section

Chemicals

All chemicals were purchased from commercial suppliers without further treatment, unless 

otherwise noted. Carboxylic acid-functionalized SWCNTs (SWCNT-COOH, D = 4–5 nm× 

L = 0.5–1.5 µm), bovine serum albumin (BSA) and Somatic cell ATP releasing reagent were 

purchased from Sigma (St. Louis, MO). CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS) kit and ENLITEN®ATP Assay System were purchased from 

Promega (Madison, WI). Pierce™ Bicinchoninic Acid (BCA) Protein Assay Kit was 

purchased from Thermo Scientific (Rockford, IL). Dulbecco's Modified Eagle's Medium 

(DMEM), penicillin-streptomycin solution and fetal bovine serum (FBS) for cell culture 

were obtained from American Type Culture Collection (ATCC, Manassas, VA). The water 

and organic solvent used in this research were all HPLC grade from Fisher Scientific (Fair 

Lawn, NJ). All the salts used to prepare the buffer were also purchased from Fisher 

Scientific (Fair Lawn, NJ). The human fibroblast cell line GM00637 was obtained from the 

Coriell Institute for Medical Research (Camden, NJ). Vivaspin 500 (300,000 Mw cut-off 

value) centrifugal spin columns were purchased from Sartorius Stedim Biotech (Göttingen, 

Germany). SYPRO® Ruby Protein Gel Stain was purchased from Life Technologies 

(Carlsbad, CA).

Preparation of BSA-coated SWCNTs

The SWCNT powder was first dispersed in DI water with mild sonication to make a solution 

of 100 µg/mL. The stock was kept in 4°C until usage. A 1 mg/mL BSA solution was 

prepared in the phosphate buffer (10mM, pH at 7.4). Then the SWCNTs and BSA were 

mixed in a 2-mL centrifuge tube and diluted with the phosphate buffer to a final volume of 1 

mL, and sonicated mildly in ice water bath for 30 minutes. For both the 1:1 and 1:4 

(SWCNT : BSA) ratios, the final concentration of SWCNTs was 25 µg/mL. For the 

cytotoxicity and cellular uptake test, the preparation is similar, but SWCNTs and BSA were 

directly dispersed in DMEM without FBS instead of in the phosphate buffer.

Cytotoxicity, ATP Assay and Cellular Uptake of SWCNTs

The cells were cultured in DMEM supplemented with 10% non-inactivated FBS, 100 µg/mL 

penicillin and 100 µg/mL streptomycin, and maintained in a 5% CO2 humidified atmosphere 

at 37 °C. Around 5×103 cells were added to the wells of a 96-well plate and incubated 

overnight to reach around 70% confluence, followed with the addition of 200 µL BSA-

coated SWCNTs at the concentration of 50 µg/mL, 25µg/mL and 5µg/mL in DMEM without 

FBS. After 6 or 12 hrs incubation, the SWCNTs solutions were removed, and the cells were 

washed with PBS (pH 7.4) buffer for three times.

For the cell proliferation assay, MTS solution was added to each well of plate following the 

manual protocol, followed by additional 1-hrs incubation at 37 °C. The absorbance was 

recorded at 490 nm, and the mean absorbance of control cells (no BSA or SWCNTs added) 

served as the reference value of 100 % for calculating cellular viability.
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To test ATP production, after 12 hrs incubation, the cells were washed three times. The 

Somatic cell ATP releasing reagent was first introduced to release ATP from cells. Then, 

ATP concentration was detected using the ENLITEN®ATP Assay System, following the 

standard protocol. The mean luminescence of control cells were used as 100% percent to 

calculate ATP percentage.

Cellular uptake of SWCNTs was measured by Near-Infrared (NIR) absorption spectroscopy 

using the previously reported method.[7] Twelve mL of the 10 µg/mL BSA-coated SWCNT 

prepared in DMEM was added to the cell culture flask containing about 5 million cells and 

incubated for 3 hours. Then, cells were washed three times with ice-cold PBS to remove the 

free SWCNTs in media. Three mL of 1M NaOH and DMSO (2:1) were used to dissolve the 

cells and disperse SWCNTs. The concentration of SWCNTs was determined by the NIR 

spectrometer (Varian Cary 500, Palo Alto, California) at the wavelength of 1,050 nm.

Atomic Force Microscopy of SWCNTs

The samples of the uncoated SWCNTs and SWCNTs coated by BSA at different mass ratio 

were deposited onto silica wafer, which was cleaned with acetone and isopropanol and then 

dried by nitrogen. Morphology of BSA on SWCNT was analyzed by a Veeco D3100 atomic 

force microscope (Bruker, Camarillo, CA). Images were acquired in tapping model, using 

the RTESP AFM probe obtained from Bruker. The scanning rate was 0.5 Hz, with integral 

gain of 0.1 and proportional gain of 0.2. The amplitude set-point was set at 1.327 V, and the 

tip velocity was 0.975 µm/s. Image analysis was performed with NanoScope V530 (Bruker).

Quantification of BSA adsorption on SWCNT

After incubation of BSA with SWCNT, the mixture was separated by 300 kDa centrifugal 

filter. The BSA remaining in the filtrate was quantified using a BCA assay. The filtrate was 

incubated with BCA reagent for 30 mins at 60 °C. After cooling, the absorbance at 562 nm 

was measured using a Cary 50 spectrophotometer. The amount of BSA adsorbed on the 

SWCNTs was then determined by difference.

Cytosol protein extraction and BSA displacement test

Human fibroblast cells were first washed with PBS three times, and trypsin-EDTA was used 

to detach the cells from the flask. Following this, cells were washed three times with ice-

cold PBS. Cell lysis buffer and protease inhibitor was added into the cells and incubated on 

ice for 30 min with vortexing every 10 min. After this, the lysate was centrifuged at 14,000g 

for 15 min, and the supernatant was collected as the cytosol protein. This supernatant was 

stored at −80 °C until use. The concentration was determined by BCA assay.

BSA displacement tests were carried out by mixing certain amount of cytosol protein with 

the mixture of BSA and SWCNTs. After incubation for 2 hrs at 4 °C, the mixture was 

separated by 300,000 MW centrifugal filters. SDS PAGE was carried out to determine the 

abundance of BSA in the filtrate. SYPRO Ruby staining was used to visualize the gel and 

Image J was used to quantify the intensity of the bands.
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Identification of the SWCNT-protein coating

After separation of SWCNTs by a 300,000 MW filter, the proteins absorbed on the 

SWCNTs were digested by trypsin directly on the filter following standard protocol. In 

short, proteins were first denatured in boiling water for 10 min. After cooling of the sample 

to room temperature, DTT and IAA were added sequentially. Following this, trypsin was 

added to the protein and incubated at 37 °C overnight. The as prepared peptides were 

collected and desalted using Ziptips. The peptides were were analyzed by LC-MS/MS. The 

analysis of peptide mixtures was carried out on an LTQ linear ion-trap mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA) equipped with a nano electrospray ionization 

(NSI) source. Full MS spectra were recorded over a 300–2000 m/z range followed by four 

sequential data-dependent MS/MS scans. Dynamic exclusion was implemented. The 200 

nL/min nano flow was achieved by split flow from a 200 µL/min delivered by a Waters 

2695 HPLC pump. The peptide separation was performed on a self-packed (packed 10 cm 

with 3 µm C18 beads, Dr. Maisch HPLC GmbH, Germany) PicoFrit column (75 µm in 

tubing ID and 15 µm in tip ID, New Objective, Inc., Woburn, MA). Mobile phase A was 

0.01% formic acid in water and mobile phase B was acetonitrile. The gradient started at 0% 

B for 10 min of enrichment and then linearly increased to 100% B within 80 min. The 

mobile phase was kept at isocratic conditions (100% B) for 30 min and then returned to 0% 

B. The acquired data was analyzed by database searching with X!Tandem. The searching 

criteria were set as default of the website. Four repeats were carried out for all three 

SWCNT : BSA : cell lysate ratios 1:0:1 (101), 1:1:1(111); and 1:4:1(141) and only the 

proteins that appeared at least three times in the four repeats with more than one peptide 

being identified each time were considered to be the reliable binders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cell viability and ATP production after treatment with BSA-coated SWCNTs. SWCNT 

concentration is set to 50µg/mL, 25µg/mL and 5µg/mL and premixed with two BSA mass 

ratios of 1:1 and 1:4, and the mixture was then added to cell culture media and incubated for 

6 hrs (a) and 12 hrs (b). Cell viability is measured by comparing the absorbance at 490 nm 

with negative control. c) ATP production is measured at 12 hrs with the SWCNTs coated 

with BSA at a mass ratio of 1:1, and compared with the cell viability test result. In (a) and 

(b), the cell viability difference between the two coating ratios was significant at the 

significance level of 0.05 as indicated by the Student’s t-test, except for the incubation with 

the lowest SWCNT concentration of 5 µg/mL.
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Figure 2. 
AFM images and height analysis of SWCNTs without BSA (a), with 1:1 ratio of BSA (b) 

and with 1:4 ratio of BSA (c). The scale bar was 500 nm.
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Figure 3. 
Amount of BSA adsorbed on 25 µg/mL SWCNTs in PBS (pH=7.4). Filtrate stands for 

filtrate collected after filtration and total means the initial BSA added. 1:1 means SWCNTs: 

BSA=1:1(mass ratio) and 1:4 means SWCNTs: BSA=1:4 (mass ratio).
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Figure 4. 
Quantification of BSA in filtrate upon competition with different concentrations of cytosol 

protein. a) Incubate 1:1 ratio BSA-SWCNT mixture with no cytosol protein(110) and one 

time cystol protein(111). b) Incubate 1:4 ratio BSA-SWCNT mixture with no cytosol 

protein(140) and one time cystol protein(141) and four times cytosol protein (144). Inset 

graphs show the SDS-PAGE picture of BSA.
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Figure 5. 
Adsorbed cytosol protein distribution in different SWCNT-BSA coating ratios (101: 

SWCNTs: BSA: Cytosol Protein =1:0:1, 111: SWCNTs: BSA: Cytosol Protein =1:1:1, 141: 

SWCNT: BSA: Cytosol Protein =1:4:1). The proteins shared by all three coating ratios were 

in blue, shared by two were in red, green and purple. The unique proteins with each coating 

ratios were in yellow.
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Figure 6. 
The calculated average score of proteins adsorbed with different coating ratios. a) average 

GRAVY score; b) average PI, c) average molecular weight.
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