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Purpose: Physicochemical properties play a crucial role in determining the toxicity of

multi-walled carbon nanotubes (MWCNTs). Recently we found that MWCNTs with longer

length and smaller diameters could induce toxicity to human umbilical vein endothelial cells

(HUVECs) through the activation of endoplasmic reticulum (ER) stress. In this study, we

further investigated the possible contribution of hydroxylation and carboxylation to the

cytotoxicity of MWCNTs.

Methods: The HUVECs were exposed to pristine (code XFM19), hydroxylated (code

XFM20; content of hydroxyl groups 1.76 wt%) and carboxylated (code XFM21; content

of carboxyl groups 1.23 wt%) MWCNTs, respectively. Then, the internalization, cytotoxicity,

oxidative stress and activation of apoptosis-ER stress pathway were measured.

Results: In consequence, all types of MWCNTs could be internalized into the HUVECs, and

the cellular viability was significantly reduced to a similar level. Moreover, the MWCNTs

increased intracellular reactive oxygen species (ROS) and decreased glutathione (GSH) to

similar levels, indicating their capacity of inducing oxidative stress. The Western blot results

showed that all types of MWCNTs reduced BCL-2 and increased caspase-3, caspase-8,

cleaved caspase-3 and cleaved caspase-8. The expression of ER stress gene DNA damage-

inducible transcript 3 (DDIT3) and protein level of chop were only significantly induced by

XFM20 and XFM21, whereas protein level of p-chop was promoted by XFM19 and XFM21.

In addition, the pro-survival gene XBP-1s was significantly down-regulated by all types of

MWCNTs.

Conclusion: These results suggested that MWCNTs could induce cytotoxicity to HUVECs

via the induction of oxidative stress and apoptosis-ER stress, whereas a low degree of

hydroxylation or carboxylation did not affect the toxicity of MWCNTs to HUVECs.

Keywords: multi-walled carbon nanotubes, MWCNTs, human umbilical vein endothelial

cells, HUVECs, endoplasmic reticulum (ER) stress, hydroxylation, carboxylation, ER stress

Introduction
Multi-walled carbon nanotubes (MWCNTs) represent tubular structures with unique

mechanical, physical and electrical properties, which render them be popular in

commercial products, such as batteries, sporting goods and supercapacitors.1–3 In

recent years, the potential applications of MWCNTs in biomedical areas have also

gained extensive research interests. For example, MWCNTs could be used to separate

pharmaceutics.4 Moreover, MWCNTs also show great potential as novel nanocarriers

for cancer therapy.5 Certain types of MWCNTs possess antibacterial properties and

Correspondence: Jianping Gong
National Engineering Research Center for
Solid Preparation Technology of Chinese
Medicines, Jiangxi University of Traditional
Chinese Medicines, Jiangxi, Nanchang
330006, People’s Republic of China
Tel +86-0791-87119623
Email gongjianping64@163.com

International Journal of Nanomedicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2019:14 9285–9294 9285

http://doi.org/10.2147/IJN.S217977

DovePress © 2019 Sun et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


might be used as novel antibacterial materials.6 However, the

biocompatibility of MWCNTs should be taken into consid-

eration to ensure the safe uses of MWCNTs. Particularly,

there is an urgent need to assess the biocompatibility of

MWCNTs to human endothelial cells, due to the potential

damage of MWCNTs towards human blood vessels.7,8

It is well accepted that the physicochemical properties

of nanomaterials (NMs) could significantly influence their

interactions with biological systems, and understanding

the impact of physicochemical factors on biocompatibility

of NMs is crucial to design bio-safe NMs.9,10 For the cases

of MWCNTs, the diameters, lengths and surface chemistry

are crucial physicochemical characteristics determining

their biocompatibility.11 Recently, we found that

MWCNTs with longer lengths and shorter diameters

were more toxic to human umbilical vein endothelial

cells (HUVECs) due to the activation of ER stress,12,13

which suggested that length and diameter are important

parameters for the rational design of biocompatible

MWCNTs. However, the possible influence of surface

chemistry on the toxicity of MWCNTs to HUVECs has

not yet been investigated. Previous studies focused on the

biocompatibility of MWCNTs with different surface

chemistry to other cell types rather than endothelial cells.

For example, Hamilton et al found that the increase of the

carboxylation degree of MWCNTs decreased their bioac-

tivity both in vivo and in vitro.14 In another study, Liu et al

showed that carboxylation of MWCNTs increased the

biocompatibility of MWCNTs to L02 cells, suggesting

the application prospect of carboxylated MWCNTs for

biomedical uses.15 However, De Marchi et al recently

found that the functionalized MWCNTs were generally

more toxic to Ruditapes philippinarum compared with

non-functionalized MWCNTs at the same mass

concentrations.16 To the best of our knowledge, only one

study compared the toxicity of MWCNTs with different

surface chemistry to HUVECs, and showed that carbox-

ylation of MWCNTs increased the toxicity of MWCNTs to

HUVECs.17 However, further investigation is needed to

explore the influence of surface chemistry on the toxicity

of MWCNTs to endothelial cells.

Therefore, the present study compared the toxicity of pris-

tine MWCNTs, hydroxylated MWCNTs and carboxylated

MWCNTs to HUVECs, respectively. This study used

HUVECs as the in vitro model because HUVECs have been

commonly used to investigate the toxicity of NMs to human

endothelial cells.7

Materials and Methods
The Overall Study Design
Three types of commercially available MWCNTs, namely

pristine MWCNTs (code XFM19), hydroxylated MWCNTs

(code XFM20) and carboxylated MWCNTs (code XFM21),

were characterized by multiple technologies, including field

emission scanning electron microscope (FE-SEM), transmis-

sion electron microscope (TEM), dynamic light scattering

(DLS) and Fourier transform infrared spectroscopy (FTIR).

HUVECs were exposed to various concentrations of

MWCNTs for 24 hrs. After exposure, cytotoxicity was mea-

sured by cell counting kit-8 (CCK-8) assay. The internaliza-

tion ofMWCNTs into HUVECs was studied by transmission

electron microscope (TEM) and side-scattering light (SSC).

The intracellular reactive oxygen species (ROS) and glu-

tathione (GSH) were measured to detect the oxidative stress,

which has been found to be involved in the toxic effects of

MWCNTs.18 To further investigate the molecular mechan-

ism associated with the toxicity of different types of

MWCNTs to HUVECs, the biomarkers associated with ER

stress were measured. It has been previously shown that NM

exposure could induce ER stress of cells, which consequently

leads to the activation of apoptosis pathway.19 Meanwhile,

NM-induced oxidative stress might also lead to prolonged

ER stress.19,20 For MWCNTs, we recently showed that

MWCNTs could activate ER stress in HUVECs, which is

related with the lengths12 and diameters13 of MWCNTs.

However, the possible influence of surface chemistry has

not been investigated. Herein, we measured the mRNA

levels of DNA damage-inducible transcript 3 (DDIT3; also

known as chop, C/EBP homologous protein) and spliced

X-box binding protein 1 (XBP-1s) by qRT-PCR, and protein

levels of p-chop, chop, BCL-2, caspase-3 and inositol-

requiring enzyme 1 (IRE1α) by Western blot.

Cell Culture
HUVECs were purchased from ScienCell Research

Laboratories (Carlsbad, CA, USA). The cells were cul-

tured in endothelial cell medium (ECM) according to the

protocol from ScienCell Research Laboratories.

Characterization of MWCNTs
Pristine MWCNTs (code XFM19), hydroxylated MWCNTs

(code XFM20) and carboxylated MWCNTs (code XFM21)

were purchased from Nanjing XFNANO Materials Tech

Co., Ltd. According to the supplier, the content of hydroxyl

groups in XFM20 has been determined as 1.76 wt%, and the
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content of carboxyl groups in XFM21 has been determined

as 1.23 wt% by using X-ray photoelectron spectroscopy.

However, further increasing the degree of hydroxylation/

carboxylation is difficult due to the diameters of XFM20. In

this study, all types of MWCNTs were characterized using

FE-SEM (SU-5000, Hitachi, Japan) as well as TEM (JEM-

1400 Plus, JEOL, Japan). The diameters and lengths were

measured from 20 randomly selected MWCNTs in each

sample by using ImageJ software. To confirm the presence

of hydroxyl or carboxyl groups, the Fourier Transform

infrared spectroscopy (FTIR) spectrum was recorded

using Nicolet iS50R FTIR Spectrometer (Thermo

Scientific™, USA). To prepare the suspensions of

MWCNTs, MWCNTs were dispersed in 2% fetal bovine

serum (FBS) at the concentration of 1.28 mg/mL under

sonication for 16 mins by using the ultrasonic processor

FS-250N (Shanghai Shengxi, China). After sonication, the

MWCNTs were immediately diluted by cell culture med-

ium to desired concentrations for exposure. The control

cells were incubated with the same amount of vehicles. To

measure hydrodynamic size, zeta potential and polydisper-

sity index (PDI), the MWCNT suspensions were prepared

as 32 μg/mL in water or cell culture medium and then

analyzed by using Zetasizer nano ZS90 (Malvern, UK).

CCK-8 Assay
CCK-8 assay was used to indicate the changes of cellular

viability, especially the decrease of mitochondrial activities.

Briefly, HUVECs were seeded at the density of 4×104/well

in 24-well plates and grown for 2 days. After that, the cells

were exposed to various concentrations of XFM19, XFM20

and XFM21 for 24 hrs. After exposure, the cells were

thoroughly rinsed once by Hanks solution, and CCK-8

assay was done by using commercial kits purchased from

Beyotime Biotechnology (Nantong, China). The data for

CCK-8 measurement were summarized in Table S1.

TEM Observation of MWCNT-Exposed

HUVECs
TEM was used to investigate the internalization of

MWCNTs. Briefly, HUVECs were seeded at 5×105 on

60 mm diameter cell culture Petri dishes and grown for 2

days before exposure. The cells were incubated with cell

culture medium (control) or 64 μg/mL XFM19, XFM20 and

XFM21. After 3 hrs exposure, the cells were rinsed and then

scratched by using a cell scraper. After centrifuge, the cells

were fixed with 2.5% glutaraldehyde in PBS overnight,

post-fixed with 1% OsO4 for 3 hrs, dehydrated in a graded

series of ethanol and embedded in epoxy Resin (Epon 812).

The samples were then sectioned using an ultramicrotome

at 70 nm, placed on carbon film supported by copper grids,

stained with uranyl acetate and lead citrate, and observed

under a TEM (JEM-1230, JEOL Ltd., Tokyo, Japan) oper-

ated at 80 kV.

Light Scatter Analysis
HUVECswere cultured in 12-well plates at a density of 1 × 105

cells/well and grown for 2 days before exposure to 64μg/mLof

XFM19, XFM20 or XFM21 for 24 hrs. HUVECs incubated

with cell culture medium for 24 hrs were used as control. After

exposure, the cells were removed from plates by using trypsin,

and the changes in SSC were measured by using flow cyto-

metry (BD LSRFortessa™, Franklin Lakes, NJ, USA).

Intracellular ROS and GSH
Intracellular ROS and GSH were measured by fluorescent

probes 2ʹ,7ʹ-dichlorofluorescin diacetate (DCFH-DA) and

monochlorobimane (MCB; DCFH-DA and MCB were

purchased from Sigma-Aldrich), respectively. These end-

points were measured because they are sensitive to reflect

oxidative status of stressed cells. For the assays, HUVECs

were seeded in 96-well black plates at a density of 1×104/

well, grown for 2 days, and then exposed to various con-

centrations of MWCNTs for 24 hrs. After exposure, the

cells were rinsed once, and stained by 10 μM DCFH-DA

or 50 μMMCB for about 30 mins. After rinsed once again,

the fluorescence was read at excitation 360 ± 44 nm and

emission 460 ± 40 nm (for GSH) or excitation 485 ± 20

nm and emission 528 ± 20 nm (for ROS) by an ELISA

reader (Synergy HT, BioTek, USA). The data for intracel-

lular ROS and GSH measurement were summarized in

Table S1.

qRT-PCR
The mRNA levels of ER stress genesDDIT-3 and XBP-1s as

well as internal control glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) were determined by qRT-PCR.

Briefly, 2×105 per well HUVECs were seeded in 6-well

plates and grown for 2 days before exposure to 64 μg/mL

XFM19, XFM20 or XFM21 for 24 hrs. The cells incubated

with cell culture medium were used as control. After expo-

sure, total mRNA was extracted by using TRI Reagent®

(Sigma-Aldrich, USA). cDNA was synthesized by using

HiFiScript cDNA Synthesis Kit (Cwbiotech, Beijing,

China), and qRT-PCR was done by using UltraSYBR
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Mixture (Cwbiotech, Beijing, China) on PikoReal™ qPCR

system (Thermo-Fisher, USA). The experiments were done

following manufacturers’ instructions. The primers used in

this study are: GAPDH (NM_002046.7) forward (F-) primer

ACAGCCTCAAGATCATCAGC, and reverse (R-) primer

GGTCATGAGTCCTTCCACGAT (product length104 bp);

DDIT3 (NM_001195057.1) F-primer GGAAACAGAGTG

GTCATTCCC, and R-primer GGAAACAGAGTGGTCAT

TCCC (product length 116 bp); XBP-1s (NM_001079539.1)

F-primer CCGCAGCAGGTGCAGG, and R-primer GAGT

CAATACCGCCAGAATCCA (product length 70 bp).

Table S3 summarized the conditions for the qPCR amplifica-

tion procedure. The mRNA levels were calculated by Livak

method and expressed as the ratio between the mRNA level

of the target genes and the internal control gene. The data for

qRT-PCR are summarized in Table S2.

Western Blot
The protein levels of chop, p-chop, caspase-3, caspase-8,

IREα and BCL-2 were determined by Western blot. Briefly,

2×105 per well HUVECs were seeded on 6-well plates and

grown for 2 days before exposure to 0 μg/mL (control) or 64

μg/mL MWCNTs for 24 hrs. After exposure, the cells were

rinsed twice by Hanks solution, and proteins were extracted

by using RIPA lysis buffer with the presence of proteases

inhibitor cocktail and PhosStopTM phosphatase inhibitor

(Roche Diagnostics). After placed on ice for 10 mins, the

supernatants were collected by 15 mins centrifuge at 12,-

000 rpm, 4°C. The protein concentrations were measured

by BCA method, and 50 µg/sample proteins were mixed

with loading buffer and then resolved on SDS-PAGE. The

samples were transferred to a nitrocellulose membrane,

blocked in non-fat milk for 1.5 hrs at room temperature,

and then incubated overnight at 4°C with the primary anti-

body (1:500 p-chop rabbit antibody, Abcam, UK; 1:800

chop rabbit antibody, Proteintech, USA; 1:800 IRE1α rabbit
antibody, Proteintech, USA; 1:600 caspase-3 rabbit anti-

body, Proteintech, USA; 1:1000 caspase-8 rabbit antibody,

Proteintech, USA; 1:1000 BCL-2 rabbit antibody,

Proteintech, USA; α-actin mouse antibody, Proteintech,

USA). The blots were washed in 0.1% w/v Tween-PBS

and then incubated with 1:5000 HRP goat anti-rabbit IgG

(Proteintech, USA) for 1.5 hrs. After that, the blots were

detected by SuperECL Plus chemiluminescence (Thermo

pierce, USA). The data for Western blot are summarized in

Table S2, and the unedited WB images are shown in

Figure S1. The density of each band was determined by

using ImageJ (NIH).

Statistics
Data are expressed as means±SD of means of three indepen-

dent experiments (n=3 for each). For the data of CCK-8,

ROS and GSH measurement, two-way ANOVA followed

by Tukey HSD test was used to analyze the influence of

concentrations of MWCNTs and surface chemistry on the

toxicological effects. For the data of qRT-PCR and Western

blot, one-way ANOVAwas used to compare the differences,

since only one concentration was used for these experiments.

Results
Characteristics of MWCNTs
In this study, multiple methods were used to characterize the

MWCNTs. Both SEM images (Figure 1A) and TEM images

(Figure 1B) indicated that all the samples contained bundles of

MWCNTs even after sonication. The average diameters were

calculated as 28.97 ± 6.05 nm (XFM19), 30.46 ± 11.63 nm

(XFM20) and 31.03 ± 5.37 nm (XFM21), and the average

lengths were calculated as 1181.14 ± 352.89 nm (XFM19),

1323.94 ± 1025.13 nm (XFM20) and 1256.59 ± 454.73 nm

(XFM21), respectively. The results from DLS measurement

showed that all types of MWCNTs had similar hydrodynamic

size, zeta potential and PDI in both water and cell culture

medium (Figure 1C and D & Table 1). It should be noticed

that for non-spherical NMs like MWCNTs, DLS reported

radius of a hypothetical hard sphere, which can make the

hydrodynamic sizes different from their primary size.21

Meanwhile, the agglomerate/aggregate status could also influ-

ence the reported hydrodynamic size of MWCNTs.

The FTIR spectrum (Figure 2) exhibited the character-

istic adsorption bands at 2930 cm−1 (C–H stretching) and

3450 cm−1 (–OH stretching) in the sample of XFM20, as

well as 1640 cm−1 (C=O stretching) and 3450 cm−1 (–OH

stretching) in the sample of XFM21, which confirmed that

XFM20 and XFM21 were surface functionalized.22

Cytotoxicity of MWCNTs to HUVECs
The cytotoxicity of MWCNTs to HUVECs was investigated

by CCK-8 assay and the result is shown in Figure 3. There

was a modest but statistically significant decrease of cellu-

lar viability after exposure to 32 μg/mL or 64 μg/mL

MWCNTs (p < 0.01). However, ANOVA test indicated no

difference among different types of MWCNTs (p>0.05).

The Internalization of MWCNTs
As shown in TEM images, MWCNTs could be internalized

into HUVECs (Figure 4A–H). Typically, we observed
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MWCNTs near nuclei (labeled as N) and mitochondria

(labeled as M). In addition, obvious mitochondrial swelling

has been observed in MWCNT-exposed HUVECs com-

pared with control. The results of light scattering showed

that all types of MWCNTs increased SSC of HUVECs to

a similar extent (Figure S2).

Intracellular ROS and GSH
The intracellular ROS and GSH were determined in

HUVECs treated with MWCNTs. As shown in Figure 5,

all types of MWCNTs significantly promoted intracellular

ROS or decreased intracellular GSH at the concentrations

of 8 μg/mL, 16 μg/mL, 32 μg/mL and 64 μg/mL (p<0.01).

Again, all the types of MWCNTs increased intracellular

ROS or decreased intracellular GSH to a similar extent.

The Activation of Apoptosis Pathway
Because we observed that MWCNTs induced the most

pronounced effects on cytotoxicity, ROS and GSH at the

concentration of 64 μg/mL, we used this concentration

for the rest of experiments to investigate the mechanism.

As shown in Figure 6, all types of MWCNTs signifi-

cantly decreased the protein levels of BCL-2 (p<0.01),

but exposure to XFM20 and XFM21 was associated

with relatively lower levels of BCL-2 compared with

the exposure of XFM19 (p<0.01; Figure 6B). The pro-

tein level of caspase-3 was only significantly induced by

XFM19 (p<0.01), which is significantly higher than that

in cells exposed to XFM20 or XFM21 (p<0.01). The

protein level of cleaved caspase-3 was significantly

induced by all types of MWCNTs (p<0.01), but

Figure 1 The characteristics of pristine MWCNTs (code XFM19), carboxylated MWCNTs (code XFM21) and hydroxylated MWCNTs (code XFM20). (A) SEM images; (B) TEM
images; (C) the distribution of hydrodynamic size; and (D) the distribution of zeta potential.
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XFM20 induced significantly higher level of cleaved

caspase-3 compared with that induced by XFM19 and

XFM21 (p<0.01; Figure 6C). The protein level of cas-

pase-8 was only significantly induced by XFM19

(p<0.01), which is significantly higher than that in

cells exposed to XFM20 (p<0.05) or XFM21 (p<0.01).

The protein level of cleaved caspase-8 was significantly

induced by XFM20 and XFM21 (p<0.01), with XFM20

being more potent to induce cleaved caspase-8 com-

pared with XFM19 and XFM21 (p<0.01; Figure 6D)

Genes and Proteins Related with ER

Stress
As shown in Figure 7, the expression of DDIT3 was only

significantly promoted by the exposure of XFM20 and

XFM21 (p<0.01) but not XFM19 (p>0.05). XFM20 induced

significantly higher DDIT3 expression compared with that

induced by XFM19 or XFM21 (p<0.01; Figure 7A). The

expression of XBP-1s was significantly down-regulated by

all types of MWCNTs (Figure 7B). The protein level of

IRE1α was significantly enhanced by XFM19 and XFM20

exposure (p<0.01 for both) but remained unaltered by

XFM21 exposure (p>0.05). XFM20 was the most potent to

induce IRE1α protein level, which is significantly higher

compared with that induced by XFM19 and XFM21 expo-

sure (p<0.01; Figure 7D). The protein level of p-chop was

only modestly promoted by XFM19 (p<0.05) and XFM21

(p<0.01), and XFM21 induced significantly higher p-chop

protein level than that induced by XFM19 (p<0.05) and

XFM20 (p<0.01). The protein level of chop was markedly

promoted by XFM20 and XFM21 (p<0.01 for both), and

XFM21 was more effective than XFM19 and XFM20 to

enhance the protein level of chop (p<0.01; Figure 7E).

Discussion
In this study,we investigated the toxicity of pristineMWCNTs,

hydroxylated MWCNTs and carboxylated MWCNTs to

HUVECs through ER stress pathway. The cytotoxicity assay

indicated that all types of MWCNTs significantly decreased

cellular viability to a similar extent (Figure 3). Previous studies

showed that the cytotoxicity of MWCNTs17 or single-walled

carbon nanotubes23 to endothelial cells could be increased

once they were carboxylated. Orecna et al17 further suggested

that the cytotoxicity of carboxylated MWCNTs to human

endothelial cells was due to the blockade of autophagic flux.

However, we recently compared the cytotoxicity of XFM19

and XFM21 in HUVECs, alveolar-HUVEC co-culture,24

human aortic smooth muscle cells25 and HepG2 cells,26 and

found that pristine and carboxylated MWCNTs induced cyto-

toxicity to similar extent in different in vitro cell models. In the

present study, we found that the cytotoxicity of MWCNTs to

HUVECswas not significantly influenced by hydroxylation or

carboxylation on MWCNTs (Figure 3). Although the surface

of MWCNTs was functionalized with hydroxyl or carboxyl
Figure 2 The FTIR spectrum of pristine MWCNTs (XFM19), hydroxylated

MWCNTs (XFM20) and carboxylated MWCNTs (XFM21).

Table 1 The Average Hydrodynamic Size, Zeta Potential and PDI of XFM19, XFM20 and XFM21

Types of

MWCNTs

Code Hydrodynamic Size (nm) Zeta Potential (mV) PDI

Pristine MWCNTs XFM19 175.53±1.44 (water); 210.73±3.80

(medium)

−20.13±0.67 (water); –1.54±3.51

(medium)

0.250±0.029 (water); 0.276±0.004

(medium)

Hydroxylated

MWCNTs

XFM20 174.20±5.97 (water); 210.47±3.93

(medium)

−19.60±1.42 (water); –7.49±0.75

(medium)

0.257±0.007 (water); 0.271±0.013

(medium)

Carboxylated

MWCNTs

XFM21 187.30±4.69 (water); 214.27±3.38

(medium)

−22.83±0.70 (water); –5.31±0.53

(medium)

0.268±0.019 (water); 0.294±0.026

(medium)

Abbreviations: MWCNTs, multi-walled carbon nanotubes; PDI, polydispersity index.
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groups (Figure 2), their physicochemical properties were still

very similar (Figure 1 andTable 1), whichmight lead to similar

cellular uptake efficiency ofMWCNT intoHUVECs (Figure 4

and Figure S2).

Previous studies showed that MWCNT exposure could

promote oxidative stress.18,27,28 Moreover, Guo et al found

that antioxidant could significantly alleviate the cytotoxicity

and genotoxicity of MWCNTs to HUVECs, which further

confirmed the role of oxidative stress in the cytotoxicity of

MWCNTs.29 In the present study, we found that MWCNTs

significantly increased intracellular ROS and decreased GSH

(Figure 5), which suggested that MWCNTs could induce

oxidative stress. However, it should be noticed that pristine

MWCNTs, hydroxylated MWCNTs and carboxylated

MWCNTs induced oxidative stress to a similar extent. Given

the importance of oxidative stress in mediating the toxicolo-

gical responses of MWCNTs,18 hydroxylation or carboxyla-

tion of MWCNTs does not change the cytotoxicity of

MWCNTs due to the negligible impact of surface modifica-

tions on the oxidative stress induced by MWCNTs.

To further investigate the changes of signaling pathways

due to hydroxylation and carboxylation, we measured the

genes and proteins associated with ER stress. Previous study

showed that NMs could promote prolonged ER stress leading

to the activation of apoptosis pathway.19 In this study,we found

that XFM19, XFM20 and XFM21 induced at least one of the

following ER stress biomarkers, namely DDIT3, p-chop and

chop (Figure 7), which suggest that these MWCNTs could

promote ER stress. These results are consistent with previous

studies showing that MWCNTs could induce ER stress in both

cultured human cells12,13 and Caenorhabditis elegans.30

Meanwhile, the results from this study also showed that all

types of MWCNTs significantly down-regulated the pro-

survival ER stress gene XBP-1s. These effects could all con-

tribute to the decrease of anti-apoptotic protein BCL-2 and

induction of cleaved caspase-3/caspase-8 (Figure 6), finally

contributing to the decrease of cellular viability. Inmammalian

cells, ER stress is sensed by three major ER-resident

Figure 4 The ultrastructural changes of HUVECs. HUVECs were exposed to 64 μg/mL of pristine MWCNTs (XFM19), hydroxylated MWCNTs (XFM20) or carboxylated

MWCNTs (XFM21). After 3 hrs exposure, TEM was used to image the ultrastructural changes of HUVECs and the internalized MWCNTs. The images in upper panel are

images with low magnification, and the images in the lower panel are images with high magnification. The internalized MWCNTs were marked with arrows. Nuclei were

marked with N and Mitochondria were marked with M.

Figure 3 Cytotoxicity of MWCNTs to HUVECs. HUVECs were exposed to

various concentrations of pristine MWCNTs (XFM19), hydroxylated MWCNTs

(XFM20) or carboxylated MWCNTs (XFM21) for 24 hrs, and CCK-8 assay was

done to indicate cytotoxicity. *p<0.01, compared with control.
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transmembrane molecules, namely IRE1α, protein kinase

RNA-like ER kinase (PERK) and activating transcription fac-

tor-6 (ATF6).31 Moreover, we found that IRE1α could be

activated by XFM19 and XFM20 but not XFM21. It has

been suggested that oxidative stress is closely relatedwithNM-

induced ER stress.19,20 A recent study by using systems tox-

icology approach revealed a cross talk between oxidative stress

and ER stress in MWCNT-exposed Caenorhabditis elegans.30

Interestingly, we recently showed that antioxidants partially

alleviated MWCNT-induced lipid accumulation through the

modulation of ER stress,25,32which further suggested a linkage

between MWCNT-induced oxidative stress and ER stress.

Here in this study, the data showed that all types of

MWCNTs induced oxidative stress as well as ER stress.

One limitation for our study is that XFM20 and XFM21

were only modified with a low level of hydroxyl groups and

carboxyl groups, respectively. However, increasing hydroxyl

groups or carboxyl groups in MWCNTs with a diameter of

about 30 nm is challenging, according to the supplier. It

remains unclear if modification of MWCNTs with higher

levels of hydroxyl groups or carboxyl groups could alter

the biocompatibility of MWCNTs. Another limitation is

Figure 6 The protein levels of apoptotic proteins. HUVECs were exposed to 64 μg/mL of pristine MWCNTs (XFM19), hydroxylated MWCNTs (XFM20) or carboxylated

MWCNTs (XFM21) for 24 hrs. After exposure, the levels of apoptotic proteins were measured by Western blot. (A) The Western blot bands; (B) the protein level of BCL-

2; (C) the protein level of caspase-3; (D) the protein level of caspase-8. *p<0.01, compared with control.

Figure 5 The changes of intracellular ROS (A) or GSH (B). HUVECs were exposed to various concentrations of pristine MWCNTs (XFM19), hydroxylated MWCNTs

(XFM20) or carboxylated MWCNTs (XFM21) for 24 hrs, and intracellular ROS and GSH were determined by using a fluorescent probe. *p<0.01, compared with control.
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that this is a cell-based study, and in the future in vivo studies

may be needed to confirm the influence of surface chemistry

on biocompatibility of MWCNTs.

In summary, this study suggested that pristine, hydroxy-

lated and carboxylated MWCNTs were equally cytotoxic to

HUVECs. On the basis of the mechanism analysis, all types of

MWCNTs induced oxidative stress and activated apoptosis-

ER stress signaling pathway. Thus, surface modifications with

a low degree of hydroxyl or carboxyl groups might not

improve the biocompatibility of MWCNTs to human endothe-

lial cells. As such, hydroxylated/carboxylated MWCNTs

might need to be further surface-modified to improve their

biocompatibility to human endothelial cells.5,33
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