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Abstract: The numerous increasing use of carbon nanotubes (CNTs) derived from
nanotechnology has raised concerns about their biosafety and potential toxicity. CNTs
cause immunologic dysfunction and limit the application of CNTs in biomedicine. The
immunological responses induced by pristine multi-walled carbon nanotubes (p-MWCNTs)
and PEGylated multi-walled carbon nanotubes (MWCNTs-PEG) on BALB/c mice via an
intravenous administration were investigated. The results reflect that the p-MWCNTSs induced
significant increases in spleen, thymus, and lung weight. Mice treated with p-MWCNTSs
showed altered lymphocyte populations (CD3*, CD4*, CD8", and CD19*) in peripheral blood
and increased serum IgM and IgG levels, and splenic macrophage ultrastructure indicated
mitochondria swelling. p-MWCNTs inhibited humoral and cellular immunity function and
were associated with decreased immune responses against sheep erythrocytes and serum
hemolysis level. Natural killer (NK) activity was not modified by two types of MWCNTSs. In
comparison with two types of MWCNTs, for a same dose, p-MWCNTSs caused higher levels
of inflammation and immunosuppression than MWCNTs-PEG. The results of immunologi-
cal function suggested that after intravenous administration with p-MWCNTSs caused more
damage to systemic immunity than MWCNTs- PEG. Here, we demonstrated that a surface
functional modification on MWCNTSs reduces their immune perturbations in vivo. The
chemistry-modified MWCNTs change their preferred immune response in vivo and reduce
the immunotoxicity of p-MWCNTs.

Keywords: multi-walled carbon nanotubes, surface-functionalized, immunotoxicity, BALB/c

mice, immunosuppression

Introduction

Carbon nanotube (CNT) applications have been increasingly used not only in
materials science but also in biomedical, chemical, and electronics fields because
of their unique physicochemical, mechanical, and electronic properties.'? Due to
lack of solubility and dispersion, and the presence of metallic impurities, potential
application of pristine CNTs (p-CNTs) is quite limited.> In order to extend the
biomedical application of CNTs, it is necessary to improve their solubility and
dispersion by chemical modification, including through covalent and noncovalent
functionalization methods, that make them easily soluble in water and able to enter
cells, even into the deep tissue. But these strategies do not necessarily make CNTs
biocompatible particularly in reducing the immune response.® Understanding the
interactions between CNTs and the immune system is also a critical issue for their
safe application in medicine and pharmacy.
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Considering CNTs could be used as drug carries for
therapy and diagnosis in systemic administration, it is
extremely important to be aware of their negative effects
on peripheral immune cells and immune system, which are
the first line of defense and target for xenobiotic-induced
toxicity.” Due to their importance in the immune system,
studies have reported the effects of CNTs on the functionality
and viability of immune cells such as T and B lymphocytes,
macrophages, dendritic cells, natural killer (NK) cells in vitro,
focusing on toxicity, oxidative stress, cytokine induction, and
inhibition of key functions such as phagocytosis.®'* Pescatori
et al® showed that four types of functionalized multi-walled
carbon nanotubes (f-MWCNTs) showed no cytotoxicity on
Jurkat T and monocyte THP-1 cells, but three types of those
f-MWCNTs activate the expression of pro-inflammatory
genes in THP-1, whereas no significant activation was
observed in T cells. Pristine multi-walled carbon nanotubes
(p-MWCNTs) were not able to cause secretion of cytokine
in peripheral blood mononuclear cells (PBMCs), but could
increase TLR agonist-induced cytokine secretion and PHA-
induced T-cell cytokine release by PBMC.? In contrast to this,
Delogu et al’ demonstrated that f-MWCNTs had no cytotoxic-
ity on human monocytes and NK cells. Similarly, Dumortier
et al'2 found that the two types of -MWCNTSs neither
decreased cellular vitality nor affected the functional activity
of immunoregulatory cells. Also, Wang et al'* reported that
carboxylic MWCNTs did not induce phenotypical maturation
of DCs with concentrations of up to 100 pg/mL. The results
were inconsistent, which is to be expected on the basis of the
different types of CNTs used in vitro studies.

As in the case of immune cell experiments, in vivo stud-
ies on CNTs are too limited to draw any general systematic
conclusions, and again the CNTs come from the different
sources and synthesis methods, which makes it difficult to
compare results from different studies. In the previous stud-
ies, p-MWCNTs have been shown to activate the monocytes
or macrophages and induce pro-inflammatory cytokine
secretion inflammation, which resulted in an increase in
the immune response of nanotubes.'>!® Similarly, the same
sequence of research reported increases of pro-inflammatory
cytokines and the allergy-like response detected by mice after
intratracheal instillation of non-functionalized MWCNTs. "
Meanwhile, it was also reported that MWCNTSs could lead
to systemic immune suppression in mice after whole-body
inhalation,'® and then the researchers demonstrated that
MWCNTs could induce suppression of systemic immunity
through activation of the cyclooxygenase pathway.'® As well,
the relevance of findings has reported that the induction of

immune responses and toxicity by CNTs mainly depend on
their physicochemical properties and route of exposure.®’
In spite of the increasing experimental data on the immune
effects of CNTs, at present, there are a few studies focusing
on the systemic immunotoxicity effects of different types of
MWCNTs after intravenous administration, especially on the
immune organs and immune function.

As previously described, p-MWCNTs entered the cells
both actively and passively through the cell membrane, then
nanotubes were clustered around the phagosomes and entered
the nucleus, and resulted in oxidative stress and cell death
of human macrophages.? Strategies for surface modification
have recently increased in popularity, especially modifica-
tions with small molecular compounds and polymers are
generally considered more biocompatible than p-CNTs
due to improved water-soluble and dispersion properties
in biological media.”! Previous studies have reported that
carboxylated,”? amino-coated,” taurine-, polystyrene-, and
poly(ethylene glycol)-functionalized CNTs* showed lower
cytotoxicity and induced less cytokine release, pulmonary
inflammation, oxidative stress, and fibrosis than p-CNTs.
Their conclusions were consistent with the results that
surface modification is one of the primary determinants of
CNT toxicity effects. With extensive biomedical applica-
tions, large variety of surface-modified CNTs should be
systematically evaluated in toxic effects in vivo, especially in
immunotoxicity. Furthermore, other factors influence the tox-
icity effects of MWCNTs and have the potential to modulate
their biological effects, such as their sizes,” lengths,? and
contamination with metal catalysts.?” Several data indicate
that length is one of the most important determinants for
toxicity of CNTs and it is unclear whether the length of
MWCNTs affects the outcome of immunotoxicity, which
is one of the concerns in our study. Therefore, there is an
extreme need for a better understanding of the relationship
between the different functionalizations of MWCNTs and
immune system.

In this study, we compared the toxicity after repeated
administration of two types of MWCNTs (p-MWCNTs
and PEGylated multi-walled carbon nanotubes [MWCNTs-
PEG]) in mice for 4 weeks (once a week) by investigating the
relationship between the characterization on MWCNTs and
their potential systemic immunotoxicity. The immunotoxicity
of MWCNTs could be detected using parameters of the
immune system such as described in OECD 407 guideline.
Special emphasis was on the effects of the spleen as part of
the immune system as our previous results showed accumula-
tion of MWCNTs in the spleen.?®?
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Materials and methods

Preparation and characterization of

f-MWCNTs

The p-MWCNTSs obtained as powder from Shenzhen Nano
harbor Co. had an average diameter ranging from 10 to
20 nm, a length range of 5-15 um, and a purity of >95%.
In the first step, we used p-MWCNTSs to prepare carboxyl
(COOH)-functionalized MWCNTs via oxidization. Then
the PEG modification was introduced by esterification of the
acylated COOH-MWCNTs with polyethylene glycol. The
characterization of two types of MWCNTs (p-MWCNTs
and MWCNTs-PEG) was completed using procedures previ-
ously described* (see the details in Supplementary materials,
‘Characterization of MWCNTS’ section). For the experiments,
samples (p-MWCNTs and MWCNTs-PEG) were diluted to
the appropriate concentration with phosphate buffer containing
0.5% Tween-80 (PBST). Nanotube suspensions were charac-
terized using dynamic light scattering (DLS) and zeta potential
measurements (Zetasizer Nano ZS90; Malvern Instruments,
Worcestershire, UK). The endotoxin content was determined
by ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit
(GenScript; Nanjing, China, detection limit 0.005 EU/mL).

Animals

Seven-week-old female BALB/c mice were provided by
Yangzhou University Comparative Medicine Center. Animals
were bred under SPF conditions and barrier maintained
during the experiment. They were maintained in animal
care facilities, fully accredited by the China Food and Drug
Administration, in a temperature-regulated room (temperature
of 22°C+£1°C, humidity of 60%+10%, and light/dark cycle
of 12 h/12 h) for 5 days prior to the study. The nutritionally
complete laboratory food and water were provided ad libitum.
All of the protocols were approved by the Ethics Committee
of Animal Experiments of the Southeast University, and
the animal study was carried out in accordance with the
Ethical Guidelines for Animal Use and Care established by
Southeast University (Nanjing, China). All the surgeries
were performed under sodium pentobarbital anesthesia, and
all efforts were made to minimize suffering.

Experimental design

The present study was performed according to the general
principles of OECD guideline 407 (Repeated dose 28-day
oral study in rodents) with some adjustments. The mice
were administrated p-MWCNTs and MWCNTs-PEG via
intravenous injection. BALB/c female mice were randomly
divided into three groups according to weight, and each

group was further divided into five subgroups (n=6 for each
subgroup). The mice were intravenously injected (tail vein)
once a week for 28 days. In single injection, vehicle control
(PBST), 0.02 mg/kg-bw, 0.1 mg/kg-bw, 0.5 mg/kg-bw of
p-MWCNTs, and 0.1 mg/kg:-bw of MWCNTs-PEG were
given to each mouse in each subgroup, respectively. Dosage
and time points in the all experiments are summarized in
Table S1. Mice were weighed prior to and weekly during the
experiment. Individual body weights were used to calculate
the individual dose levels.

Measurement of organ indexes

At 7 days after the last injection, body weight of mice was
measured and the mice were sacrificed by cervical dislo-
cation. The liver, lung, spleen, and thymus were grossly
observed and removed immediately. The absolute organ
weight was measured and then relative organ weight (% of
body weight) was calculated.

Histopathology

At 7 days after the last injection, the mice in group 1 were
sacrificed. After collecting blood, the mice were evaluated
macroscopically for gross lesions. The following organs were
examined and sampled: spleen, lymph nodes (mesenteric and
inguinal), thymus, lung, heart, liver, and kidney. All tissue
samples were fixed in 4% neutral buffered formaldehyde
(10% formalin) and routinely processed (hematoxylin and
eosin staining [H&E]) for histopathology.

Spleen observation by transmission

electron microscopy (TEM)

The spleen was harvested immediately after removing the
organ and cut into 1-2 mm?® cubes, immersed in 2.5% glutar-
aldehyde at 4°C. After washing several times with phosphate-
buffered saline (PBS), they were fixed with 1% osmium
tetroxide, dehydrated with serial alcohol, embedded in Epon
812, and polymerized for 24 hours at 37°C. The blocks were
trimmed for cutting semi-thin and ultrathin sections with a
LKB-V ultramicrotome (LKB, Stockholm, Sweden). Semi-
thin (1 mm thick) sections were stained with 1% toluidine
blue at 40°C-50°C, washed, and dried. Ultrathin sections
stained with uranyl acetate and lead citrate were examined
under JEM 1010 electron microscope (JEOL, Peabody, MA,
USA) at an accelerating voltage of 80 kV.

Hematology
Hematology and clinical chemistry parameters were measured
by extracting the eyeball blood. Hematological parameters
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included white blood cell (WBC) count, neutrophil percent-
age (NEUT%), lymphocyte percentage (LYM%), eosinophil
percentage (EOS%), basophil percentage (BASO%), and
monocyte percentage. All hematology parameters in the
blood samples were determined in XT-4000i Hematology
Analyzer (Sysmex, Kobe, Japan).

Clinical chemistry

After collection of blood serum and storage at 20°C,
the serum samples were characterized on a Biochemical
Autoanalyzer (Type 7170; Hitachi, Tokyo, Japan) by using
following clinical chemical parameters: albumin, alkaline
phosphatase (ALP), alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), lactate dehydrogenase (LDH),
glucose, urea nitrogen (BUN)), creatinine (CRE), cholesterol,
triglyceride, and total protein.

Peripheral blood lymphocyte phenotype
Phenotypic analyses of blood lymphocytes were analyzed
by fluorescence-activated cell sorting (FACS). Briefly, the
cells were incubated with PE or FITC-conjugated monoclo-
nal antibodies (Panel 1: Anti-CD3 [FITC], Anti-CD4 [PE],
or Anti-CD8 [PE-Cy5-CD8]; Panel 2: Anti-CD19 [FITC],
Anti-CD49 [PE]) for 15 minutes, washed three times, and
then resuspended in 50 PBS UL before determination. At least
10,000 cells were analyzed using a FACScan flow cytometer
using CellQuest software (Becton Dickinson, San Jose, CA,
USA), and data were expressed as mean fluorescence inten-
sity for a given molecule per cell.

Immunoglobulins

After collection of blood serum and storage at 20°C, immu-
noglobulin levels were determined in an enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis, MN,
USA) using mouse monoclonal antibodies against mice IgG
and IgM, respectively.

Determination of immune parameters
Measuring the primary immune response
Twenty-four days after first administration, the mice in
group 2 were immunized by 0.2 mL 2% sheep red blood
cells (SRBC) (v/v) via intraperitoneal injection. On the
last day (t =28 d), the mice were sacrificed, and the target
tissue spleens were collected aseptically. The suspension
of splenic cells was prepared by methods as described in
the study by Ladics.?! Further details of the method are
described in the studies by Ladics®' and Huang et al.??
The results were expressed as plaque-forming cells (PFC)
number/10° cells.

Mitogen-stimulated lymphocyte

proliferation

The mitogen-stimulated lymphocyte proliferations were
detected with isolated splenocytes. Spleen single-cell suspen-
sions (100 pL; 2x10° cells/mL) were seeded in triplicates
in a 96-well plate. Then 100 uL of RPMI growth medium
containing 50 pg/mL of the mitogen concanavalin A (ConA)
or 20 pug/mL lipopolysaccharides (LPS) (Sigma-Aldrich,
St Louis, MO, USA) was added in duplicate wells. For con-
trol, 100 UL of growth medium was added in duplicate wells.
The plate was incubated for 72 hours at 37°C in a humidified
chamber with 5% CO,. Then, 10 uL of CCK-8 solution was
added to each well and further incubated at 37°C for 4 hours.
Finally, the optical density (OD) value was measured by a
microplate reader set to 450 nm. Stimulation index (SI) was
calculated using the following formula:

SI _ stimulated culture unstimulated culture

unstimulated culture

Measurement of serum hemolysin level
The mice in group 2 were immunized by SRBC as already
described. On the last day (t=28 d), blood was collected from
the angular vein before the mice were sacrificed. Further
details of the method are described in the studies by Huang
etal’? and Costabile.** The OD was measured at 540 nm. The
half value of hemolysis (HC50) was calculated as follows:

Sample HC50

ODsam le_ ODblank . . .
= P * Dilution index.
OD

half SRBC hemolysis blank

NK cell activity

Spontaneous cytotoxicity of spleen cell populations was
evaluated by LDH releasing assay for determination of
NK cell activity. Spleen single-cell suspensions (100 pL;
1x10° cells/mL) were seeded in triplicates in a 96-well plate.
Maloney virus-induced mouse lymphoma cell line (YAC-1)
was maintained in continuous culture and used as target
cells in NK activity assays. Further details of the method
are described in the study by Huang et al.*> The OD was
measured at 490 nm. NK cell activity was calculated and
transformed as follows:

NK cell activity (%)
oD

sample target cell spontaneous release

-0
= *100%.

target cell maximum release

target cell spontaneous release
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Table | Physicochemical characterization of the MWCNTSs

Characterization Pristine MWCNTs-
MWCNTs PEG

Length (um) ~5-15 ~0.3-0.6

Diameter (nm) ~10-20 ~10-20

Zeta potential (mV in phosphate —-15.5 —-12.8

buffer containing 0.5% Tween-80)

Impurities (wt%) 98.9429 99.0226

Abbreviations: MWCNTs, multi-walled carbon nanotubes; MWCNTSs-PEG,
PEGylated multi-walled carbon nanotubes.

Statistical analysis

All data were expressed as the mean * standard deviation.
The results were compared by one-way analysis of vari-
ance followed by Dunnett’s test for comparison of treat-
ment groups to the negative control group and LSD test for
pairwise comparisons among treatment groups. A value of
P<0.05 was considered as statistically significant.

Results

Characterization of two types of
MWCNTs

After comprehensive characterization of the two types of
MWCNTs was performed using Fourier transform infra-
red spectroscopy, it was validated with thermogravimetric
analysis, TEM, inductively coupled plasma mass spec-
trometry, and DLS methods, which provided information
on the chemical modification, morphological shape, and
chemical composition of nanotubes as observed in our pre-
vious studies®*** (Figures S1 and S2). Prior to the study of
the toxicity, the two types of MWCNTSs were characterized
based on size distribution, zeta potentials, and chemical
composition of the nanotubes (Table 1). It was worth not-
ing that the TEM examinations (Figure 1) indicated that the
length of MWCNTSs-PEG was shortened to 300—-600 nm,

which indicated that the length of the MWCNTSs-PEG
becomes much shorter during the synthesis process. In the
two types of MWCNTs, no (or at least lower than the detec-
tion limit) endotoxin contamination was measured in the
endpoint chromogenic LAL assay (data not shown).

Macroscopic evaluation and effect on
body weights

There were no clinical signs for toxicity during the 28-day
exposure period for treatment with either p-MWCNTs or
MWCNTs-PEG. The body weight analysis show that the
treatments groups did not differ statistically significantly in
the dose-related changes (Table S2).

Specific organ gross observation and

effect on organ coefficient

Gross observation of the mice revealed enlarged brownish
colored lungs, spleens, and livers, and enlarged, edematous,
and congested lymph nodes (Figure 2). MWCNTs are
mainly deposited in the lungs, liver, and spleen. Some find-
ings such as hypertrophy and congestive of inguinal lymph
nodes (Figure 2A), congestion spots of lung (Figure 2B),
congestive and edematous changes of liver (Figure 2C), or
spleen atrophy (Figure 2D) were observed in the highest
dose groups of p-MWCNTs treatment. Significant changes
on the gross findings of specific organs were observed in
high dosing of the p-MWCNT group compared to that of
the control group.

The organ weight/body weight coefficient of the
heart, kidneys, brain, testes, and epididymis showed no
differences in the different dose groups compared to the
control group (data not shown), whereas an increase in
organ weight/body weight coefficient of the lung, liver,
spleen, and thymus was observed (Figure 3). There were

Figure | Transmission electron microscopy image of pristine and functionalized MWCNTSs.

Notes: (A) p-MWCNTSs and (B) MWCNTs-PEG.

Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs-PEG, PEGylated multi-walled carbon nanotubes.
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Pristine MWCNTs
e e e agn 4

Pristine MWCNTs
TTE

MWCNTs-PEG

Figure 2 Gross observation of hypertrophy of inguinal lymph nodes (A), and congestive and edematous changes of the lung (B), liver (C), and spleen (D).
Abbreviations: PBST, phosphate buffer containing 0.5% Tween-80; MWCNTSs-PEG, PEGylated multi-walled carbon nanotubes; MWCNTs, multi-walled carbon nanotubes.
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Figure 3 Organ coefficient of mice after 28 days of intravenous treatment with
p-MWCNTs and MWCNTs-PEG.

Notes: Data represent the mean + SD of six mice. *Values significantly different
from control results (P<<0.05).

Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTs-
PEG, PEGylated multi-walled carbon nanotubes; SD, standard deviation; PBST,
phosphate buffer containing 0.5% Tween-80.

significant (P<<0.05) dose-related increases in the relative
spleen weights of p-MWCNTs, and a significant increase
(P<0.05) spleen weight after treated with 0.1 mg/kg-bw
MWCNTs-PEG.

Histopathology

The intravenously injected MWCNTs should be regarded as
exogenous particles, which were recognized by the immune
system. Macrophage is a type of phagocyte and plays a
role in alerting the immune system of the presence of par-
ticulate antigens, especially in injection site. Therefore, we
investigated whether the injected MWCNTSs were engulfed
by macrophages around the tail vein through histochemi-
cal observations. Figure 4A presents the H&E section that
massive p-MWCNTSs deposition was observed in the tail
vein of the injection site and numerous cells became black
after 28 days of engulfing the injected p-MWCNTs. Since
macrophages are relatively large cells and could accommo-
date particulates, the observed black cells could be distin-
guished histologically as mainly macrophages. The results
indicated that the intravenous injected p-MWCNTs were
swiftly engulfed by macrophages in situ. This also implied

A Pristine MWCNTs

Tail vein

MWCNTs-PEG
0.1 mg/kg-bw

Lung

a2 k? VS‘% : -
X o b e
e

BT
*; 5

o

Liver

Pristine MWCNTs
0.02 mg/kg-bw

Pristine MWCNTs Pristine MWCNTs
0.5 mg/kg-bw

—— S o |

Figure 4 Microscopic images showing the histopathological changes in tissues samples (with a magnification of expansion x200).
Notes: (A) p-MWCNTSs aggregated in the tail vein of the injection site and numerous cells became black after engulfing the injected MWCNTSs; (B) lung pathological
lesions in a dose-dependent manner after intravenous administration of high and medium doses of p-MWCNTs; (C) livers showed some loss of sinusoid space and hydropic

degeneration with minor fatty change at the highest p-MWCNTSs concentration.

Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs, multi-walled carbon nanotubes; PBST, phosphate buffer containing 0.5% Tween-80.
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that the macrophage cells had been activated to exhibit their
phagocytosis function.

Histopathological observation indicated that intravenous
administration of high and medium doses of p-MWCNTs
and MWCNTSs-PEG could induce pathological changes in
a dose-dependent manner (Figure 4B). Some neutrophil
infiltration and alveolar septal thickening were observed in
lung tissues. The liver histopathological pictures showed the
structural disorder of liver lobules and some loss of sinusoid
space (Figure 4C). Livers of mice in the p-MWCNT group
exhibited mild vacuolar degeneration of hepatocytes, no obvi-
ous necrotic cell, and mild sinusoidal congestion, mainly at
the highest p-MWCNT concentration. Individual liver cells
were found, which indicated that a small amount of CNTs
deposited in the interstitial cells.

In summary, the results show that p-MWCNT treat-
ment could cause different degrees of pathological injury
in the lung, liver, and tail vein of the injection site. How-
ever, no obvious pathological changes were found in the
spleen and lymph nodes of MWCNTs-PEG-treated mice
(data not shown).

Splenic
lymphocyte

Splenic
macrophages

I TR bR
JEM-1010| 80KV 15,000%

TEM ultrastructural images of splenocyte
The ultrastructural observation of splenic lymphocyte and
splenic macrophages is presented in Figure 5. It was observed
that the mouse splenocyte of the control group contained
round nucleus with evenly distributed euchromatin; the
ultrastructure of splenic macrophages from the 0.5 mg/kg-bw
p-MWCNT group indicate mitochondria swelling, irregular
shape of nucleus, chromatin condensation, and vacuolization
in splenocyte, whereas splenic macrophages treated with
MWCNTs-PEG have not changed appreciably. Additionally,
TEM confirmed the internalization of p-MWCNTs inside the
splenic macrophages, visualized as high electronic density.
The results suggested that higher dose p-MWCNTs could
cause splenocyte macrophage necrosis of mice.

Hematology and clinical chemistry

Significant changes in the hematology parameters were
observed after intravenous administration of MWNCTs
(Table 2). p-MWCNTs and MWCNTSs-PEG significantly
decreased the WBC count in all the treated groups, most
significantly in the 0.5 mg/kg-bw p-MWCNT group. When

Pristine MWCNTs

L | BOK AR A
B eioto "ok o000k

Figure 5 Transmission electron microscope micrographs from the spleen after two types of MWCNTSs administration and the control group.

Notes: Splenocyte in the control group contained round nucleus with homogeneous chromatin (A); splenocyte from the 0.5 mg/kg p-MWCNT group indicates mitochondria
swelling (B), such as nucleus chromatin condensation and vacuolization in splenocyte. Details of the macrophage cytoplasm showing internalized MWCNT are presented in image.
Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs, multi-walled carbon nanotubes; PBST, phosphate buffer containing 0.5% Tween-80.
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Table 2 Hematological analysis of mice after 28 days of intravenous treatment with p-MWCNTs and MWCNTs-PEG

Group Dose (mg/kg-bw) WBC NEUT% LYM% MONY% EOS% BASO%
Control (PBST) 0 4.51+0.60 23.38+2.57 75.49+2.67 0.91+0.69 0.17£0.24 0.24+0.13
p-MWCNTs 0.02 3.71+0.33* 24.1144.14 74.51+4.32 1.17+0.39 0.14+0.24 0.27+0.12
0.1 3.45+].54% 24.22+4.43 74.79+4.59 0.67+0.24 0.10£0.16 0.32+0.22*
0.5 3.33£0.03* 19.76+4.53* 79.12+4.55* 0.79+0.62 0.03+0.02* 0.49+0.17*
MWCNTs-PEG 0.1 3.2940.69* 21.14£3.26 77.74%£2.99 0.86+0.50 0.13+0.02% 0.41+0.08*

Notes: *P<0.05 compared to control; #P<0.05 for comparing p-MWCNTs with MWCNTs-PEG.
Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTs-PEG, PEGylated multi-walled carbon nanotubes; WBC, white blood cell; NEUT%, neutrophil
percentage; LYM%, lymphocyte percentage; MON%, monocyte percentage; EOS%, eosinophil percentage; BASO%, basophil percentage; PBST, phosphate buffer

containing 0.5% Tween-80.

compared with the control group, LYM% and BASO%
were increased in the p-MWCNT group, whereas the
NEUT% and EOS% in the 0.5 mg/kg-bw group were sig-
nificantly reduced.

In general, minor alterations were observed in clinical
chemistry parameters. Several clinical chemistry parameters
showed a dose-related effect including ALP, ALT, and AST
(Tables 3 and 4). The increased ALP, ALT, and AST are
indicative for liver damage. The renal function parameters
(CRE and BUN) were not significantly different between
any dose group and controls.

Effect of MWCNTs on the lymphocyte
and T lymphocyte subsets activity

in mice peripheral blood

The changes in lymphocyte subpopulations in mice caused
by intravenous administration with different doses of
MWCNTs for 28 days are shown in Table 5. According to
the results, the total T (CD3*) and total B (CD19*) caused
by 0.5 mg/kg-bw p-MWCNTs and the CD4* T lymphocytes
caused by 0.1 and 0.5 mg/kg-bw were significantly decreased
compared with those of control (P<<0.05). In addition, the
ratio of CD4" to CD8" (CD4'/CD8") of the 0.5 mg/kg-bw
group was significantly lower than that of the control group
(P<<0.05). There were no statistically significant differences
between the groups for absolute cell numbers for CD8* and
NK (CD49") cell subsets after administration. This increase

in cell numbers can be considered responsible for the weight
increase of the spleen.

Immunoglobulin production in serum

In order to evaluate the systemic immune response, the serum
IgM and IgG antibody level was observed after administra-
tion of p-MWCNTs and MWCNTs-PEG. IgM and IgG are
present in the blood and can bind to various pathogens and
protect the body against them through agglutination and
immobilization, complement activation (classical pathway),
and neutralization of their toxins. As shown in Figure 6,
compared to the control group, a significantly increasing
level of IgM and IgG was detected in p-MWCNTs-treated
mice at doses of 0.1 and 0.5 mg/kg-bw (P<<0.05). However,
a comparable concentration of [gM and IgG antibodies level
showed changes in MWCNTs-PEG-treated mice.

Effect of MWCNTs on mice immune

function

The PFC assay and hemolysis test were generally used to
evaluate humoral immunity, the mitogen-stimulated sple-
nocyte proliferation was commonly used to detect cellular
immunity, and NK cell activity was usually used to detect
non-specific immunity responses. After 28 days of adminis-
tration, the high dose of p-MWCNTs (0.5 mg/kg-bw) induced
a significant reduction in PFC/10° splenocytes, HC50,
ConA-induced splenocyte proliferation, and LPS-induced

Table 3 Clinical chemistry of mice after 28 days of intravenous treatment with p-MWCNTs and MWCNTs-PEG

Group Dose (mg/kg-bw) LDH (U/L) ALT (U/L) AST (U/L) ALP (U/L) TP (g/L) ALB (g/L)
Control (PBST) 0 797.00+£273.72 38.17+4.79 118.00+19.68 147.00+22.62 47.67%1.75 15.17+1.83
p-MWCNTs 0.02 914.00+206.90 40.50+1.00 136.00+2.65 166.00£10.30* 50.75+1.29 14.50+1.50
0.1 687.50+50.66 38.83+11.86 127.67+21.52 164.33+£9.22* 49.831+2.14 15.50+0.55
0.5 791.60+£256.94 62.81+29.98* 195.00+29.81* 169.00+12.43* 49.40x1.67 15.40+1.82
MWCNTSs-PEG 0.1 933.50+278.47 43.67+8.8 167.67+45.37* 164.00+14.04* 49.67+2.50 15.17+1.47

Note: *P<<0.05 compared to control.

Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs-PEG, PEGylated multi-walled carbon nanotubes; LDH, lactate dehydrogenase; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; TP, total protein; ALB, albumin; PBST, phosphate buffer containing 0.5% Tween-80.
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Table 4 Clinical chemistry of mice after 28 days of intravenous treatment with p-MWCNTs and MWCNTs-PEG

Group Dose (mg/kg-bw) TG (mmol/L) CHOL (mmol/L) GLU (mmol/L) BUN (mmol/L) CRE (mmol/L)
Control (PBST) 0 1.96+0.29 3.5940.98 6.70+1.65 5.48+0.55 24.00£10.14
p-MWCNTs 0.02 1.87+0.52 4.38+0.89 6.63+1.05 5.15%1.67 29.50+0.96

0.1 2.01+0.72 4.1110.64 7.75+1.12 6.07+£0.93 29.00+2.53

0.5 2.1540.42 3.9540.62 7.40+1.28 5.68+0.72 31.60+4.16
MWCNTs-PEG 0.1 1.71£0.97 3.8610.90 8.13+3.47 5.37t1.34 29.00£3.10

Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs-PEG, PEGylated multi-walled carbon nanotubes; TG, triglyceride; CHOL, cholesterol;
GLU, glucose; BUN, urea nitrogen; CRE, creatinine; PBST, phosphate buffer containing 0.5% Tween-80.

splenocyte proliferation when compared with the negative
control group (P<<0.05). In the MWCNTs-PEG group, HC50
and ConA-induced splenocyte proliferation were slightly
decreased compared with the negative control group, but
it was not significant (Table 6). There was no obvious dif-
ference in the NK cell activity among the four groups. The
results suggest that high concentrations of p-MWCNTs
may have the potential effect on mice humoral and cellular
immune function.

Discussion
Comparison of observed immune toxicity
with other studies
MWCNTSs show great potential for biomedical applica-
tions, including delivery of bioactive molecules, targeted
cancer therapy, and biological imaging. Some studies
have shown that PEG has many advantages, such as good
hydrophilicity, high flexibility, antiphagocytosis against
macrophages, resistance to immunological recogni-
tion, non-combination with proteins, minimize immune
responses, and biocompatibility.>* However, comparatively
the potential adverse effect of pristine and PEG-modified
MWCNTs on biological systems, specifically the immune
system, is currently not well understood and needs fur-
ther research.

The first indication for a toxic effect of the intravenously
administered p-MWCNTs and MWCNTs-PEG was the
observed enlarged brownish colored lungs, spleens, and

livers and enlarged and dark colored lymph nodes in mice
of the 0.5 mg/kg:-bw of p-MWCNTs group. A significant
increase in organ coefficient was observed (Figure 3).
Spleen weight with a dose of 0.02-0.5 mg/kg-bw and
thymus weight around 0.5 mg/kg-bw were the most
sensitive general toxicity parameters for p-MWCNTSs
toxicity. Also, for the liver and lung, a significant weight
increase was observed. In previous studies, after acute
and subchronic intratracheal instillation with 0.04, 0.2, or
1 mg/kg of MWCNT suspension, no obvious increase in
the lung weight and body weight was observed in any of the
MWCNT-exposed groups.*® Also, in a 2-week and 4-week
toxicity study in rats conducted by the same research group,
there were no effect on body and minimal effects on lung
weight changes after MWCNT aerosol exposures.’” How-
ever, in ICR mice, the intraperitoneal administration of 10,
50, or 250 mg/kg body weight of phosphorylcholine-grafted
MWCNTs (MWCNTs-PC) daily did result in a significantly
lowering of body weight in mice of the high-dose group, and
tissue to body weight ratios of liver, spleen, and lung rose
significantly with an increasing dose of MWCNT-PC.? In
our study, we used the intravenous route by passing the need
for crossing cellular barriers in the lung and gastrointestinal
tract (GI) tract to evaluate possible systemic toxic effects
of p-MWCNTs and MWCNTs-PEG. So, the whole dose
administered was systemically available and the internal
exposure (as presented by the intravenous dose) resulting
in toxic responses could be identified.?®

Table 5 Lymphocyte subpopulations of mice after 28 days of intravenous treatment with p-MWCNTs and MWCNTs-PEG

Group Dose (mg/kg-bw) T-cell (CD3Y) B-cell (CD19%) NK (CD49%) CD4* CD8* CD4'/CD8*
Control (PBST) 0 52.06+5.47 31.58+8.87 15.73+2.72 40.23+4.43 10.56+2.25 3.95+0.88
p-MWCNTs 0.02 57.45+16.30 29.25+5.72 14.30+1.77 46.061+5.22 9.64+5.22 5.26x1.51
0.1 46.6+14.50 35.33+13.24 17.0445.50 34.24+3.3 1% 11.08+3.31 4.11+0.77
0.5 41.22+16.23* 23.3748.54* 17.25+8.54 27.0943.20% 9.8743.20 3.03£0.17*
MWCNTs-PEG 0.1 48.79+19.01 26.92+8.87 15.42+2.83 37.76£5.5 10.31£3.84 3.60£0.91*

Note: *P<<0.05 compared to control.

Abbreviations: p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs-PEG, PEGylated multi-walled carbon nanotubes; NK, natural killer; PBST, phosphate buffer

containing 0.5% Tween-80.
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Figure 6 Effects of p-MWCNTs and MWCNTSs-PEG on the secretion of IgG (A) and IgM (B) in the serum.
Notes: Data represent the mean + SD of six mice. *Values significantly different from control results (P<0.05).
Abbreviations: SD, standard deviation; MWCNTSs, multi-walled carbon nanotubes; MWCNTSs-PEG, PEGylated multi-walled carbon nanotubes; PBST, phosphate buffer

containing 0.5% Tween-80.

Histopathological examination of the tissues indicated
that p-MWCNT treatment could induce different degrees of
damage in the lung, liver, and tail vein of the injection site,
but no pathological changes were observed in spleen and
lymph nodes of mice in the treated groups. It was remark-
able that the accumulation of the MWCNTs in Kupffer
cells was accompanied by an inflammatory reaction in the
liver. Also, in the lungs, the presence of MWCNTs was
accompanied by an inflammatory response. Meanwhile,
in the tail vein of the injection areas, a granulomatous
inflammation could be identified. These granulomatous
inflammatory reactions were partly caused by the injection
technique as indicated by the presence of foreign body
material in the inflammation and partly by the p-MWCNTs
as indicated by the presence of granular pigment in the
inflammation (Figure 4). Such granulomatous inflammation
is a common side effect of prolonged repeated intravenous
administrations, as with every injection there is a chance of
injecting some skin and/or hair material in the circulation.

Table 6 Effects of MWCNTSs on immune function assays of mice

The increase of neutrophilic granulocytes in the blood does
indicate an inflammatory response of the body (Table 2).
Yet in the various other organs investigated, no indications
for an inflammation could be observed. In previous instil-
lation studies, histopathological changes and inflammatory
reactions were observed only in the local area, including
the lungs and lung-associated lymph nodes, and not in the
other tissues. Transient pulmonary inflammatory responses
were observed only in the lungs of the group of rats exposed
to 1 mg/kg of MWCNTSs.3¢ However, a 90-day intrave-
nously exposed study in mice found SWCNTs in liver,
lung, and spleen sections, and no obvious hepatic damage
was observed in the histopathological study among all the
exposed groups.** It is remarkable that we observed spleno-
cyte mitochondria swelling, irregular shape of nucleus, and
chromatin condensation. It was found that the p-MWCNTs
can enter the cell and bind to the mitochondria, which ulti-
mately can induce structural changes of the mitochondria
and subsequent effects.

Group Dose (mg/kg:bw) PFC/10¢cells HC50 LPS-induced splenocyte ConA-induced splenocyte NK cell activity
proliferation proliferation
Control (PBST) 0 85.39+15.95 52.55+4.01 2.57+0.24 2.57+0.24 20.37£2.01
p-MWCNTs 0.02 79.38+20.03 40.38£3.36% 2.48+0.37 2.38+0.26 19.38£1.09
0.1 76.35+23.56 36.62+4.58* 2.55+0.83 2.15+0.24 17.35£2.03
0.5 67.62+15.96%  39.45t5.16* 2.2510.53* 1.85+0.31* 17.95+2.76
MWCNTs-PEG 0.1 80.52+16.86 42.84£525 2.3810.65 2.08+0.28 18.64£2.15

Note: *P<<0.05 compared to control.

Abbreviations: MWCNTs, multi-walled carbon nanotubes; PFC, plaque-forming cells; HC50, half value of hemolysis; LPS, lipopolysaccharides; NK, natural killer;
PBST, phosphate buffer containing 0.5% Tween-80; p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs-PEG, multi-walled carbon nanotubes-polyethylene glycol.
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While there are no lymphatic vessels in the spleen, and the
spleen is a blood-rich organ, we speculated that the systemic
immunotoxicity of the MWCNTs to the spleen can be made
only through the blood. Our results on clinical chemistry
and hematology differ from the inhalation studies as in both
inhalation studies no consistent alterations were seen in the
clinical chemistry of the blood and cellular blood parameters,
whereas we observed a dose-related effect for several clini-
cal chemistry parameters. These differences may be due to
the actual internal dose being higher in our studies to which
organs such as liver, spleen, and bone marrow were exposed.
In the blood, an effect was noted on the peripheral total
WBC count and differential WBC (eosinophil, neutrophil,
basophil, lymphocyte, and monocyte) counts. The alterations
of WBC count may indicate that the MWCNTs induced the
secretion of chemokines and raised the specific WBCs in the
inflammatory area. A 90-day intravenously exposed study
in mice found liver toxicity as indicated by an increase in
serum biochemical parameters (LDH, ALT, and AST), which
are important indicators of the hepatic injury.* Similarly,
we found an increase in these liver enzyme levels in serum
of p-MWCNTs. However, although the presence of p-MW-
CNTs could be observed in the liver Kupffer cells, alterations
indicating liver histopathology were not observed.

As an additional measure of immunotoxicity, we exam-
ined the effects of MWCNTSs on serum IgG and IgM levels.
After exposure to a xenobiotic, IgM is the first antibody to
be made by the body to fight an infection, and IgG is the
most abundant of the classes of immunoglobulins and plays
a dominant role in humoral immunity.*° In the present study,
after administration of 0.5 mg/kg-bw of p-MWCNTs, the
levels of IgG and IgM significantly changed compared with
control groups, which suggest that p-MWCNTs disordered
the humoral immune function. However, MWCNTs-PEG
did not elicit any IgM or IgG responses after either injection
at 0.5 mg/kg-bw. Taken together, these results show that
p-MWCNTs can induce an antibody response depending on
physicochemical characteristics of nanotubes.

With regard to the immune parameters, the changes in
T-lymphocyte population and CD4*/CD8" ratios are gener-
ally recognized as the index of immune function. After the
mice were intravenously administered p-MWCNTSs and
MWCNTs-PEG, no obvious histopathological changes were
observed, and it can therefore be argued whether immune
function is biologically significant. As shown in Table 6,
the T-lymphocyte percentages of CD3*, CD4*, and CD8" of
0.5 mg/kg-bw of p-MWCNTs were significantly decreased,
and the CD4*/CD8" ratio was significantly increased
compared with the control group. These results demonstrated

that the T-lymphocyte level in the mice of the high-dose
p-MWCNT group was significantly changed by the immu-
nosuppressant; it is therefore possible that the presence of
p-MWCNTs may damage immune function of mice.

In addition to common toxicological endpoints such as
organ weight, blood clinical chemistry and hematology,
and histopathology, immune toxicity in our previous study
indicated spleen was one of the main target organs after an
intravenous administration with MWCNTSs.?® In this study,
p-MWCNTs can cause a significant decrease in the number
of lymph node cells producing immunoglobulins against
SRBCs. Meanwhile, the lymphoproliferative response to
ConA, a T-cell mitogen, was depressed at 0.5 mg/kg-bw
of p-MWCNTs, and the response to the B-cell mitogen
LPS was impaired in the same treated group. However, the
innate immune response, as measured by NK activity, was
not affected by any of MWCNTSs. In p-MWCNT-treated
mice, activated antigen-presenting cells (dendritic cells and
macrophages) catch, engulf, and process injected SRBCs.
They then migrate to spleen and lymph nodes, where they
present antigenic molecules from the SRBCs to T lympho-
cytes, which in turn trigger immunoglobulin production
of B cells.

Physicochemical characteristic
dependency of effects/relationship
between the characteristics of

nanoparticles and their toxic effects

It is worth to note that the physicochemical particle charac-
teristics are responsible for the different immune responses
of the p-MWCNTs and MWCNTs-PEG. Shape is one of
the important factors that determine the toxicity of CNTs.
In previous studies, the longer needle-like CNTs showed
higher toxicity than the shorter CNTs. The reason for this is
that the longer MWCNTs allow for higher residential time
in tissues and organs and induce stronger inflammation than
shorter MWCNTs.*'*? In our present study, we hypothesized
that the tube length of MWCNTSs and functionalized surface
play a role in the immune effects of MWCNTSs. The length
of p-MWCNTs became short in the process of functionaliza-
tion, and treatment of mice with the longer MWCNTs caused
significant immune response, while no detectable defects
were evident after treatment with the shorter MWCNTs.
A possible explanation is that increasing the diameter
increases the bioactivity and induces significant immune
response, which is consistent with previous studies showing
that longer MWCNT are more bioactive.” Studies have also
shown that degree of agglomeration,?**#> charge,* surface
chemical modification,*” and metal contaminants* could affect
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CNT toxicity in vivo or in vitro. Comparing with -MWCNT,
more inflammation occurred in the p-MWCNTSs. Owing to
the modified CNTs being highly water-soluble and having a
low agglomeration, they were taken up into the cells without
decreasing cell viability. Chemically functionalized CNTs
are generally considered to be low cytotoxic and have higher
biocompatibility and low toxicity, especially when function-
alized with PEG. A possible hypothesis is that PEGylation
prevents proteins adsorption onto CNTs and reduces its
immunogenicity, and hence reduces the interaction between
CNTs and biosystem. PEG-modified nanomaterials can be
applied to biomedicine because of their biosafety.*” Our pre-
vious studies have shown that MWCNTs-PEG showed low
cytotoxicity, less inflammation, and good biocompatibility in
macrophages.** By contrast, the cytotoxicity of p-MWCNTs
has been found to increase in a dose-dependent manner.
Furthermore, p-MWCNTSs have been reported to produce
membrane damage, ROS generation, and inflammation signif-
icantly than MWCNTSs-PEG. Similarly, in the present study,
MWCNTs-PEG did not alter splenocyte proliferation, spleen
weight, and serum IgG/IgM levels and specific immunity. By
contrast, we now present data indicating that p-MWCNTSs
may cause more damage to the immunological function and
the dysregulation of the spleen than MWCNTs-PEG. In other
words, p-MWCNTs produced significant immunotoxicity
than MWCNTs-PEG at the same dose. Although the relation
between immune toxicity and characterizations is not com-
pletely clear, several of the mentioned characteristics may also
influence the immune cells to antigen recognition processing
and change transmission potential of CNTs.

Conclusion

We compared systemic and immunotoxicity of p-MWCNTs
and MWCNTSs-PEG in mice to examine the effects of
modification of MWCNTs. Mice treated with p-MWCNTs
induced increases in spleen, thymus, and lung weight, altered
lymphocyte populations (CD3, CD4, CDS, and CD19) in
peripheral blood and serum IgM and IgG levels. Morpho-
logical results show that lung and liver histological changes,
local inflammatory reaction in the injection site, and splenic
macrophages ultrastructure changes. Special immune func-
tion results showed that p-MWCNTSs inhibited humoral
and cellular immunity functions and were associated with
decreased immune responses against sheep erythrocytes and
serum hemolysis level. The results suggest that in vivo expo-
sure to p-MWCNTs caused more damage to systemic immu-
nity through the dysregulation of the spleen compared to
MWCNTs-PEG. Understanding the immunotoxicity effects
not only guides the rational design of biocompatible CNTs

but also provides insights into how systemic immunotoxicity
can be induced. Future research should employ this study’s
results to not only focus on the systemic immunotoxicity but
also on special immune function changes, in order to develop
better biological applicability of CNTs.
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Method
Characterization of MWCNTs

The samples (pristine multi-walled carbon nanotubes
[p-MWCNTs], carboxyl-functionalized multi-walled
carbon nanotubes, and PEGylated multi-walled carbon
nanotubes [MWCNTs-PEG]) were characterized by Fou-
rier transform infrared spectroscopy (FTIR; PerkinElmer,
Waltham, MA, USA), and validated with thermogravimetric
analysis (TGA; PE Pyrisl TGE; PerkinElmer), inductively
coupled plasma mass spectrometry (J-A1100; Jarrell-Ash,
Waltham, MA, USA), and transmission electron microscopy
(JEM-2100; JEOL, Tokyo, Japan).

Results
FTIR spectroscopy

Figure S1 shows the FTIR spectra of pristine and func-
tionalized multi-walled carbon nanotubes (f-MWCNTs).
For the former, the FTIR spectra exhibited a straight line
and an absorbance peak was not assigned, indicating no
surface modification. For the MWCNTs-PEG spectra,
the 2,920 cm™ peak could be assigned to the methylene
groups and the 1,100 cm™ peak to the C-O-C vibration. The
absorbance bands at 1,570, 1,450, 1,400, and 1,240 cm™ are
consistent with PEG absorbance, strongly suggesting the
existence of PEG-MWCNTSs. The absorbance at 1,730 cm™ is
typically associated with ester groups and indicates a chemi-
cal linkage between MWCNTs and PEG segments.
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Figure S| FTIR spectra of MWCNTs in reflectance mode.

Abbreviations: FTIR, Fourier transform infrared spectroscopy; MWCNTs,
multi-walled carbon nanotubes; MWCNTSs-PEG, PEGylated multi-walled carbon
nanotubes.
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Figure S2 TGA curves of MWCNTs in nitrogen atmosphere.
Abbreviations: TGA, thermogravimetric analysis; MWCNTs, multi-walled carbon
nanotubes; MWCNTs-PEG, PEGylated multi-walled carbon nanotubes.

TGA

TGA is used to monitor how changes in manufacturing
conditions affect the percentage of carbon nanotubes within
a sample. On heating up to 500°C, p-MWCNTs lost about
1.3% of total weight (Figure S2). MWCNTs-PEG lost 19.4%
weight. Therefore, about 20 wt% of side groups were grafted
onto MWCNTs, indicating that the difference in properties
between pristine and modified MWCNTs arose from these
side moieties.

Table SI Dose levels and experimental design of 28 days of
repeated dose toxicity study with MWCNTSs

Treatment Dose (mg/kg-bw per week)
Control (PBST) 0
p-MWCNTs 0.02
0.1
0.5
MWCNTs 0.1

Abbreviations: MWCNTs, multi-walled carbon nanotubes; PBST, phosphate buffer
containing 0.5% Tween-80; p-MWCNTs, pristine multi-walled carbon nanotubes.

International Journal of Nanomedicine 2017:12

submit your manuscript

1553

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhang et al Dove

Table S2 Body weight of mice after 28 days of intravenous treatment with p-MWCNTs and MWCNTs-PEG

Group Dose (mg/kg-bw) Initial body weight 7 days 14 days 21 days 28 days
Control (PBST) 0 20.48+0.64 22.62+1.35 22.19+1.29 22.97+0.65 25.02+2.19
p-MWCNTs 0.02 20.92+1.25 23.57+1.89 22.45+0.88 23.78+0.95 26.74+3.45
0.1 20.16x1.25 22.18%1.14 24.44+2.38 24.68+1.98 26.11+2.14
0.5 20.01+0.84 20.5610.74 22.36x1.25 23.58%1.12 26.78+3.03
MWCNTs-PEG 0.1 20.56+0.74 21.94+0.87 22.1940.81 23.5310.72 25.3343.14

Abbreviations: PBST, phosphate buffer containing 0.5% Tween-80; p-MWCNTs, pristine multi-walled carbon nanotubes; MWCNTSs-PEG, PEGylated multi-walled carbon
nanotubes.
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