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With the recent advancements in nanosciences and nan-
otechnologies, a large number of novel nanomaterials have
been introduced in our everyday life. However, as the
potential hazards of these novel nanomaterials have not yet
been fully understood, concerns on their occupational and
environmental health effects are mounting. In fact, recent
scientific studies suggested that at least some nanoparticles
actively interact with biological tissues and cause toxicolog-
ical effects on the experimental animals exposed to these
materials. Current research also indicates that the toxicity of
manufactured nanomaterials will depend on their physical
and chemical properties including their chemical composi-
tion, core size,morphology, agglomeration state, surface area,
and surface charge. However, so far, quantitative understand-
ing on the relationships between their physicochemical prop-
erties, biological toxicities, and human and environmental
health effects is lacking. It is therefore imperative to have
a clearer understanding of such a relationship and hence
the aim of this special issue is to discuss occupational and
environmental health effects of nanomaterials in relation to
their various physicochemical properties.

Several authors participated in this special issue to present
their understanding on occupational and environmental
health effects of nanomaterials. “Three-Day Continuous
Exposure Monitoring of CNT Manufacturing Workplaces”
by J. H. Lee et al. and “Workplace Exposure to Titanium

Dioxide Nanopowder Released from a Bag Filter System” by
J. H. Ji et al. are related to occupational safety and health
of nanomaterial and deal with exposure assessment in the
workplaces producing or handling manufactured nanoma-
terials. The authors of these two papers actively monitored
exposure situations in the workplaces where nanomaterial
manufacturing and handling were conducted and presented
workers’ exposure situation and exposure mitigation strate-
gies. “Aquatic Toxicity Comparison of Silver Nanoparticles
and Silver Nanowires” by E. K. Sohn et al. and “Multiwall
Carbon Nanotube-Induced Apoptosis and Antioxidant Gene
Expression in the Gills, Liver, and Intestine ofOryzias latipes”
by J. W. Lee et al. are dealing with aquatic toxicity of one-
dimensional form of nanomaterial such as wire or fiber form.
E. K. Sohn et al. compared aquatic toxicity of particular
forms with wire forms of nanomaterials and J. W. Lee et
al. found that the gills were more sensitive to MWCNT
toxicity than the other organs with gender difference and
caused apoptosis with relevant gene expressions increasing
caspases, while reducing expression of catalase and GST
genes. Y.-H. Luo et al. studied immunotoxicity ofmetal-based
nanoparticles showing different toxicokinetics from con-
ventional bulk nonnanoscale materials depending on their
physicochemical properties. In the paper entitled “Metal-
Based Nanoparticles and the Immune System: Activation,
Inflammation, and Potential Applications,” a discussion is
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presented on nanoparticle and innate immunity and effect of
nanoparticle exposure on toll-like receptor signaling and on
their role in innate immune system and effect of nanoparticle
exposure on adaptive immunity.

Currently, there is limited evidence on human hazards
due to nanomaterial exposure. This is partly due to the very
few numbers of workers or consumers exposed to nanomate-
rial as well as limited epidemiological or biomonitoring tools
to evaluate human health hazards caused by nanomaterial
exposure. L. Čábalová et al. studied micro- and nanosized
particles using scanning electron microscopy and Raman
microscopy in nasal mucosa from patients with chronic
hypertrophic rhinosinusitis and obtained the mucosa of the
inferior nasal turbinates, which are the deposition site of
inhaled particles and the first barrier filtering the inhaled
air. Their pilot study suggested possibility of quantification
of distribution of micro- and nanosized particles in tissue
samples.Their results give some promisingmethods bywhich
to investigate nanoparticle exposure in human population.
Nanomaterial measurement and characterization method
using superresolution stimulated emission depletion (STED)
microscopy presented a new method in the evaluation of
nanoparticle interaction mechanisms on a cellular level.
They demonstrated quantitative estimates of the number of
nanoparticles administered, delivered, and internalized by
epithelial cells which can be extracted from 3D STED image
stacks of entire cells via image processing. This method
would provide understanding on essential knowledge for risk
assessment and safe design approaches in nanotechnology.
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Multiwall carbon nanotubes (MWCNTs) have many attractive properties with potential applications in various fields. Despite their
usefulness, however, the associatedwaste can be hazardous to the environment. To examine adverse effects in aquatic environments,
Oryzias latipes were exposed to MWCNTs dispersed in water for 14 days and apoptosis and antioxidant gene expression were
observed. This work showed that in gills exposed to 100mg/L MWCNTs for 4 days, there was significant p53, caspase-3 (Cas3),
caspase-8 (Cas8), and caspase-9 (Cas9) gene expression relative to the controls, while catalase (CAT) and glutathione-S-transferase
(GST) expression were reduced. At 14 days, CAT, GST, and metallothionein (MT) were induced significantly in the gills and Cas3,
Cas8, and Cas9 were induced in the liver. No significant gene induction was seen in intestine. Intracellular reactive oxygen species
(ROS) were increased significantly only at 14 days. Histologically, no apoptosis was observed with exposure to 100mg/L MWCNTs
for 21 days. The gills were more sensitive to MWCNT toxicity than the other organs. Males had higher apoptosis gene induction
than females. These results demonstrated that MWCNTs could cause apoptosis in a manner influenced by tissue and gender in
aqueous environments.

1. Introduction

Aquatic environments are the ultimate sink for many con-
taminants, via either direct discharge or hydrological and
atmospheric processes. Since fish occur in virtually all aquatic
environments and play a major role in aquatic food webs, fish
are useful for monitoring pollutants in aquatic environments
[1]. Oryzias latipes has been used widely as an experimental
fish for monitoring pollutants for over a century [2]. Fish
liver is amajor detoxification organ and the gills and intestine
are useful monitor organs that reflect the health of aquatic
organisms and have been used as target organs in aquatic
toxicity studies [3–5].

Multiwall carbon nanotubes (MWCNTs) have many
attractive electrical, mechanical, and thermal properties

with potential applications in engineering, electronics, and
medicine [6–8]. Nevertheless, MWCNTs are potentially very
harmful environmental pollutants because of three major
factors: the shape of the particles; their surface reactivity;
and their clearance difficulty [9]. To improve the mechanical
properties of MWCNTs, sufficient wetting and uniform
dispersion in various media, including aqueous solutions, are
required [6, 10]. Therefore, it is possible that wastewater con-
taining dispersed MWCNTs can be introduced into aquatic
environments, where they might have hazardous effects.

The previous studies have demonstrated that MWCNTs
cause oxidative stress and apoptosis both in vivo and in vitro.
Rainbow trout (Oncorhynchus mykiss) exposed to Dietary
SWCNT showed significant elevation of TBARS indicative of
oxidative stress [11]. Chlorella vulgaris exposed to MWCNT

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 485343, 10 pages
http://dx.doi.org/10.1155/2015/485343

http://dx.doi.org/10.1155/2015/485343


2 BioMed Research International

produced an increase in the level of the antioxidant enzyme
superoxide dismutase (SOD) [12]. MWCNT-induced pul-
monary toxicity and the expression of proteins related to
apoptosis (caspase-3 and caspase-8) were observed on expos-
ing BALB/c mice to aerosolized MWCNTs [9]. Increased
apoptosis and caspase-3, caspase-8, and caspase-9 protein
activity were observed in RAW 264.7 cells exposed to acid-
treated and taurine functionalized MWCNTs [13]. Dose-
dependent cytotoxicity in RAW264.7macrophages andA549
cells was observed asmembrane leakage, liquid peroxidation,
activation of the NF-𝜅B signaling pathway, the secretion
of cytokines and chemokines, and protein release [8, 14].
Activating caspase-3 and caspase-7 led to MWCNT-induced
apoptosis in vitro [15]. MWCNTs activated several apoptosis-
inducing factors in rat LE cells, including p53, p21, and
Bax protein [16]. Although the CNT-induced antioxidant
expression and apoptosis occurrence have not been previ-
ously observed in aquatic organisms, other nanoparticles
caused this kind of response. Zebrafish (D. rerio) exposed to
silver nanoparticles showed an increase in both p53-related
proapoptotic genes (e.g., Bax) and parameters of oxidative
stress (e.g., malondialdehyde) [17]. Juvenile common carp (C.
carpio) exposed to TiO

2
revealed the reduction of antioxidant

enzyme activity and apoptosis in hepatocytes and an increase
in lipid peroxidation [18]. Copper nanoparticles produced
an increase in malondialdehyde levels and in the number of
apoptotic cells, but a decrease in SOD activity in juvenile
Epinephelus coioides [19].

Apoptosis is a programmed cell death pathway that is
essential in the development of multicellular organisms and
functions in themaintenance of homoeostasis.The abnormal
induction of apoptosis can cause various diseases, such as
neurodegenerative and cardiovascular diseases [20, 21]. It has
been reported that caspase-3 (Cas3), Cas8, and Cas9 gene
induction causes apoptosis, and several factors can influence
apoptosis and antioxidant gene expression, such as gender
and tissue type [13, 22–28].

The exact mechanism ofMWCNT-induced ROS produc-
tion and apoptosis is unclear, although frustrated phagocy-
tosis and the Fenton reaction caused by metal impurities
introduced with MWCNTs during their synthesis might
play roles [29, 30]. MWCNTs have a high aspect ratio and
macrophages cannot lengthen sufficiently to enclose long
nanotubes, resulting in incomplete or frustrated phagocy-
tosis [31, 32]. If frustrated phagocytosis occurs, superoxide
produced in the macrophage phagosome is released into the
extracellular and intracellular space. This superoxide fluxes
can lead to oxidative stress, apoptosis, inflammation, and so
on [13, 33, 34]. In addition, metals such as iron induce
hydroxyl radicals via the Fenton reaction and ROS have been
recognized as inducers of apoptosis [35–37].

Although it has been postulated that wastewater con-
taining dispersed MWCNTs can cause abnormal apoptosis
and inflammation in aquatic species, only their toxicity
was studied [11, 38–42]. Moreover, no investigations were
conducted to assess apoptosis by MWCNTs in fish and in
other aquatic organism. Therefore, we have investigated the
MWCNT-induced antioxidant (catalase (CAT), glutathione-
S-transferase (GST)), metallothionein (MT), and apoptosis

(caspase 3 (Cas3), caspase 8 (Cas8), caspase 9 (Cas9), and p53)
gene expression of Oryzias latipes in fish in an aquatic envi-
ronment. In addition, gender, tissue, and temporal differences
in gene expression were evaluated.

2. Materials and Methods

2.1. Chemicals. HCO-40 (PEG-40 hydrogenated castor oil)
was received from LG Household & Care Ltd. (Seoul, South
Korea). MWCNT was received from Hanwha chemical Co.,
Ltd. (Seoul, South Korea). The other chemicals used in this
study were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA).

2.2. MWCNT Dispersion and the Characterization of MWC-
NTs. According to the manufacturer’s product datasheet, the
MWCNTs were produced via a catalytic chemical vapor
deposition process and purified to over 90%, with the major
impurities being themetals Al (∼2.3 wt%), Fe (∼0.7 wt%), and
Mo (∼0.15 wt%). They had diameters of 10–15 nm, an average
length of 20𝜇m, and a bulk density of 0.035 g/mL (Figure 1).
The particle size and Zeta potential of the MWCNTs were
characterized using dynamic light scattering (DLS; Zeta-
sizer nanoseries, nano-zs90, Malvern Instruments, Worces-
tershire, UK). To analyze the suspension stability index of the
MWCNTs, the ultraviolet- (UV-) absorbance (𝜆 = 550 nm)
was measured using a UV-vis spectrophotometer (Lambda
25, PerkinElmer, MA, USA). The suspension stability index
of the MWCNTs at 100mg/L (100 𝜇g/mL) is expressed as
the % of the initial absorbance (𝜆 = 550 nm) at time 0
for MWCNTs suspended in water for 42 and 72 h after
dispersion (Figure 2). The morphology of the MWCNTs
was investigated using scanning electron microscopy (SEM;
JEOL JSM 6700F, JEOL, Tokyo, Japan) (Figure 1(a)) and
transmission electron microscopy (TEM; FEI Tecnai 20,
200 kV, FEI, Hillsboro, OR, USA) (Figure 1(b)).

2.3. Fish Care. Oryzias latipes were received from the aquar-
ium of the Environmental Toxicology Center of Korea Insti-
tute of Toxicology, Jin-Ju, Gyeongsangnam Province, South
Korea (5-month-old adult male and female fish; length =
2.9 ± 0.36 cm, weight = 0.27 ± 0.11 g). All fish were acclimati-
zed in the laboratory for 1month prior to the start of the study.
Every morning and evening, they were fed 1% of their total
weight using a commercial feed (tetramin tropical flake, Tetra
Co., Melle, Germany). The acclimatization tank was filled
with dechlorinated tap water and the tank water was changed
once every 2 days. The photoperiod was a 12 h light/12 h dark
cycle. Other conditions were maintained as follows: water
temperature = 22 ± 1∘C, dissolved oxygen = >80%, and pH =
6.8–7.4.

2.4. Oxidative Stress Assay. The intracellular reactive oxy-
gen species (ROS) was measured with dichlorofluorescein-
diacetate method. A DCF-DA stock solution of 10mM (in
DMSO) was diluted 500-fold in Hank’s balanced salt solution
(HBSS;ThermoFisher scientific, Inc.,Waltham,MA, USA) to
yield a 20𝜇Mworking solution.A 10-mg sample of each tissue
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(a) (b)

Figure 1: TEM and SEM image. (a) The morphology of the MWCNTs was captured using scanning electron microscopy image and (b)
transmission electron microscopy image.
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Figure 2: MWCNT dispersion state. (a) Suspension stability index. The suspension stability index of the MWCNTs at 100mg/L (100 𝜇g/mL)
is expressed as the % of the initial absorbance (𝜆 = 550 nm) at time 0 for MWCNTs suspended in water for 42 and 72 h after dispersion. The
spot shows the average stability indexmeasured at every 0, 48, and 72 h. (b) and (c) Zeta-potential value and Zeta average size: the Z-potential
values and Zeta average size measure at every at every 0, 24, 48, and 72 h.

was homogenized with TissueLyser LT (Qiagen) in PRO-
PREP protein (Intron Biotechnology Co., Seoul, Republic of
Korea) extraction solution, according to the manufacturers’
instructions. Following centrifugation at 13,000×g, protein
in the supernatant was quantified by the Bradford assay.
The 20𝜇g protein from each tissue lysate was mixed with

DCF-DA working solution and the mixture was incubated
for 3 hours at 37∘C in the dark. Fluorescence of the samples
was monitored at an excitation wavelength of 485 nm and
an emission wavelength of 538 nm using fluorescence plate
reader (Synergy H1 hybrid reader, BioTek instruments, Inc.,
Winooski, VT, USA). The result is shown in Figure 3.
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Figure 3: Intracellular ROS level. (a) Intracellular ROS induction level relative to control in male O. latipes exposed to 100mg/L MWCNT.
(b) Intracellular ROS induction level relative to control in femaleO. latipes exposed to 100mg/LMWCNT. Columns and error bars represent
the mean ± SD. Asterisk indicates values that are significantly higher than control values (∗𝑃 < 0.05; t-test, 𝑛 = 5).

2.5. Exposure Design. In this study, we select 100mg/L
(100 𝜇g/mL)MWCNT as exposure concentration.The reason
to select this concentration is that in preliminary test, statisti-
cally significant Cas3, Cas8, and Cas9 gene induction relative
to control was confirmed in 100mg/L MWCNT exposure.
There was no significant gene induction in 1 and 10mg/L
MWCNT exposure. For the waterborne exposure, 100mg
MWCNT was dispersed in 1 L distilled water containing
0.01% HCO-40 lipocol through sonication (56% output,
sonication for 10min, followed by a 5 sec pause, repeat three
times) with sonicator (GE 70T fisher scientific, Pittsburgh,
PA,USA). After dispersion, each 1 L dispersed MWCNT
solution was pooled into 7 L tank, and 25 O. latipes were
administrated into it. The experimental tank was changed
every 3 days for 14 days. And every 0 and 3 days, Zeta
potential, Zeta average size, andUV absorbance at 550 nm for
each treatment solution were measured using DLS and UV-
vis spectrophotometer (Figure 2). And another 25 fish were
exposed to solvent control (HCO-40) 7 L tank containing
0.01% HCO-40 for 14 days. We decapitated 5 fish from the
acclimatization tank just before specimens were introduced
into the treatment tank and used their liver and gills as
the 0-day sample; that is, a calibrator that represents the
amount of mRNA expressed at time zero in the control [43]
(Livak and Schmittgen 2001). After exposure, at 4, 14 days,
7 O. latipes were decapitated. Liver, intestine, and gills were
excised and extracted tissues were immediately immersed in
RNA later solution (Qiagen, Valencia, CA, USA) according
to the manufacturer’s recommendations.

2.6. Primer Design. Beta-actin, Cas3, Cas8, Cas9, p53, met-
allothionein (MT), catalase, glutathione-s-transferase (GST)
gene primer sequences were designed using the GenBank
database described in Table 1. For each primer, application
efficiency test was performed; the slopes of each primer were
within 95–105%.

2.7. RNA Extraction and Real-Time PCR. Liver, gills, and
intestine tissues preserved in RNAlater were homogenized
with TissueLyser II (Qiagen) and total RNA was extracted
using an RNeasy mini prep kit (Qiagen) according to the
manufacturer’s procedures. Total RNA quantity was esti-
mated using amicrospectrophotometer (Bio-prince SD 2000,
China) at 260 nm. The values for 260/280 nm were 2.01 ±
0.05 (average ± SD). To check the quality of the total RNA
estimates, the bands for 28S and 18S ribosomal RNA from all
samples were confirmed by 1% agarose gel electrophoresis. A
1 𝜇g RNA sample was reverse transcribed into cDNA using
M-MLV reverse transcriptase (Promega Corp., Madison,WI,
USA). Then 10 𝜇L Brilliant III ultra-fast SYBR Green QPCR
Mix (Agilent Technologies, Santa Clara, CA, USA), 9𝜇L
cDNA (diluted to 1/50 with DW), and 5 pmol 1𝜇L primer
were mixed and reacted in an Mx3000P qRT-PCR system
(Stratagene, La Jolla, CA, USA). The 𝛽-actin housekeeping
gene was used as a reference to normalize the expression
levels.The PCR reaction cycle was conducted as follows: 94∘C
for 3min, followed by 40 cycles at 94∘C for 20 s, 60∘C for 15 s,
and 72∘C for 15 s. Melting curve analysis was performed to
check the specific product. Real-time PCRdatawere obtained
as threshold cycle (𝐶

𝑇
) values, and fold changes for relative

gene expression to the calibrator were determined using the
2
−ΔΔCT method [43] (Livak and Schmittgen 2001). There was
no significant change in beta-actin mRNA expression during
14 days (one-way ANOVA, 𝑃 < 0.05).

2.8. Statistical Analysis. The t-tests were used to detect sig-
nificant effects between 100mg/LMWCNT exposure and the
corresponding control groups. A one-way ANOVA followed
byTukey’s test was used to detect significant difference among
treated groups. Data were expressed as means ± SD. All data
were analyzed using Minitab for windows software (Minitab
Inc., State College, PA, USA). Prior to the ANOVA and
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Table 1: Primers used in this work.

Gene Accession number Sequence Product size (base pair)
B-Actin-F S74868.1 TCC ACC TTC CAG CAG ATG TG 75
B-Actin-R AGC ATT TGC GGT GGA CG AT
Caspase 3-F NM 001104670.1 TGG GTC CTC GTA ACG GTA CA 131
Caspase 3-R TGG ACA TTT GGC GAA ACA GC
Caspase 8-F NM 001104788.1 ACC GAG CCC CTA GCT TGA TA 108
Caspase 8-R GCA TCC CCT TTC ACT TCC GA
Caspase 9-F XM 004070317.1 CTG GCG ACG TAC AGT CTC AG 81
Caspase 9-R AGT TGC AGC ATG TTC CTC GA
GST-F XM 004085912.1 ACC TGC GAT CAC ACT GTT CA 77
GST-R TTT GGA GAC TTC AGA GCC CA
MT-F NM 001104785.1 CCG ACT CGA CTC TGA CAG AC 88
MT-R CAG TCG CAG GGG TCC ATT AT
Catalase-F XM 004069460.1 GCG GTA CAA CAG CGC AGA TG 170
Catalase-R GGA TGG ACG GCC TTC AAG TT
P53-F U57306.1 GTT CGT AGC TTC CCG GGT AG 85
P53-R GAT TGA GCC AGT TCC CAC CA
MT: metallothionein; GST: glutathione-s-transferase; B-actin: beta-actin.

𝑡-test, normality test for data was performed with Anderson-
Darling test. 𝐹-test and Levene’s tests were carried out to
evaluate homogeneity of variance. A 𝑃 value less than 0.05
were considered significant.

3. Results

3.1. MWCNT Characterization. As seen in the TEM and
SEMmicrographs,MWCNTs, not some other form of carbon
nanoparticle or amorphous carbon, were present (Figure 1).
To analyze the dispersed state of the MWCNTs, we observed
the stability index, Zeta potential, and Zeta average size
(Figure 2). During exposure period, the suspension was
maintained at over 73% and there was no significant alter-
ation in the Zeta potential or Zeta average size during
exposure. The tank water in which the MWCNTs were
dispersed was replaced every 3 days. Figure 2 showed the
dispersal status of the MWCNTs in water containing 0.01%
HCO-40.Therefore, any toxicological outcomes identified in
this study can be attributed to exposure to MWCNTs.

3.2. Oxidative and Metal Stress. The oxidative stresses
induced by MWCNTs were investigated by examining intra-
cellular ROS and GST and CAT gene expression. Signifi-
cant antioxidant gene induction was observed at 14 days
of MWCNT exposure (Figure 5). In addition, at 4 days,
significant reductions in CAT andGST expression in the gills
were observed (Figure 4). Relative to the control, theGST and
CAT reduction in males at 4 days was ca. three- and twofold,
respectively, and, at 14 days, the GST and CAT induction
was roughly 7- and 17-fold (Figures 4 and 5). In females the
respective GST and CAT reduction was ca. 2.3- and 2-fold at
4 days and GST and CAT induction was 9- and 4-fold at 14
days. SignificantMT gene expression was induced 10- and 7-
fold relative to the control at 14 days in the gills of males and
females, respectively.

Examining the gender differences in the gills, at 4 days,
CAT and GST expression in the gills was reduced signifi-
cantly, while MT expression was unchanged, although only
the reduction in CAT differed significantly between males
and females. At 14 days, the average levels of induction of
MT andCAT were higher inmales, whileGST expressionwas
higher in females, although the differencewas significant only
for CAT (one-way ANOVA, 𝑃 < 0.05).

Differences in expression were observed among the gills,
liver, and intestine. At 4 days, GST and CAT expression
were reduced significantly relative to the controls, while in
the liver no significant reduction was found. At 14 days,
in the gills, GST, CAT, and MT expression were induced
significantly relative to the control, while in the liver there
was no significant induction. In the intestine, no significant
expression of oxidative stress genes was observed.

3.3. Apoptosis Gene Expression. MWCNT-induced apoptosis
was investigated by examining p53,Cas3,Cas8, andCas9 gene
expression. At 4 days, p53, Cas3, Cas8, and Cas9 expression
was increased significantly relative to the controls and was
found with 100mg/L MWCNT exposure in the gills of both
females andmales (Figure 4).The expression of the p53,Cas3,
Cas8, andCas9 genes in the gills ofmales was increased 5-, 5-,
7-, and 11-fold, respectively, while that in the gills of females
was increased 2-, 2-, 2.5-, and 4-fold, respectively. At 14 days,
significant induction ofCas3,Cas8, andCas9 gene expression
relative to the controls was found in the livers of both females
and males (Figure 5).The expression of Cas3, Cas8, and Cas9
was increased 5-, 2.5-, and 7-fold, respectively, in males and
4-, 2-, and 3-fold in females.

There was a gender difference in apoptosis gene expres-
sion. The induction of Cas3, Cas8, Cas9, and p53 expression
relative to the controls was significantly higher in males than
females. At 14 days, the average fold induction relative to the
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Figure 4: mRNA induction at 4 days. (a) Gene expression pattern of male O. latipes exposed to 100mg/L MWCNT and solvent control. (b)
Gene expression pattern of female O. latipes exposed to 100mg/L MWCNT and solvent control. The initials S and T followed by gene name
reveal the solvent control group and MWCNT treated group, respectively. For example, Cas3t is the Cas3 expression pattern of MWCNT
treated group and Cas3s is the pattern of solvent control group. Columns and error bars represent the mean ± SD. Asterisk indicates values
that are significantly higher than control values (∗𝑃 < 0.05; t-test, 𝑛 = 7).
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Figure 5: mRNA induction at 14 days. (a) Gene expression pattern of male O. latipes exposed to 100mg/L MWCNT and solvent control. (b)
Gene expression pattern of female O. latipes exposed to 100mg/L MWCNT and solvent control. The initials S and T followed by gene name
reveal the solvent control group and MWCNT treated group, respectively. For example, Cas3t is the Cas3 expression pattern of MWCNT
treated group and Cas3s is the pattern of solvent control group. Columns and error bars represent the mean ± SD. Asterisk indicates values
that are significantly higher than control values (∗𝑃 < 0.05; t-test, 𝑛 = 7).

controls in the liver was higher in males than females, but the
difference betweenmales and females was significant only for
Cas9.

Differences in the induction of apoptosis gene were found
among the gills, liver, and intestine. At 4 days, significant
induction of expression relative to the controls was found
only in the gills, thus not the liver, while at 14 days significant
induction of expression was found only in the liver, not the

gills. Cas8 and Cas9 expression was induced to a significantly
greater degree in the gills than the liver.

4. Discussions

Scanning and transmission electron microscopy showed
MWCNTs, and not some other form of carbon nanoparticle
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or amorphous carbon (Figure 1). There was no significant
alteration of hydrodynamic size, Zeta-potential, and stability
index duringMWCNTexposure.Therefore, any toxicological
outcomes identified in this study are attributable toMWCNT
exposure.

Intracellular ROS generation was measured using a
dichlorofluorescein-diacetate method. No significant ROS
induction relative to the controls was observed in any tissue at
4 days in which a decrease in antioxidant gene expression was
found.These results are contradictory. Some studies revealed
ROS induction caused by carbon nanotubes [8, 9, 14, 16, 44–
46], while others failed to detect ROS in vitro or in vivo
[39, 47–50]. Daphnia magna exposed to MWCNT did not
cause ROS induction [39]. Kagan et al. [51] demonstrated
that neither purified (0.23wt. % of iron) nor nonpurified
CNTs (26wt. % of iron) led to intracellular production of
superoxide radicals in RAW 264.7 macrophages, while CNTs
generated hydroxyl radicals in zymosan-stimulated RAW
264.7macrophages. Anymetal impurities fromMWCNT can
also induce ROS [29]. Nevertheless, at 4 days, no such ROS
induction was observed. Fenoglio et al. [52] stated that CNTs
could scavenge hydroxyl radicals produced by the Fenton
reaction. Furthermore, after 4 days of MWCNT exposure,
no induction of MT expression was evident. Together, these
results suggest that metal impurities did not participate in
ROS production.

At 14 days, ROS induction was observed with simul-
taneous significant induction of antioxidant and MT gene
expression in the gills. Previous studies showed the ROS
can be induced by metal impurities from carbon nanotubes.
Ultrasonication used in many studies including this work to
disperse carbon nanotube in water increased bioavailability
of metal impurities [53]. The ROS production induced by
the metal impurities (especially iron) from carbon nanotube
was observed [29, 37, 51]. The bioaccumulation of metals,
such as iron in fish liver and gills, has been reported [1, 54].
So, we postulate that after 4 days of MWCNT exposure,
insufficient metal impurities have not been accumulated to
the necessary threshold level and MWCNTs scavenge any
hydroxyl radicals produced by the metal impurities, likely
repressing antioxidant gene expression and ROS increase. By
14 days, however, sufficient metal impurities might be accu-
mulated to overcome the antioxidant depletion andMWCNT
scavenging activity, leading to significantly increasedMT and
antioxidant gene expression. Together, these results suggest
that the significant increase in antioxidant and MT gene
expression at 14 days may be due to the effects of metal
impurities as well as MWCNTs.

The expression levels of antioxidant genes were reduced
significantly relative to the controls at 4 days. This result
was observed in other studies in which rodents or cells
were exposed to MWCNTs [9, 11, 14, 30, 46, 55, 56]. Those
studies mentioned that the prooxidant effects of engineered
nanomaterials were mediated by depletion of antioxidants.
Such perturbations of the normal redox state contribute to
peroxide and free radical production, which has adverse
effects on proteins, lipids, and DNA [30]. Reduced GST,
CAT, and SOD gene expression and decreased protein activity
were also found in studies in which fish were exposed to Ag

and ZnO nanoparticles [57–59]. Thus, it is postulated that
antioxidant depletion observed in this work might be caused
specifically by nanosize particles irrespective of the type of
nanomaterial as well as the CNT capacity which scavenge
ROS.

At 4 days, significant induction of apoptosis gene (p53,
Cas3, Cas8, and Cas9) expression in the gills was observed
relative to the controls on exposure to 100mg/L MWCNTs,
while there was no significant induction of expression in the
liver or intestine. The proteases encoded by Cas3, Cas8, and
Cas9 play pivotal roles in the apoptosis pathway. In addition,
p53 plays an important role in cell cycle control and apoptosis
by activating various proapoptotic genes, such as Bax [60]. In
previous studies, Cas3, Cas8, and Cas9 expression was found
to be an indicator of MWCNT-induced apoptosis [9, 13, 15].
Previous studies also demonstrated that MWCNT induced
p53-dependent apoptosis [9, 61]. At 14 days, no significant
induction of apoptosis gene expression was found in the
gills. However, Cas3, Cas8, and Cas9 expression increased
significantly in liver. The fold induction was lower than that
in the gills at 4 days. Therefore, ca. 14 days are needed for
MWCNT-induced apoptosis to affect the liver. Several studies
showed thatMWCNTcould translocate to other organs of the
body through barrier organ such as lung, causing systemic
side effects [62, 63]. Thus, it is likely that translocation
of MWCNT can be the reason of apoptosis occurrence in
liver. In addition, metal impurities can also cause ROS-
dependent apoptosis. However, since there was no significant
induction of the expression of MT or antioxidant genes in
the liver, whether metal impurities caused the apoptosis gene
induction in the liver at 14 days is unclear. Overall, these
results suggest that MWCNT dispersed in water can cause
apoptosis occurrence in gill and liver of fish at different
exposure period.

In this work, significant gender differences were found.
Previous studies demonstrated that estradiol or endocrine-
disruptor chemicals could induce the expression of antioxi-
dant genes, such as GST, but reduce CAT andMT expression
[24, 28, 64]. At 14 days, the GST induction relative to the
controls was higher in females than males, albeit not signif-
icantly so, while the induction of MT and CAT expression
was significantly higher in males. At 4 days, antioxidant
gene expression was reduced relative to the controls. In
males, CAT expression was reduced to a significantly extent
than in females. This result differs from previous reports.
The MWCNT-induced expression of apoptosis gene differed
according to gender. The fold induction of Cas3, Cas8, Cas9,
and p53 expression relative to the controls was significantly
higher in male than female fish at 4 days after exposure
to 100mg/L MWCNT. Previous studies demonstrated that
estrogen repressed p53-dependent apoptosis [23, 27]. Bailey
et al. [27] reported that a small set of proapoptotic p53 target
genes is also targeted by the estrogen receptor (ER).

The differences in apoptosis and antioxidant gene expres-
sion among tissues were analyzed. Only gills showed signif-
icantly increased gene expression at 4 days. As mentioned
above, the mechanisms of MWCNT-induced apoptosis and
antioxidant depletion are unclear. MWCNTs can lead to
frustrated phagocytosis, which would results in release of
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superoxide produced in macrophage phagosomes into intra-
and extracellular space [31, 32, 65, 66]. Previously, several
studies showed that superoxide fluxes can cross the endothe-
lial cell plasma membrane via the chloride channel (CLC-3),
causing intracellular ROS stress and apoptosis [13, 33, 34].
CLC-3 can be induced by specific environmental stresses,
such as anion alteration, at higher levels in gills than in the
liver or intestine [67, 68]. Therefore, the influence caused by
MWCNT exposure could lead to the expression of CLC-3
channels through which superoxide translocates, to a greater
extent in the gills than in the liver or intestine. Further
investigation of tissue differences in MWCNT-induced ROS
and apoptosis production is needed.

In the histological study, no apoptosis or inflammation
was found after MWCNT exposure for 21 days (Suppl.
Figure 1) (see Supplementary Material available online at
http://dx.doi.org/10.1155/2014/485343). van der Oost et al.
[1] reported that a molecular-level response to chemicals
occurs before tissue-level effects are evident. Therefore, it is
necessary to assess the correlation between the biological
responses to MWCNTs at the molecular and tissue levels by
means of tests involving prolonged MWCNT exposure.

In summary, this study showed that MWCNT expo-
sure could cause antioxidant depletion and p53-dependent
apoptosis. The expression of relevant genes was influenced
by exposure duration and differed according to gender and
tissue type.
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The development of safe engineered nanoparticles (NPs) requires a detailed understanding of their interaction mechanisms on a
cellular level. Therefore, quantification of NP internalization is crucial to predict the potential impact of intracellular NP doses,
providing essential information for risk assessment as well as for drug delivery applications. In this study, the internalization of
25 nm and 85 nm silica nanoparticles (SNPs) in alveolar type II cells (A549) was quantified by application of super-resolution STED
(stimulated emission depletion)microscopy. Cells were exposed to equal particle number concentrations (9.2×1010 particlesmL−1)
of each particle size and the sedimentation of particles during exposure was taken into account. Microscopy images revealed that
particles of both sizes entered the cells after 5 h incubation in serum supplemented and serum-free medium. According to the in
vitro sedimentation, diffusion, and dosimetry (ISDD) model 20–27% of the particles sedimented. In comparison, 102-103 NPs per
cell were detected intracellularly serum-containing medium. Furthermore, in the presence of serum, no cytotoxicity was induced
by the SNPs. In serum-free medium, large agglomerates of both particle sizes covered the cells whereas only high concentrations
(≥ 3.8 × 1012 particlesmL−1) of the smaller particles induced cytotoxicity.

1. Introduction

Engineered nanomaterials (ENMs) are already out on the
market and are found in a broad range of applications,
ranging from everyday goods to electronics and biomedicine
[1]. Examples are filler materials [2], cosmetics [3], and food
products [4] as well as polishing agents, capacitors [1], and
contrast agents [5]. Beyond that, many ENMs show promise
for their use in novel and future applications [6]. In particular,
in the biomedical field new ENMs are developed for targeted
drug delivery, therapeutic, and theranostic purposes [7].
Considering the numerous fields of application as well as
the broad variety of ENM types, it is critical to identify
the relevant NP properties contributing to adverse health
and environmental effects in order to design safe ENMs.
Biologically relevant NP properties are considered to be
intrinsic particle properties that might be modulated by
interactions with molecules present in the environment.

To understand the mechanisms of NP cell interactions,
it is important to identify and quantify NP targets within

the body, including the location of internalized NPs on a
cellular and subcellular level. NPs seem to enter cells via
endocytotic as well as nonendocytotic pathways depending
on size, surface chemistry, and shape [8–10]. In addition
to physicochemical properties, it was demonstrated that
internalization efficiency andparticle induced toxicity in vitro
depend on the presence of proteins in biological fluids [11]. In
a recent study, the influence of the protein corona, associated
with particles after dispersion in serum-containing media
or biological fluids, on particle uptake has been attributed
to a modulation of particle adhesion to the cellular surface
[10, 12].

The mechanisms of toxicity induced by ENMs on a
molecular level are still under investigation and due to a
lack in standardization and comparability, in vitro studies
apparently produce contradicting results regarding cytotoxic
or even more subtle toxic effects. Besides differences in the
particle properties, the protein corona, which modulates the
cellular response to particles, may also give rise to these
inconsistent results [13]. SNPs, for instance, are shown to
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induce reactive oxygen species (ROS) and DNA as well as
chromosomal damage in various cell types [14–16]. Other
studies demonstrate that SNPs enter cells but induce no
cytotoxic or genotoxic effects [17, 18]. Thus, in order to
elucidate how NPs induce specific cellular responses, it is
critical to have information not only about administered (the
initially added dose) and delivered (particles reaching the cell
monolayer via diffusion and sedimentation) doses [19], but
also about the cellular (particles associated with the cells)
and intracellular doses (particles internalized by the cells).
Ultimately, such data is also critical for a proper hazard assess-
ment. For example, Geiser and Kreyling estimated that 1.4 ×
1011 NPs per day are deposited in the lung, after exposition
of a healthy individual to a moderate concentration of 3 ×
104 ambient particles cm−3 air volume. Even at the highest
possible aerosol number concentration, an alveolar cell will
maximally receive on average 120 NPs per hour [20]. Usually,
during in vitro experiments, submerged cells are exposed
to NPs dispersed in media. The diffusion, sedimentation,
and agglomeration of these NPs, which are dependent on
particle size and surface properties as well as density of the
surrounding fluid, then have an impact on the delivered dose
[21]. Therefore, Hinderliter et al. proposed a computational
model to evaluate the fraction of the delivered dose that is
deposited in an in vitro experiment [22].

Different approaches have been utilized to experimentally
quantify the cellular or intracellular dose of NPs, such as
atomic emission spectrometry [23], laser ablation ICP-MS
[24], flow cytometry, imaging flow cytometry, and electron
microscopy [25–28]. Of these, only electron microscopy
enables direct counting of NPs [29], with the disadvantage
of elaborate sample preparation. To quantify NP uptake,
flow cytometry is used as a high throughput method. In
contrast to this approach, confocal laser scanningmicroscopy
(CLSM) retrieves information about the intracellular NP
location. For example, CLSM has been employed to observe
fluorescently labeled SNPs in cytosolic vesicles [30, 31]. As
per the definition [32], the size range of NPs (1–100 nm)
is below the classical optical resolution limit. Therefore, a
promising method to study NP cell interactions is super-
resolution fluorescence microscopy. Since the early nineties,
several techniques have been developed to enhance reso-
lution in optical microscopy. These techniques include (1)
methods like 4Pi and I5M [33, 34], (2) single-molecule local-
ization techniques, (3) structured illumination microscopy
(SIM) [35–37], and (4) STED (stimulated emission deple-
tion) microscopy [38]. In the first approaches, dual-beam
interference between two opposing objectives is used for
axial resolution improvement. Single-molecule localization
techniques are based on blinking/switching of fluorophores
and include PALM (photoactivated localization microscopy)
[39], STORM (stochastic optical reconstruction microscopy)
[40], and related methods [41–46]. In SIM, high frequency
information of the specimen is transferred to a transmittable
lower frequency range, whereas STED microscopy depletes
fluorophores in the outer area of the point-spread function
to sharpen the focus and, therefore, increases resolution
in the lateral and/or axial plane. Using STED microscopy,

it was demonstrated that 30 nm fluorescently labeled SNPs
penetrated the nucleus of Caco-2 cells [47]. Using spinning
disc and 4Pi confocalmicroscopy [33], Jiang et al. assessed the
uptake of 8 nm D-penicillamine-coated quantum dots in live
HeLa cells. The authors observed a dose-dependent increase
in intracellular, as well as membrane-associated, fluorescence
per cell area [48]. Although recently an approach has been
described to quantify internalized 1000, 400, and 250 nm
sized polystyrene particles using CLSM in combination
with high-throughput FACS data [49], the quantification of
absolute numbers of NPs is still a challenge. Optical imaging
techniqueswith enhanced resolution are needed to accurately
determine the intracellular delivery of particles smaller than
200 nm in diameter.

In the present study, we used for the first time STED
microscopy image stacks to quantify internalized fluores-
cently labeled 25 nm and 85 nm sized SNPs in A549 cells,
as a model for lung epithelial cells. Image segmentation was
applied to differentiate between internalized and attached
NPs within 3D image stacks of whole cells. Here, the quan-
tification of internalized SNPs is not based on measuring
the mean fluorescence intensity of single particles or of
cell-associated particles like in other approaches, but on
segmented objects. Cells were exposed to identical initial
particle concentrations (administered dose) and the intracel-
lular doses were determined. In order to evaluate the role of
proteins in NP cell interactions [11, 12], cells were exposed to
SNPs in the presence and absence of serum proteins. Further-
more, the cytotoxicity of these SNPs was investigated with
regard to the protein content in the surrounding medium.

2. Material and Methods

2.1. NP Synthesis and Labeling. All chemicals used for particle
synthesis were supplied from Sigma-Aldrich (Taufkirchen,
Germany) in the highest purity available. Atto647-NHS
ester was purchased from Atto-Tec (Siegen, Germany). All
procedures, which involved the active Atto-NHS ester, were
performed under exclusion of moisture and light.

SNPs were synthesized as described before [47]. After
synthesis, the particles were purified by dialysis against
MilliQ water followed by filtration through a sterile 0.2 𝜇m
membrane. To confirm the complete dye incorporation
into the SNPs, a 100 𝜇L aliquot was centrifuged through
a 30 kDa membrane followed by fluorescence spectroscopy
(Spex FluoroMax-3, Horiba Scientific GmbH, Germany).

2.2. Particle Characterization. A series of TEM micrographs
of dried nanoparticle dispersions obtained by electron
microscopy (Philips CM200 FEG, FEI Company, Nether-
lands) was selected to estimate the average primary particle
size. Samples were prepared by immersion of a 200-mesh
carbon-coated copper grid into the nanoparticle suspension.
ImageJ software from the National Institutes of Health
(http://rsb.info.nih.gov/ij/) was used to estimate the mean
particle size and particle size distribution.

Dynamic light scattering (DLS, Dyna Pro Titan, Wyatt
Technology Europe GmbH and Nanotrac-Ultra, Microtrac
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Europe GmbH, Germany) was used to estimate the average
hydrodynamic diameter of NPs dispersed in water and in
cell culture medium. DLS measurements of 25 nm particles
dispersed in serum-containing medium were not possible
because protein and particle signals overlapped.

The zeta potential was measured with a Nanosizer Z
(Malvern Instruments, Worcestershire, UK) in water at 150V
using 10−3M KCl as background electrolyte. Each sample
underwent three series of measurements (with each series
comprising 40 measurements). In cell culture medium the
zeta potential wasmeasured at 20V. Analytical centrifugation
was performed with a LUMiSizer Dispersion Analyzer (LUM
GmbH, Germany) by software controlled centrifugation
of 1.4mL of the sample dispersion. Size distribution and
histograms were calculated using proprietary SEP View 6
software.

The specific surface area of the SNPs used in this study
was calculated by comparison with unlabeled SNPs prepared
by the same protocol. Briefly, the specific surface area of bare
SNPs with a size of 23, 35, and 72 nm was determined by
BET analysis via nitrogen adsorption (Autosorb-6B, Quan-
tachrome Instruments, USA). A simple linear regression
model (𝑦 = 143.2 − 1.505𝑥, with 𝑦 = surface area [m2/g],
𝑥 = particle diameter [nm], and 𝑟2 = 0.999) was used
to extrapolate the BET surface area for Atto647N labeled
particles assuming no significant difference in the adsorption
behavior and porosity of bare and labeled silica. Nanoparticle
number concentrations were calculated based on the EM
derived particle diameter and the SiO

2
content, which was

obtained by ICP-OES (Ultima 2, Horiba JobinYvon, Japan).
Endotoxin tests were performed using the LAL Gel Clot
Assay (Lonza) according to Kucki 2012 [50].

2.3. Cell Culture. The cell line A549 as model for human
alveolar epithelial type II cells was obtained from theGerman
Collection of Microorganisms and Cell Culture (DSMZ,
Braunschweig, Germany) and was maintained in a humid-
ified incubator (37∘C, 9% CO

2
, and pH 7.4) in Dulbecco’s

modified Eagle medium (DMEM, Gibco, Life Technologies,
USA) supplemented with 10% fetal bovine serum (FBS, PAN
biotech, Germany). After reaching ∼80% confluence, cells
were dislodged by using 0.05% trypsin containing 0.02%
EDTA. For the analysis of particle uptake, A549-pAcGFP1-
Mem cells were used as described in Schumann et al. 2012
[30].These cells express a green fluorescent protein derivative
fused to theN-terminal membrane targeting signal of neuro-
modulin for membrane labeling (Clontech, Mountain View,
CA). A549-pAcGFP1-Mem cells were maintained in selective
cell culture medium (DMEM with 10% FBS) containing
200𝜇gmL−1 G418.

2.4. Exposure of Cells to NPs. For confocal imaging, A549-
pAcGFP1-Mem cells were seeded on glass coverslips at a
density of 1 × 105 cellsmL−1 in 12-well plates (Greiner Bio-
One, Frickenhausen, Germany) and allowed to attach for at
least 20 h. Nanoparticle dispersions were freshly prepared in
serum-free or serum-containing medium. Exposure time for
all experiments was 5 hours, unless otherwise stated. Cells

were incubated with Si-25-FD and Si-85-FD dispersions at
a concentration of 9.2 × 1010 particlesmL−1. For scanning
electron microscopy, 1 × 105 cellsmL−1 were incubated on
glass coverslips in 12-well plates with 1, 10, and 100𝜇gmL−1
unlabeled SNPs in presence and absence of serum. For
cytotoxicity experiments, A549 cells were seeded in 96-
well plates at a density of 1 × 105 cellsmL−1. Here, particle
dispersions of Si-25 and Si-85 at concentrations of 1, 10,
50, and 200𝜇gmL−1 were used. Control samples were not
exposed to NPs.

2.5. Immunostaining. After the incubation, cells were washed
two times with DPBS, fixed with 4% paraformaldehyde in
PBS for 30min, and permeabilized with 0.2% Triton X-100
for 15min at room temperature. Lamin-B (goat polyclonal
antibody, sc-6216, Santa Cruz, Heidelberg, Germany) and
secondary antibody Alexa Fluor 546 (donkey anti-goat,
A11056, Invitrogen, Darmstadt, Germany) were used to stain
the lamina of the nucleus. Cells were mounted on glass
slides with Mowiol/DABCO (Sigma Aldrich, Taufkirchen,
Germany).

2.6. STED and Confocal Microscopy. A confocal laser scan-
ning microscope Leica TCS-SP5 STED (Leica Microsys-
tems, Mannheim, Germany) with a Leica HCX PLAN APO
100x/1.4 oil immersion objective was used. Specimens were
imaged using the 488 nm laser line of an Argon laser for
excitation of the cellular membrane label (AcGFP1) and a
561 nm DPSS laser for excitation of the nuclear membrane
label (Alexa Fluor 546). Cellular structures were imaged
in confocal mode. The NPs, labeled with Atto647N, were
imaged in STED mode (after incubation of cells in presence
of serum) using a pulsed 635 nm laser diode (PicoQuant,
Berlin, Germany) for excitation and an infrared laser (MaiTai,
Spectra Physics, Santa Clara, United States) running at
750 nm for STED depletion. After incubation of cells in
absence of serum, Atto647N labeled particles were imaged
in confocal mode using the pulsed 635 nm laser diode for
excitation. APDmodules (Perkin-Elmer SPCM-AQRH)were
used for detection of particle signals received in STEDmode,
whereas cellular structures and particle signals received in
confocal mode were detected with the internal analog PMT
detectors.The confocal pinhole was set to 1 AU to optimize z-
sectioning. Images and z-stacks were recorded sequentially.
A step size of 130 nm was chosen. The pixel size was set to
30 nm for STED and 60 nm for confocal images to avoid
undersampling. To determine the 3D experimental point-
spread function (PSF) of the system, 40 nm dark red fluores-
cent beads (F8789, Invitrogen) were imaged in STED mode,
and 100 nm fluorescent multicolor beads (T7279, Invitrogen)
were used for conventional confocal imaging. The full width
at half maximum (FWHM) of the experimental PSF in the
focal plane, as indicator for the lateral resolution, was 76 nm
in STED mode and 277 nm in diffraction-limited confocal
mode.

2.7. Image Processing. STED and confocal data were decon-
volved using an iterative maximum likelihood algorithm
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implemented in Huygens Professional (SVI, Hilversum,
Netherlands) and experimentally (for confocal mode) or
theoretically (for STED mode) determined PSFs.

To discriminate between NPs inside and outside the cell
the “SurfaceRenderer” tool of theHuygens softwarewas used.
The position of the isosurface was set at an intensity threshold
calculated by the Otsu algorithm [51]. Thereby retrieved 3D
region was set as region of interest (ROI). Remaining holes
in the isosurface were closed with an open-close algorithm
with a voxel number of two. To extend the ROI to the whole
cell, the implemented “fill inner and cutoff cavities” algorithm
was applied. If several cells were imaged in one frame, the
segmented objects were additionally chosen by a manually
drawn mask. In the NP channel, after the Otsu-thresholding,
a watershed segmentation with a sigma of 2.0𝜇m for the
beforehand Gaussian filter was used to separate small NP
agglomerates. Objects below an intensity value of 5% of
the range between threshold and intensity maximum were
discarded. All in this manner segmented objects of the NP
channel inside the ROI of the cell were counted. The image
processing workflow is illustrated in Figure 10.

2.8. Sedimentation, Diffusion, and Dosimetry Model (ISDD)
Simulations. To investigate the effect of sedimentation and
diffusion on the SNPs used in this study and to determine the
delivered dose, the ISDD model, presented by Hinderliter et
al. [22], was applied. The following parameters were applied:
the SiO

2
mass concentration was 1.2 𝜇g SiO

2
mL−1 (25 nm

SNPs) and 50 𝜇g SiO
2
mL−1 (85 nm SNPs), corresponding to

the used particle number concentration of 9.2 × 1010mL−1. A
density of 1.8 g cm−3 was assumed for the SNPs. The number
of particles per agglomerate was set to 1 and additionally
to 3 or 4 particles per cluster. Other input parameters were
the height of the medium column above the cells (5mm,
measured), its volume (1mL), the temperature (37∘C), and the
deposition time (5 h).

2.9. Scanning Electron Microscopy of A549 Cells. After incu-
bation, cells were fixed with 2.5% glutaraldehyde for 30min
at room temperature and rapidly dehydrated in a graded
ethanol series and hexamethyldisilazane (HMDS). Samples
were gold-palladium coated for high vacuum mode imaging
and analyzed with an ESEMQuanta 400 FEG (FEI Company,
Hillsboro, USA) microscope.

2.10. Membrane Integrity (LDH Assay). The activity of lactate
dehydrogenase (LDH) in the cell culture medium as an
indicator for cell membrane damage after treatment with
SNPs was measured using the CytoTox-ONE Homogenous
Membrane Integrity Assay kit (Promega) according to the
manufacturers’ instructions. Cells incubated with medium
only were used as negative controls and cells treated with
Triton-X 100 were used as positive controls. A no cell control
was included to measure the background fluorescence of the
culture medium. After particle exposure, medium (50 𝜇L)
from each well was placed in a black 96-well plate and
50𝜇L CytoTox-ONE reagent was added and incubated for
10min in the dark. Fluorescence was measured at excitation

and emission wavelengths of 560 nm and 590 nm with a
Tecan Microplate reader (Molecular Devices). Interference
of the used SNPs with the assay was excluded prior to
analysis by measuring the fluorescence of Triton-X-100 lysed
cells in presence of 200𝜇gmL−1 SNPs. No changes in the
fluorescence signals could be observed. At 590 nm the SNPs
do not absorb light.

2.11. Statistics. Results are presented as means and standard
deviation (SD). Statistical comparisons were made with
unpaired Student’s 𝑡-test at a 95% confidence level. Differ-
ences in the viability of A549 cells were considered significant
at 𝑝 < 0.05.

3. Results

3.1. Physicochemical Properties of SNPs. In this study, cells
were exposed to amorphous SNPs with diameters of 25 nm
(Si-25) and 85 nm (Si-85). For microscopy analysis and
subsequent quantification, the NPs were fluorescently labeled
using Atto647N (Si-25-FD and Si-85-FD, resp.). The physic-
ochemical properties of the particles are shown in Table 1.
The mean particle diameters as determined from TEM
micrographs were 25 ± 3 nm (Si-25), 24 ± 2 nm (Si-25-FD),
84 ± 7 nm (Si-85), and 85 ± 8 nm (Si-85-FD), respectively.
Thehydrodynamic diameter of each type of particle dispersed
in water or serum-free medium (Dulbecco’s modified Eagle
medium (DMEM)) was found to be comparable to its cor-
responding mean particle diameter, determined by EM. The
diameter of 25 nm particles dispersed in serum-containing
medium (DMEM + 10% FBS) could not be measured due to
significant interference signals of medium proteins. There-
fore, concentration-dependent particle stability in serum-
containing media was measured using 94 nm SNPs (see
Additional file 1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/961208).

All particles exhibited a negative zeta potential in all of
the threemediameasured (Table 1). However, in the presence
of serum-free and complete culture medium a reduction
of the absolute zeta potential values was observed. The
specific surface area of 25 nm particles was calculated to be
almost three times larger than the specific surface area of
85 nm particles. No endotoxin contamination was detected
in dispersions of Si-25 and Si-85 particles.

3.2. Simulation of NP Sedimentation and Diffusion. In this
study, cells were grown in a standard submersed cell cul-
ture system and then exposed to NPs by exchange of the
medium with NP-containing medium.The initial concentra-
tion (administered dose) of Si-25-FD and Si-85-FD was 9.2 ×
1010 particlesmL−1, respectively. Since it is known that NPs
reach the cell surface by sedimentation and diffusion, which
depend on the particle size, the delivered dose was simu-
lated by using the ISDD model for noninteracting spherical
particles and their agglomerates presented by Hinderliter et
al. [22]. The model is based on Stokes’ law, which predicts
particle sedimentation velocity, and the Stokes-Einstein equa-
tion, which describes the diffusion coefficient of the particles.
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Table 1: Physicochemical properties of SNPs used in the study.

Sample Diameter EM [nm] Hydrodynamic diameter [nm] Zeta potential [mV] BET surface area [m2g−1]
Water DMEM Water DMEM DMEM + 10% FBS

Si-25 25 ± 3 21 ± 3 28 ± 13 −24 −17 ± 4 −3 ± 2 106
Si-85 84 ± 7 71 ± 15 86 ± 16 −42 −21 ± 2 −14 ± 4 37
Si-25-FD 24 ± 2 24 ± 4 35 ± 8 −31 −5 ± 3 −8 ± 2 108
Si-85-FD 85 ± 8 79 ± 18 77 ± 15 −38 −30 ± 2 −7 ± 4 37

(a) (b)

Figure 1: Overviews of A549 cells exposed to SNPs. Images are maximum intensity projections obtained by taking z-stacks of whole A549
cells that had been exposed to Si-25-FD (a) or Si-85-FD (b) particles at an initial number concentration of 9.2 × 1010 SNPsmL−1 for 5 h. For
microscopy studies, A549-pAcGFP1-Mem cells were used, expressing a fluorescent protein derivative fused to the N-terminal membrane
targeting signal of neuromodulin for membrane labeling (cyan). The nuclear lamina is shown in yellow. SNPs (magenta), labeled with
Atto647N, were imaged in STED mode and the two other structures in conventional confocal mode. White boxes indicate the areas shown
in more detail in Figures 2 and 3. Contrast and brightness were adjusted in all images for better illustration.

The delivered dose in serum-containing medium was calcu-
lated assuming a cluster size of one, according to the DLS
analysis (Table 1), and taking into account the stabilizing
effects of serum [52].The simulation revealed that after 5 h the
number fraction of deposited particles was 26.5% and 20.4%
for Si-25 and Si-85 particles, respectively (Table 2).

3.3. Uptake of SNPs in the Presence and Absence of Serum. In
order to determine the uptake of fluorescently labeled SNPs,
A549 cells expressing a green fluorescent protein targeted
to the cytoplasmic membrane (A549-pAcGFP1-Mem) were
exposed to 9.2 × 1010 SNPsmL−1 in complete or serum-
free medium for 5 h. This exposure time was chosen because
a significant amount of particles was expected to become
internalized by that time [17]. In the two example overviews
of cells exposed to particles in serum supplemented medium
(Figure 1), only the cellular structures imaged in confocal
mode can be seen. Nevertheless, the STED signals of the par-
ticles were recorded during image analysis. Enlarged sections
of the cells depicted in Figure 1 are shown in Figures 2 and 3.
In these sections, the NPs imaged in STED mode are clearly
visible. The particles appeared to be distributed throughout
the cells. No large particle agglomerates were detected inside

or outside of the cells (Figures 2 and 3). A fluorescence
intensity plot of a sample 25 nm particle (Figure 2, yellow
line) within the cell revealed a full width of half maximum
(FWHM) of 61±4 nm (the error corresponds to the standard
deviation of Gaussian fit).This value was lower than themean
FWHM of the point-spread function that had been obtained
by measurements using fluorescently labeled (40 nm) latex
beads (PSFSTED ≈ 76 nm). On the other hand, the FWHM
determined by STED imaging was two-times larger than
the particle diameter determined by TEM. In contrast, an
intensity plot through an exemplary 85 nm particle (Figure 3,
yellow line) resulted in a FWHM of 88 ± 4 nm (error:
standard deviation of Gaussian fit), corresponding to the
particle diameter determined by TEM. In both cases, particle
size values measured by STED imaging were well below the
classical optical resolution limit. Although STED imaging did
not allow single 25 nm particles to be resolved, single 85 nm
particles were clearly resolved.

After exposition of A549 cells to either 25 nm or 85 nm
SNPs in absence of serum, large (up to a few𝜇min size), irreg-
ular particle agglomerates were observed (Figures 4 and 5).
In contrast, DLS measurements did not indicate forma-
tion of agglomerates under these conditions (Table 1). The
brightness of these agglomerates saturated the avalanche
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Figure 2: Enlarged sections of an A549 cell exposed to Si-25-FD particles for 5 h. ((a), (c), and (d)) They are orthogonal sections of the area
indicated in Figure 1(a). Intersecting planes pass the middle of the image (cross hair). SNPs (magenta), membrane (cyan), and nuclear lamina
(yellow). (b) An intensity plot through a sample nanoparticle (yellow line) within the cell. The full width of half maximum (FWHM) was 61
± 4 nm, which is well below the classical optical resolution limit (error: standard deviation of Gaussian fit).

Table 2: Sedimentation and diffusion simulation results.

Particles/cluster Deposited
1 3 4

Particle diameter Fraction (%) Particle number
(cm−2) Fraction (%) Particle number

(cm−2) Fraction (%) Particle number
(cm−2)

25 nm 26.5 1.22𝐸10 19.4 8.92𝐸9 18.3 8.43𝐸9

85 nm 20.4 9.40𝐸9 21.3 9.78𝐸9 20.8 9.56𝐸9

Results of the ISDD sedimentation model for SNPs with two different diameters (25 and 85 nm) in 1mL solution with a mass concentration corresponding to
9.2 × 1010 particles mL−1. Simulation results for deposited particles are given as fraction of delivered particles (%) and particle number of deposited particles
per cm2.The number of deposited particles displays little dependency on the number of particles per cluster for small cluster sizes and is in the same range for
both particle sizes.

photodiode (APD) used for detection of the particle fluo-
rescence signals in STED mode, resulting in the automatic
power-down of the APD. Therefore, confocal microscopy
had to be employed to acquire the image stacks instead.
Orthogonal sections of confocal image stacks revealed that
micrometer-sized NP agglomerates were only detected out-
side of the cells. These agglomerates appeared to be tightly
attached to the cytoplasmic membrane. Under serum-free
conditions the particles also exhibited a high tendency to
attach to the surface of the coverslips.These attached particles

were not removed by washing steps during sample prepa-
ration. Nevertheless, fluorescence signals were also detected
inside the lumen of A549 cells, resembling either single
particles or small particle agglomerates. Neither in presence
nor in absence of serum were NP signals detected in the cell
nucleus.

3.4. Quantification of SNP Internalization. The confocal
images indicated that, in absence of serum, the SNPs
tended to form agglomerates. As stated above, in confocal
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Figure 3: Enlarged sections of an A549 cell exposed to Si-85-FD particles for 5 h. ((a), (c), and (d)) They are orthogonal views of the area
indicated in Figure 1(b). Intersecting planes pass the middle of the image (cross hair). SNPs (magenta), membrane (cyan), nuclear lamina
(yellow). (b) is an intensity plot through an example nanoparticle (yellow line). The full width of half maximum (FWHM) was 81 ± 4 nm,
indicating that single NPs can be detected in the cytosol (error: standard deviation of Gaussian fit).

(a) (b)

(c) (d)

Figure 4: Confocal images of A549 cells exposed to Si-25-FD particles in the absence of serum. Maximum intensity projection (b) and
orthogonal views (xy, xz, and yz) of one cell within the same section ((a), (c), and (d)). Intersecting planes pass the middle of the image (cross
hair). SNPs (magenta), membrane (cyan), and nuclear lamina (yellow).
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Figure 5: Confocal images of A549 cells exposed to Si-85-FD particles in the absence of serum. Maximum intensity projection (b) and
orthogonal views (xy, xz, and yz) of one cell within that image section ((a), (c), and (d)). Intersecting planes pass the middle of the image
(cross hair). SNPs (magenta), membrane (cyan), and nuclear lamina (yellow).

Table 3: Quantification of internalized SNP.

Number of objects/cell Number of objects/cell area (𝜇m−2) Number of cells Total number of objects Mean intensity (a.u.)
Si-25-FD 117 ± 126 0.1 ± 0.1 21 2465 3.0𝐸10 ± 9𝐸3

Si-85-FD 338 ± 171 0.3 ± 0.2 17 5742 4.7𝐸10 ± 8𝐸3

Internalized SNPs were quantified by image segmentation of 3D stacks of whole A549 cells. The number of segmented objects in the NP channel is given per
cell and per cell area. Also specified is the number of analyzed cells, the total number of objects found in all cells, and the mean fluorescence intensity (arbitrary
units) of the objects. After exposition of cells to larger particles, a slightly higher number of objects were found inside the cells.Themean intensity values reflect
the stronger fluorescence of the larger particles.

microscopy the fluorescence of the agglomerates saturated
the APD detectors. Furthermore, a compensatory reduction
of the intensity of the excitation laser caused the fluorescence
of single NPs to drop below background.Therefore, only data
from cells exposed to NPs in the presence of serumwere used
for quantification of particle internalization. Segmentation
of the corresponding image data for quantification was per-
formed as described in Material and Methods. Quantitative
results of SNP internalization obtained by image processing
are listed in Table 3. Approximately twenty cells were used
to quantify the number of internalized particles at each
particle size. After the A549 cells were exposed to either
25 nm particles or 85 nm particles, 117 ± 126 objects per cell
or 338 ± 171 objects per cell were detected, respectively. The
large deviations in the number of objects can be related
to differences in cell size (Additional file 2). The measured
difference in the number of objects per cell was found to be
statistically significant (𝑝 < 0.001). In Table 3 the number of
objects is also given per cell area. These values also indicate
that a greater number of the larger particles were internalized
by the cells. Nevertheless, after exposition to both particle
sizes, the number of objects per cell was of the same order
of magnitude. The mean intensity values of the segmented
objects indicate that the objects corresponding to 85 nm

particles exhibited a higher fluorescence intensity compared
to the 25 nm particles. For 25 nm particles a maximum dye
content of 11 molecules per particle was calculated, which
is 600 times less than the maximum dye content of 6690
molecules per particle, calculated for 85 nm particles. Since
these are theoretical calculations under the assumption of
100% coupling yield without considering quenching effects,
a smaller difference of fluorescence intensity between the
two particle sizes can be expected. Detailed information on
microscopy data is given in Additional file 2.

3.5. Influence of Particle Exposure on Cell Morphology. Expo-
sition of A549 cells to 9.2 × 1010 particlesmL−1, correspond-
ing to mass concentrations of 1.2 𝜇g SiO

2
mL−1 (25 nm SNPs)

and 50 𝜇g SiO
2
mL−1 (85 nm SNPs), was not found to exert

a detectable influence on cell morphology, regardless of the
medium composition (Figures 1, 4, and 5). This finding was
further analyzed by scanning electron microscopy (SEM),
including lower and higher NP concentrations. SEM micro-
graphs of cells exposed to either of both particle sizes in
complete medium showed that cells underwent no change
in cell morphology compared to untreated cells, regardless
of the SiO

2
concentrations employed (1𝜇gmL−1, 10 𝜇gmL−1,
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Figure 6: SEM micrographs of human type II alveolar epithelial cells (A549) incubated with Si-25-FD and Si-85-FD in serum-containing
medium. No change in cell morphology was observed after exposure to 1, 10, or 100𝜇gmL−1 SNPs for 5 h. Untreated cells serve as controls
(ctr).

and 100 𝜇gmL−1 SiO
2
) (Figures 6(a) and 6(b)). Similarly, after

cells were exposed to 1 and 10 𝜇g SiO
2
mL−1 in serum-free

medium, SEMmicrographs showed that cellmorphologywas
not affected compared to untreated cells (Figures 7(a) and
7(b)). However, after exposing cells to 100 𝜇gmL−1 of Si-
25-FD in serum-free medium, the cells appeared rounded.
In contrast, after cell exposure to 100 𝜇gmL−1 of Si-85-FD
under the same conditions, cell morphology did not change,
although cells were highly decorated with particle agglomer-
ates.

3.6. Particle Effects on Membrane Integrity. Confocal images
as well as SEM micrographs indicated that particles adhered
to the cell membrane, especially in absence of serum.
Therefore, the effect of SNPs on membrane integrity was
analyzed using the lactate dehydrogenase (LDH) assay. After
the incubation of A549 cells in presence of 1, 10, 50, or
200𝜇gmL−1 of Si-25 or Si-85 particles in complete medium,
no membrane damage was detected (Figure 8). In serum-
free medium, only at the highest concentration of Si-25
particles (200 𝜇gmL−1), an increase in LDH activity was
measured (Figure 9). In this case, about 90% of the cells
exhibited LDH leakage. In contrast, membrane damage
was not observed after incubation of cells in presence of
200𝜇gmL−1 Si-85 particles dispersed in serum-freemedium.
Thus, at the particle concentration applied to microscopy
analysis, no cytotoxicitywas induced.Membrane damagewas
only observed in absence of serum at particle concentrations
greater than 3.8 × 1012 25 nm particlesmL−1.

4. Discussion

Determining the NP dose cells receive during exposure to
NPs in vitro and in vivo is essential in order to interpret
biological responses with regard to assessing the risk of
ENMs and evaluating drug delivery efficiency. Depending
on the particle properties, various techniques have been
employed to determine the cellular or even intracellular dose.
In the present study, A549 cells were exposed to well-defined
fluorescently labeled 25 and 85 nm amorphous SNPs in order
to quantify internalized particles. NP quantification was
achieved by processing 3D microscopy image stacks. Since
the diffraction-limited resolution of CLSM is not sufficient
to study the number of NPs inside cells [53], we imaged
SNPs using STED microscopy. Furthermore, STED has been
demonstrated to provide detailed information about the
intracellular distribution and agglomeration state of 130 nm
silica particles and 25 nm and 85 nm SNPs [17, 47]. In
addition, the detection of individual silica particles by STED
has been proven by a correlative STED SEM approach [17].

4.1. Particle Internalization Efficiency. After exposing A549
cells to 25 nm or 85 nm particles at 9.2 × 1010 SNPsmL−1 for
5 h, approximately 102 objects were detected intracellularly.
Analysis of the lateral object widths foundwithin cells treated
with 85 nm particles revealed that single 85 nm particles
could be resolved by STED analysis (Additional file 3b).
Additionally, 90% of the detected objects had a lateral object
width of less than 150 nm and were considered to represent
separated particles. Objects with a lateral width of more than
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Figure 7: SEMmicrographs of A549 cells incubated for 5 h with Si-25-FD and Si-85-FD in serum-free medium. SiO
2
concentrations of 1 and

10𝜇gmL−1 Si-25-FD induced no changes in cell morphology. After exposure to 100 𝜇gmL−1 Si-25-FD (a) A549 cells are round in cell shape
compared to unexposed cells (ctr). At a concentration of 10𝜇gmL−1 SiO

2
and higher, both particle sizes formed agglomerates and bound to

the cell membrane. Incubation with 1, 10, or 100 𝜇gmL−1 Si-85-FD particles (b) induced no changes in cell morphology.

150 nm (10% in case of the 85 nm particles) were regarded
as particle agglomerates. The largest agglomerate had a
width of 578 nm. To estimate the total number of particles
within intracellular agglomerates, one-, two-, and three-
dimensional agglomerate models were applied, assuming
packing densities of 0.91 (two-dimensional) and 0.74 (three-
dimensional), respectively. Taking thesemodels into account,
the number of 85 nm SNPs per cell was estimated to range
from 412 in case of one-dimensional agglomerates to 585
representing two-dimensional agglomerates to 957 in case of
three-dimensional agglomerates (Additional file 4b).

In comparison, single 25 nm NPs could not be resolved
by STED imaging as indicated by the measured FWHM
value (61 nm) of a sample particle (Figure 2, Table 1). In case
of the 25 nm particles, 58% of the detected objects had a
lateral width of<75 nm, representing either single particles or
small agglomerates. Depending on the agglomeration model
applied, the number of 25 nm SNPs per cell was estimated
to range from 404 in case of one-dimensional agglomerates
to 1657 representing two-dimensional agglomerates to 7772
in case of three-dimensional agglomerates (Additional file
4a). Thus, taking intracellular particle agglomeration into
account, it can be concluded that cells accumulated three-
to eightfold higher numbers of the 25 nm particles compared
with the 85 nm particles.

According to light scattering analysis and analytical
centrifugation, the particles used in this study were shown to
be well separated, when dispersed in either serum-containing
medium or serum-free medium. In contrast, by microscopy

large particle agglomerates were observed to cover the cells in
the absence of serum.

In a TEM study, Rothen-Rutishauser et al. showed that,
after exposing A549 cells to 9 × 1011 15 nm polymer-coated
gold NPs per milliliter for 1 h, 5365 NPs were internalized
by the cells [53]. In comparison to the study described here,
the cells were exposed to a significantly higher dose of
NPs for a shorter time in absence of serum. After exposing
A549 cells to citrate-coated gold NPs in presence of serum,
2600 and 3575 particles were quantified intracellularly after
1 h and 4 h, respectively [29]. In this case, a dose of 1 ×
1011 particles mL−1 was administered. These values indicate
that particle internalization is a time-dependent process, as
expected when considering an active accumulation process.
Similar trends have been found by Chithrani et al. [23] and
Lesniak et al. [11] for the uptake of gold NPs and SNPs,
respectively. In addition to time, the extracellular particle
concentration is expected to influence uptake efficiency.
For example, Chithrani et al. found a saturation of particle
internalization for HeLa cells after 5 h [23].

The observed correlation of the increase in internal-
ization or cell-association of particles with the adminis-
tered dose was also detected in a recent study applying
ICP-MS to particle quantification [24]. Depending on the
ratio between the extracellular and intracellular particle
concentration, the establishment of an equilibrium state
can be expected, resulting in a certain number of particles
accumulating intracellularly. All in all, the results from the
mentioned studies indicate that, depending on exposure time
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Figure 8: No membrane damage in the presence of serum proteins.
A549 cells were incubated for 5 h with increasing concentrations (1,
10, 50, and 200𝜇gmL−1) of Si-25 and Si-85 in complete medium
(DMEMwith 10% FBS). Concentrations in brackets refer to the area
of a 12-well plate. LDH assay of supernatant was performed and no
membrane damage could be observed compared to the unexposed
control cells. Percent of cytotoxicity ± SD of 3 independent experi-
ments is shown.

and administered dose, the number of particles per cell
generally varies between 102 and 105, not accounting for
differences in cell or particle type. The results presented here
agree well with these previously published findings. Due to
the influence of time and extracellular particle concentration,
it is important to keep experimental conditions constant
for all NP sizes when estimating intracellular NP doses,
especially when internalization efficiency is correlated with
particle size. For example, Chithrani et al. concluded that
50 nm particles are internalized with higher efficiency than
smaller or larger particles [23]. In this case, the authors did
not specify the administered particle concentration and it is
unclear if they used identical mass concentrations or particle
number concentrations.Assuming the former, the cellswould
have been exposed to increasing particle concentrations with
decreasing particle size. Taking this into account, the larger
particles are internalized with higher efficiency [54].

On the other hand, if the concentration value refers to
particle number, a comparison between the administered
particle number and the internalized particle number implies
that uptake efficiency into cells is rather low. A low uptake
efficiency was, for example, found by Höcherl et al., conclud-
ing that HeLa cells internalized only 10−3% of the initially
added negatively charged 160 nm poly(methyl methacrylate)
particles after 2 h based on flow cytometry and CLSM char-
acterization [55]. In addition to the administered dose, the
delivered dose is relevant when calculating uptake efficiency.
Gottstein et al. quantified the uptake of 250, 400, and 1000 nm
fluorescent polystyrene particles in J774 macrophages and
reported that the number of internalized particles per cell was
greater for the smaller particles [49]. More specifically, the
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Figure 9: Membrane damage in the absence of serum proteins.
A549 cells were incubated with increasing concentrations (1, 10, 50,
and 200 𝜇gmL−1) of Si-25 and Si-85 in serum-freemedium (DMEM
with 0% FBS). LDH assay was performed after 5 h incubation. Only
exposure to 200 𝜇gmL−1 Si-25 induced cell damage compared to
unexposed control cells. Error bars represent SD of 3 independent
experiments. ∗Significantly different from untreated controls, 𝑝 ≤
0.05.

delivered dose of the smaller particles was of two orders of
magnitude higher than the dose of the larger particles.

In this study, by application of the computational ISDD
model [22], the delivered particle dose was determined to be
similar for both NP sizes, considering separated particles as
well as agglomerates of up to four particles, and was approxi-
mately 20%of the administered particle number.Thus, taking
the above described agglomerationmodels into account, 0.1%
up to 5.8% and 0.3% up to 0.9% of the delivered 25 nm and
85 nm NPs entered the cells, respectively. With regard to the
potential internalization process, some studies on fibroblasts
indicate that clathrin-coated pits cover up 2% of the cell
surface and 1% of the membrane is internalized per minute
[56, 57]. When transferred to the A549 cells used in this
study, it can be deduced that 1.5 × 104 vesicles are internalized
within 5 h, corresponding well to the number of particles
observed to be internalized by the cells.The delivered particle
concentration in the fluid column (h = 10 𝜇m) surrounding
the cells was determined to be approximately 2.3 × 1012
NPsmL−1. Based on an average cell volume of 1600 𝜇m3, it
was calculated that the cells internalized 2.5 × 1011–4.8 ×
1012 particlesmL−1. Thus, under the conditions applied, the
cells did not appear to accumulate particles in excess of the
delivered particle concentration.

4.2. Quantification of NP Uptake via Processing of STED
Images. To interpret the results on particle internalization
gathered by various methods, the strengths and limitations
of these techniques have to be defined, in addition to
considering the NP dose and uptake efficiency. First of all, in
this study, like in others [55], a large difference in the number
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Figure 10: Image processing workflow.

of internalized objects from cell to cell was observed. One
possible explanation for this is the large variation in cell size
(Additional file 2). An additional explanation for this finding,
which is that the cell cycle influences uptake efficiency, was
reported by Kim et al. [58].

Regarding the STED technique used in this study, high
laser intensities are used that induce photobleaching of the
fluorescently labeled NPs, which might lead to an underes-
timation of the number of internalized particles especially
in the case of the smaller particles that had a lower overall
fluorescence intensity than the larger particles. The number
of internalized particles was likely rather underestimated
during the process of quantifying internalized NPs, because
only objects that were completely inside the segmented cell
region of interest (ROI) were counted to ensure that the
NPs attached to the cell surface were excluded. In super-
resolutionmicroscopy, data acquisition on a cell-by-cell basis,
as well as image processing, is relatively time-consuming.
For this reason it is not a high throughput technique like
flow cytometry. Consequently, this results in lower quality
statistics and limitations for comparative studies, such as
uptake kinetics. An alternative approach used to quantify the
internalization of particles that are smaller than the classical
optical resolution limit using light microscopy was presented
by Torrano et al. [59]. Their approach consisted of utilizing

specially developed ImageJ macro (Particle in Cell-3D) and
prior knowledge about the fluorescence intensity of single
particles to analyze confocal image stacks of single cells,
which had been exposed to 100 nm polystyrene particles.
Employing this method, the fraction of internalized com-
pared to membrane-associated particles was determined to
be 92% after 5 h 45min in HeLa cells. In order to confirm the
results obtained from the quantification procedure, the appli-
cation of a super-resolution microscopy technique (STED)
was necessary. In the present study, the quantification of
particles internalized by cells in the absence of serum was
not possible because large NP agglomerates formed covering
the cell membrane of cells in microscopy samples. Applying
the watershed algorithm did not permit separation of these
agglomerates, because the intensity distributions produced
by single particles merged in the case of larger agglomerates.
Thus, dividing local minima, detectable by the watershed
algorithm, disappeared. Quantifying single particle events
under these conditions was therefore not possible. Thus,
internalization efficiencies of theNPs could not be compared.
However, based on CLSM images, it appeared that more par-
ticles/particle agglomerates entered the cells under serum-
free conditions. This observation is corroborated by a FACS
study, in which A549 cells were found to have increased
uptake levels of SNPs under serum-free conditions [11].
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The authors concluded that the observed tendency of par-
ticles to adhere more strongly to the cell membrane under
serum-free conditions contributes to the increase in NP
uptake. It is important to note that at the particle concentra-
tion (9.2 × 1010 particlesmL−1) employed in our study, which
is equivalent to mass concentrations of 1.2𝜇g SiO

2
mL−1

(25 nm SNPs) and 50 𝜇g SiO
2
mL−1 (85 nm SNPs), no mor-

phological changes or membrane damage was observed that
might contribute to the elevated uptake efficiency observed
in CLSM images. It cannot, however, be excluded that serum-
starving effects might influence cellular responses and uptake
processes [60, 61].

4.3. Influence of Serum Proteins on NP Agglomeration and
Cytotoxicity. According to SEM analysis, SNPs were found
to bind to the membrane of A549 cells. The amount of
particles detected on top of the cells appeared to be positively
correlated with NP concentration and was much greater in
the presence of serum-free medium than in the presence
of serum supplemented medium although as stated above,
in absence of serum no agglomeration of NPs was detected
by light scattering and analytical centrifugation analyses.
Our results corroborate the findings of Lesniak et al. who
also observed strong adhesion of SNPs to the membrane of
A549 cells in serum-free medium [11, 12]. They also detected
agglomeration of SNPs in the absence of serum proteins
by TEM analysis of A549 cells, although a high degree of
agglomeration was not observed by light scattering analysis.
The authors concluded that cell protrusions, creating some
entanglement on top of the cell surface, entrapped the NPs
[11].

In this study, in presence of serum no cytotoxicity
or change in cell morphology could be observed even at
the highest SiO

2
concentration used. In absence of serum,

membrane damage, measured as LDH release, was observed
only after exposition to the 25 nm NPs at the highest
SiO
2
concentration tested (200𝜇gmL−1).The results indicate

that significant membrane damage can also be expected at
100 𝜇gmL−1.Therefore, care was taken to perform the uptake
studies at subcytotoxic concentrations in order to exclude
an influence of membrane damage on unspecific or passive
NP uptake [11]. It has been previously reported that the
presence of proteins on the surface of SNPs has a protective
effect against silica-induced hemolysis and cytotoxicity [13,
62]. Also, Wang et al. have shown that the protein corona
protects the cells from damage until the corona proteins
are degraded within lysosomes [63]. We observed that the
membrane damage induced by 25 nm SNPs in serum-free
medium was reduced not only by addition of serum, like also
observed by Kim et al. [64], but also after addition of single-
serumproteins like BSA (bovine serum albumin) (Additional
file 5). These results agree well with the research performed
by Gualtieri et al. which revealed a reduced cytotoxicity of
SNPs in the presence of BSA and demonstrated that the
surface coating of the particles is primarily responsible for
the protective effect [62]. In this study, the absolute value of
the zeta potential was found to be reduced in the presence of
serum, and thus it is postulated that serum components, like

proteins, adsorb to the NP surface. Adsorption of proteins
to the NP surface results in the electrosteric stabilization
of the particle, preventing particle agglomeration, even in
vicinity of the cell surface. The protein corona might also
prevent the binding of counter ions, which would reduce
repulsive surface charges of the particles. Light scattering
analysis indicated that agglomerates formed when higher
particle concentrations were dispersed in serum-containing
medium (Additional file 1).This trendmight explain the con-
trasting reports on particle agglomeration behavior. In other
studies, cytotoxicity, DNAdamage, andROSproductionwere
reported after exposing cells to SNPs in serum-containing
medium. In addition, lipid peroxidation and disruption
of model membranes were found [14, 65]. The divergent
agglomeration behavior in serum-containing mediummight
also be due to various synthesis protocols and stabilization
of SNPs. This should be taken into account when comparing
results of different studies. In comparison to other studies
using commercial nanoparticles or even larger particles [11,
64], the nanoparticles used in this study were custom-made,
corroborating the generality of the protective effect of the
protein corona.

Our results raise the question of whether intracellular
particles, accumulated at relatively low numbers, are gener-
ally able to affect the cells or if this is mediated by particles
interacting with the cell surface. If one considers particle
distribution, a much larger amount of particles is present
close to the extracellular side of the cytoplasmic membrane
than inside the cell. After exposition of cells to 9.2 × 1010
NPsmL−1 and considering particle sedimentation, 6% and
53% of the cell surface would be covered by 25 nm and 85 nm
NPs, respectively. After internalization of ∼7000 particles
(25 nmSNPs), a volume of 0.057𝜇m3 is occupied byNPs, cor-
responding to 3.5 × 10−5 part of the cell volume. Nevertheless,
in this study, membrane damage was only detected at high
external NP concentrations (> 50 𝜇g mL−1 of 25 nm SNPs
SiO
2
corresponding to 9.2 × 1012 NPsmL−1) in the absence

of serum. Considering 22% particle sedimentation, at that
particle concentration, the cellular surface would be more
than completely covered by SNPs, indicating that membrane
damage in absence of serum is initiated by direct contact of
particles to the cellular surface accompanied by interaction of
particles with membrane constituents.

5. Conclusions

This study demonstrated for the first time that quantitative
estimates of the number of NPs internalized by epithelial
cells can be extracted from 3D STED image stacks of entire
cells via image processing.The approach used here was based
on the number of intracellular fluorescent objects instead
of the fluorescence intensity associated with one single cell.
The internalization of 25 nm and 85 nm SNPs exposed to
A549 lung epithelial cells was compared using equal particle
number concentrations. Uptake studies were performed at
subcytotoxic concentrations in order to exclude an influence
of membrane damage on NP uptake. 102-103 particles per
cell were determined after 5 h exposure in serum-containing
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medium, taking the number of particles into account that
were containedwithin agglomerates. Although the intracellu-
lar particle concentration exceeded the initially administered
particle concentration, no significant intracellular accumula-
tion of particles above the delivered particle concentration, as
determined by application of the ISDDmodel, was observed.
By providing quantitative analyses of administered, delivered,
and intracellular NPs, our study contributes to quantitative
insights into nanoparticle-cell interactions. This knowledge
is essential for risk assessment and safe by design approaches
in nanotechnology. Future in vitro studies using various
initial particle number concentrations and exposition times
are necessary in order to elucidate uptake kinetics and
relationships between intracellular and extracellular particle
concentrations.
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Objective. The aim of this prospective study is to evaluate presence and quantity of micro- and nanosized particles (NPs) and
interindividual differences in their distribution and composition in nasal mucosa.Methods. Six samples of nasal mucosa obtained
bymucotomy from patients with chronic hypertrophic rhinosinusitis were examined. Samples divided into 4 parts according to the
distance from the nostrils were analyzed by scanning electron microscopy and Raman microspectroscopy to detect solid particles
and characterize their morphology and composition. A novel method of quantification of the particles was designed and used to
evaluate interindividual differences in distribution of the particles.The findings were compared with patients’ employment history.
Results. In all the samples, NPs of different elemental composition were found (iron, barium, copper, titanium, etc.), predominantly
in the parts most distant from nostrils, in various depths from the surface of the mucosa and interindividual differences in their
quantity and composition were found, possibly in relation to professional exposition. Conclusions. This study has proven the
possibility of quantification of distribution of micro- and nanosized particles in tissue samples and that the NPs may deposit in
deeper layers of mucosa and their elemental composition may be related to professional exposition to the sources of NPs.

1. Introduction

Nanosized particles (NPs), having submicron size from
10 nm to several hundred nanometers, are ubiquitous in
environment [1]. They are composed of carbon (e.g., soot) or
metal oxides (iron, chrome, nickel, aluminium, copper, zinc,
titanium, etc.) and they are mostly antropogenous (fossil fuel
combustion, smoking, welding, road traffic, etc.) [2]. Due to
their very small size, they possess different properties from
the microparticles of the same material (chemical and physi-
cal reactivity and interaction with living cells and organisms)
[1].

Themain routes of entrance of the NPs into the organism,
aside from skin and digestive tract, are airways and lungs.
They penetrate tissues, redistribute in organism, accumulate
in organs, and induce pathological changes in tissues, while
their lysosomal degradation in cells is limited [1, 3]. They

induce oxidative stress in cells and, thus, changes in their
organelles and genetic information and can also enter the cell
nucleus and interact with DNA directly [1, 3–9].

So far, the studies have proven pathological effect of NPs
on living cells in vitro or in lungs anddigestive tract of rodents
in terms of induction of acute and chronic inflammatory
changes, while the same material of identical chemical com-
position but micrometer size was not found to be harmful
[4, 7, 10–12]. Other studies focused on presence, distribution,
and accumulation of NPs in different levels of airways; this
was studied on rodents, as well as on computed models. The
computed models show assumed distribution of inhaled NPs
in the tissues of airways. It is assumed that their behavior
when inhaled is different from that of the larger particles.
Ghalali’s computedmodel shows that themost of NPs deposit
in the nasal cavity on the anterior-most parts of turbinates as
well as microparticles, but the second location of the most
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abundant deposition differs; the NPs tend to deposit in
pharynx, whereas the microparticles deposit in larynx [13,
14].

Although the pathological influence of fine and ultrafine
particles including elemental metal particles on lungs is well-
known (e.g., occupational pneumoconiosis due to exposure
to rare metals) [15], only few clinical studies on nanotoxicol-
ogy and nanopathology in airways have been conducted so
far; for example, Zelenı́k et al. studied presence and elemental
compositions of nanoparticles in human palatine tonsils [16].

One of the main challenges of clinical research focusing
on nanotoxicology and nanopathology has been only a lim-
ited possibility to quantify and determine the concentration
of NPs in the examined tissues, because the principle of
their detection in tissues is vastly different from that of
larger particles [16]. Mapping of the tissues and statistical
analysis of the presence of NPs becomes difficult due to the
enormously small scale of the “nanoworld.” The main aim of
this prospective study was to design and test a novel method
of quantification of micro- and nanosized particles in tissue
samples.

Since the nasal cavity and its turbinates are the first barrier
filtering the inhaled air, it is probable that the airborne nano-
and microparticles would deposit in the mucosa of the nasal
cavity, enter its deeper layers, and play a role in chronic
inflammatory changes. Since the pathophysiological mecha-
nisms of inflammatory changes in chronic rhinosinusitis are
not yet completely clear [17], this study also aims to provide
first information on deposition, distribution, and elemental
composition of nano- andmicroparticles in the nasal mucosa
and future prospects in further research concerning their
possible role in inflammatory changes of themucosa of upper
airways.

2. Material and Methods

This prospective study was conducted from September 2013
to March 2014. It was approved by the Institutional Ethics
Committee (identifier FNO-ENT-Nanoparticles, 2 RVO-
FNOs/2013) and registered at ClincialTrials.gov (identifier
NCT02270125). The study was performed in accordance
with the Declaration of Helsinki, good clinical practice,
and applicable regulatory requirements. Informed consent
was obtained from all participants before initiation of any
procedure.

Patients aged from 19 to 74 (mean 44) with chronic hyper-
trophic rhinosinusitis nonresponsive to conservative therapy
indicated for endoscopic mucotomy were enrolled in the
study. Demographic data and occupational histories were
obtained from the patients (Table 1). The tissue samples were
processed at the Institute of Pathology and examined by
scanning electronmicroscopy (SEM) and Ramanmicrospec-
troscopy (RMS) at the Nanotechnology Center.

2.1. Biopsy and Sample Preparation. The tissue samples,
mucosa of the inferior nasal turbinates, were obtained by
endoscopic “cold-steel” mucotomy under general anesthesia.
The samples were attached to paraffin tablets by sterile

Table 1: Summary of sex, age, and occupation history of patients.

Sample Sex Age Occupation

A M 74 Retired, former
welder

B M 34 Programmer
C M 34 Locksmith/welder
D M 61 Security guard
E F 19 Student
F F 40 Industrial worker

Figure 1: Scheme of a tissue sample obtained bymucotomy; vertical
lines indicate division of the sample into four parts according to the
distance from the nostrils.

surgical needles; the orientation of the mucosa was marked
on the tablet (anterior and posterior sides) and sent to the
Institute of Pathology under sterile conditions for further
processing. The samples were immersed in 10% formalin
and vertically divided into four parts according to the
distance from the nostrils: part 1, closest to the nostrils;
parts 2 and 3, in the middle; and part 4, closest to choanae
(Figure 1). After alcohol-xylene dehydratation and automated
paraffin embedding, 2–4𝜇m thin sections were cut and
mounted on glass microscope slides, before staining with
hematoxylin/eosin for routine pathological examination.
Thin sections were also cut for further chemical analysis
(SEM and RMS) and mounted as above. These sections were
deparaffinized in xylene and alcohol and were not stained.

2.2. Analytical Methods Utilized for Detection and Charac-
terization of Particles. SEM (Quanta FEG 450, FEI) with
X-ray microanalysis APOLLO X (EDAX) and SEM Philips
XL 30 operating at 30 keV were utilized for morphology
characterization and elemental composition of the particles
found in single tissue samples. Samples were evaluated in
the BSE (back-scattered electrons) mode allowing for visual
detection of changes in elemental composition. For example,
metallic particles scattering electrons appear as light spots
compared to the tissue absorbing electrons and therefore have
a dark colour in the BSE mode. Thus, the entire area of each
section was inspected and the light spots were analyzed.

Raman spectra allowing for phase characterization of
particles in the human tissue were obtained using a Smart
Raman Microscopy System XploRA (HORIBA Jobin Yvon,
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Table 2: Elements revealed in a single sections of the nasal tissue samples by SEM-EDX elemental analysis of the visually detected spots (part
1, anterior part, closest to the the nostrils; parts 2 and 3 in the middle; and part 4, posterior part, closest to choanae).

Element
Samples

A B C D E F
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Ba x x x x x x x x x x
Cd x
Cu x x x x x x x
Cr x x x
Fe x x x x x x x x x x x x x x x x x x x x x x
Mn x x
Mo x
Ni x x x x
Pb x
Ti x x x x x x x
Zn x x x x x

Deeper layers

Surface

Figure 2: Scheme of cross sections with marked points of Raman
microanalysis within superficial and deep layers of the mucosa.

France), using the 532 nm excitation laser source, 100x
objective, and 1200 gr./mm grating in the range from 80 to
2000 cm−1. The laser beam with diameter approximately of
0.5 𝜇mallows for point phase analysis ofmicrosized particles.
Raman microspectroscopic analysis was performed in each
of the tissue sample sections obtained from single sample. To
quantify the distribution of particles, a field consisting of 9
points with similar distances from each other and covering
the entire sample area was selected in each section (Figure 2,
scheme of the cross section). The points of analysis were
selected to include the area directly below the nasal mucosa
(denoted as superficial layer, approximate thickness of 1mm)
but also areas located in deeper epithelium layers (deep
layers, over 2mm from the surface). Raman spectrum in each
selected point was obtained and interpreted.

3. Results

In this pilot study, a total of six nasal mucosa samples
obtained from six patients with chronic hypertrophic rhi-
nosinusitis were examined. In all the samples, micro- and
nanosized particles of different elemental composition were
found. Elements detected in individual tissue samples and in

Figure 3: Scanning electron microscope image of a spherical Fe
containing particle in the sample A (magnification 3,500x).

their sections according to the distance from the nostrils are
listed in Table 2. The most abundant element was iron (also
barium, copper, titanium, and zinc).

The particles detected by SEM ranged from approxi-
mately 10 𝜇m to submicron sizes and most often in form of
aggregates/agglomerates and their morphologies varied from
spherical to polygonal (Figures 3 and 4). A representative
example of a spherical particle composed of metal (Fe) was
found in the tissue of a welder (sample A) (Figure 3).

Interindividual differences in elemental composition of
particles were found (Table 2). The greatest variety of the
detected metals was observed in the tissues of the patients
occupationally exposed to welding emissions (samples A and
C). Iron in the tissue samples of the welders was present in all
sections analyzed.

The samples were analyzed in terms of distribution and
quantity of the particles byRMS.Our analysis of the geometry
of particle distribution is based on the system of 9-point
coordinates as described above. The specific compounds
detected by the analysis of 9 points in each tissue section
using RMS are listed in Table 3. The highest incidence of
the particles in all samples was found in areas further from
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Table 3: Compounds detected in various sections of the tissue samples by the Raman microspectroscopy. The particles were found in both
superficial (S) and deeper (D) layers of the tissue samples, with interindividual differences.

Compound
Samples

A B C D E F
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Anatase D D S S S S
Rutile D
Calcite D D S
Magnetite S S
Barite
Siderite D S S S
Graphite D S∗ S S D S S
Amorphous carbon D D S S D S
∗Detected twice.

Figure 4: Scanning electron microscope image of an aggregate
based on Ba detected in the sample C (magnification 20,000x).

the nostrils (parts 2–4), while lower numbers of particles were
detected in the proximal area, part 1.

Different areas according to their depth from the surface
of themucosa were also assessed by RMS (Table 3). Interindi-
vidual differences were also found: in sample A (retired
welder), there was a higher number of particles in deeper
layers of the tissue than in the superficial layer, whereas in
samples C, D, and F (C, welder/locksmith; D, security guard;
F, industrial worker), the particles were found predominantly
in the superficial layer. In samples B and E (B, programmer
and E, student), there was approximately the same number of
particles detected in the superficial and deeper layers of the
mucosa.

4. Discussion

It has been proven that inhaledNPs of various elemental com-
position cause acute and chronic inflammatory changes in
lower levels of respiratory tract and may also induce malig-
nant transformation of cells, but the role in pathologic
changes in the mucosa of the upper airways has not been

sufficiently studied yet [1, 2, 4, 10, 12, 18, 19]. So far only a few
clinical studies have been conducted; for example, Zelenı́k et
al. studied presence and elemental composition in tissues of
palatine tonsils [16]. The behavior of NPs in human tissues
and immunologic reaction of the organism is still unclear;
further understanding of the role of NPs in inflammation
induction may contribute to better understanding of the
pathophysiological mechanisms of inflammatory changes in
the nasal mucosa in chronic hypertrophic rhinosinusitis.

This pilot study was focused on detection of micro- and
nanosized particles in the nasal mucosa, their elemental
composition, distribution throughout the tissue samples,
and comparison of differences in NPs’ quantity in different
patients. We did not assess histological changes in the
mucosa, which is an objective of a subsequent ongoing study
conducted in our department. The possibility of quantifica-
tion of NPs has been only limited so far as the principle of
their detection in tissues is vastly different than in larger par-
ticles due to the enormously small scale of the “nanoworld”
[16]. In our study we present a novel method of quantification
of the nano- and microparticles in the nasal mucosa.

The greatest variety of the detected metals was observed
in the tissues of the patients occupationally exposed to
welding emissions (samples A and C), mostly iron, which
was found in all the sections of the samples. This fact is
not surprising as the welding fumes contain mostly iron and
manganese [20, 21]. Anyway, welders may be exposed to
similar airborne pollutants as the general population (road
traffic, industrial pollution, and smoking). Also, we have to
consider if using stainless steel instruments during surgery
may cause artificial contamination of the tissue samples, as
all the examined samples contained iron particles. However,
artificial contamination would cause presence of the particles
only on the surface or in the superficial-most layers ofmucosa
and cannot explain presence of the particles in the deep layers
of the samples.

The morphology of the detected particles was studied
by SEM. The particles varied from spherical to polygonal.
Spherical iron particles were found in sample A (welder).
These are often produced by high-temperature processes and
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were described as the most abundant particulate emission in
welding fumes [21] (Figure 3).

The highest incidence of the particles in all samples was
found in areas distant from the nostrils, while lower numbers
of particles were detected in the anterior-most parts of the
samples. There is no clear explanation for this finding, but
the distribution of the airflow in the nasal cavity, the state of
the mucosa, and other factors are likely determinants of the
deposition of the inhaled particles.This is in contrast with the
results of Ghalati et al. (2012), who assumed that most NPs
would deposit on the anterior-most parts of the turbinates
based on computed modeling [13]. This difference in results
could possibly be explained by deposition and redistribution
of the particles in the mucosa. Since our cohort is too small
to make any conclusions about the NPs distribution, further
research in this area is needed.

There is no clear explanation of the interindividual differ-
ences in distribution of NPs in areas of the tissue according
to their depth from the surface (Table 3). Further research in
this area with larger cohorts of patients and also thorough
histopathological examination of the tissues is needed.

Although this pilot study has shown some interesting
results, we are aware that the examined cohort is too small
to make definitive conclusions concerning the NPs composi-
tion, distribution, and interindividual differences and to give
any possible explanations of our findings. The study was not
meant to provide statistical or quantitative evidence as to the
prevalence of particles in nasal mucosa, their types, sources,
and the health hazard (if any) they may pose. Our main
objective was to design and test a novel work flow platform,
which could be used to conduct a more comprehensive
analysis.

In the future, the aim of our subsequent ongoing study
is to analyze more tissue samples including thorough his-
topathological examination and to compare the findings in
the patients with chronic rhinosinusitis with healthy mucosa
samples obtained from cadavers.

5. Conclusions

This pilot study has proven the possibility of quantification
of distribution of micro- and nanosized particles in tissue
samples, which had previously been one of the main chal-
lenges of the clinical research in nanopathology. It has also
shown that these particles may deposit in deeper layers of
nasal mucosa and that their elemental composition may be
related to professional exposition to their sources (welding
fumes). Since the cohort examined in our study is too small,
further research in this area is needed to confirmour findings.
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Many researchers who use laboratory-scale synthesis systems to manufacture nanomaterials could be easily exposed to airborne
nanomaterials during the research and development stage. This study used various real-time aerosol detectors to investigate the
presence of nanoaerosols in a laboratory used to manufacture titanium dioxide (TiO

2
). The TiO

2
nanopowders were produced via

flame synthesis and collected by a bag filter system for subsequent harvesting. Highly concentrated nanopowders were released
from the outlet of the bag filter system into the laboratory. The fractional particle collection efficiency of the bag filter system was
only 20% at particle diameter of 100 nm,which ismuch lower than the performance of a high-efficiency particulate air (HEPA) filter.
Furthermore, the laboratory hood systemwas inadequate to fully exhaust the air discharged from the bag filter system. Unbalanced
air flow rates between bag filter and laboratory hood systems could result in high exposure to nanopowder in laboratory settings.
Finally, we simulated behavior of nanopowders released in the laboratory using computational fluid dynamics (CFD).

1. Introduction

It is estimated that millions of new workers and researchers
will be exposed to engineered nanomaterials (ENMs) in
occupational environments [1]. Various nanoaerosol sources
in ENM manufacturing workplaces show complex relations
to ENM exposure assessment. While identifying the sources,
it becomes necessary to distinguish between ENMs and
incidental nanoaerosols [2].

Many recent studies have investigated ENM expo-
sure. Airborne multiwalled carbon nanotubes (MWCNTs)
released within a research facility weremeasured via personal
and area air sampling andby real-time aerosolmonitoring [3–
7]. Lee et al. [8]monitored potential exposure to nanoaerosols

at workplaces where titanium dioxide (TiO
2
) and silver (Ag)

nanoparticles were manufactured. A series of studies [9–
12] attempted to differentiate task- or process-related ENMs
from background or incidental nanoaerosols in workplaces.

However, a more urgent problem exists at the research
and development stage in laboratories. Many researchers
or students who manufacture ENMs using laboratory-scale
synthesis systems could be easily exposed to airborne ENMs.
Current knowledge indicates that a well-designed exhaust
hood system with a high-efficiency particulate air (HEPA)
filter can effectively remove ENMs. However, malfunction
or failure of this system is not easily detected by regular
activity, since ENMs may not be visible with the naked
eye even when released at high concentrations. This occurs
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particularly when an automated ENM harvesting system is
nonoperational or the design specification has low collection
efficiency of ENMs.

The present study used various real-time aerosol detec-
tors to investigate airborne nanopowders in a laboratory
manufacturing TiO

2
. The TiO

2
nanopowders were produced

through a flame synthesis process and collected by a bag
filter system for harvesting. We found high possibility of
nanopowder exposure in the laboratory environment, due
to low particle collection efficiency of the bag filter system.
Unbalanced air flow rates were found between the nanopow-
der harvesting system and the laboratory canopy hood sys-
tem. Finally, we simulated behavior of nanopowders released
in the laboratory using computational fluid dynamics (CFD).

2. Materials and Methods

2.1. Nanopowder Laboratory. The TiO
2
manufacturing labo-

ratory consisted of a TiO
2
manufacturing room (3.4 × 9.4m)

and a preparation room (6.85 × 9.4m). The diameter of the
exhaust duct from the canopy hood was 200mm and flow
rate of exhaust air was ∼20m3/min. As shown in Figure 1,
measurements were carried out at two monitoring positions
on September 9-10, 2013. The main position A was near
the flame synthesis system; simultaneous monitoring was
conducted at subposition B, located near the entrance door of
the laboratory, which was connected to a corridor. Compar-
ing the data obtained at the main and subpositions showed
whether nanopowders originated from the TiO

2
manufac-

turing process. The building had a central air-conditioning
system. However, the laboratory had no diffusers for supply
air and had only local exhaust hoods connected to the roof
fan for exhausting contaminated laboratory air.Therefore, the
laboratory air wasmoved naturally or followed hood-induced
air streams.

Flame synthesis was carried out in an open chamber. The
precursor vapors, titanium (IV) isopropoxide (TTIP), and
flammable gases such as CH

4
were burnt together in a com-

bustion reactor at∼1,200∘C.ThedetailedTiO
2
manufacturing

procedure was reported by Park et al. [13]. The synthesized
TiO
2
nanopowders were automatically collected by a bag fil-

ter system, fromwhichTiO
2
nanopowderswere subsequently

harvested. The bag filter system had six cartridges made of
polyester and an air-pulse was applied regularly to remove
TiO
2
nanopowders collected on the filters. The filtration area

was 11.25m2 and filtration velocity was ∼3.2 cm/s.

2.2. Experimental. Table 1 lists the real-time aerosol detectors
used in this study. A scanning mobility particle sizer (SMPS,
Nanoscan, model 3910, TSI, USA) was used to determine
particle size distribution within the range 10–420 nm. The
device measures particle size distribution for a total scan
time of 60 s (45 s scan time, 15 s retrace). An optical par-
ticle counter (OPC, portable aerosol spectrometer, model
1.109, Grimm, Germany) was used to monitor particle size
distribution within the range 0.25–32 𝜇m for every 60 s. In
addition, surface area concentrations of particles deposited
in the alveolar regions of the lung were measured using a
nanoparticle aerosol monitor (NAM, model AeroTrak 9000,

TSI, USA) with PM
1
cyclone for every 60 s. The air was

sampled at flow rates of 0.75, 1.2, and 2.5 L/min for SMPS,
OPC, and NAM, respectively.

We measured nanopowders at two monitoring positions
(main and subpositions) to differentiate task- or process-
related nanopowder exposures from the background or
incidental nanoaerosols. Three aerosol detectors were set at
the main position and two (OPC and NAM) were set at
the subposition. A portable aerosol sensor (Discmini, Matter
Aerosol, Switzerland) was used to check the instant episode
and spatial particle distribution at locations A to 1 in the
laboratory. We moved the instrument between locations so
that these measurements were not only spatially segregated
but also temporally separated. For episodes of increasing con-
centration, the portable aerosol detector was very helpful in
identifying the source locations.Themorphology of airborne
nanopowders was observed by scanning electronmicroscopy
(SEM, model NOVA 600, FEI with an accelerating voltage
of 30 kV). Membrane filter (Isopore membrane filter, pore
size of 100 nm) sets were used in air sampling for the SEM
analysis, using a personal sampling pump (model GilAir Plus,
Sensidyne, LP, USA) at 0.5 L/min.

3. Results and Discussion

3.1. Task-Based Exposure Characteristics in the TiO2 Labo-
ratory. Figure 2 shows variations in particle concentrations
measured using two real-time aerosol detectors, including
the flame synthesis process of tasks 1 and 2. Surface area
and mass concentrations of particles showed rapid increase
at main position A during TiO

2
synthesis. In contrast,

particle concentrations at subposition B were unchanged.
Since synthesized or agglomeratedTiO

2
powdersweremostly

< 100 nm, as shown in Figure 3, surface area concentration
monitored by NAM was more sensitive than PM

10
mass

concentration measured by OPC.
Figure 3 shows the particle size distributions measured

using an SMPS. Before and after the synthesis process, the
geometric mean particle diameter was approximately 100 nm
and the total number concentration was approximately
10,000 particles/cm3. However, during the synthesis process,
the high number concentration at main position A prevented
correct measurement of the particle size distribution. This
suggests that the particle number concentration in the lab-
oratory exceeded 106 particles/cm3, which is the upper limit
of the Nanoscan device. For qualitative information, snap
shots of particle size distribution during the synthesis are
plotted in Figure 3. At 14:30–14:40, bimodal size distribution
indicates that fresh synthesizedTiO

2
nanopowders of∼20 nm

and agglomerated TiO
2
nanopowders of 50–200 nm were

released. One hour later, the particle concentration decreased
overall and a broad size band appeared.

Figure 4(a) shows the number concentration and geomet-
ric mean diameter of particles, measured using a Discmini,
during the second synthesis task (task 2) at the ten locations
shown in Figure 1.The geometricmean diameter was approx-
imately 40 nm at the synthesis area, and these manufactured
TiO
2
nanopowders were released to the interior of the labo-

ratory. This means that most of the airborne nanopowders in
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Table 1: Aerosol detectors used in this study.

Specifications of instrument Main set Subset Portable aerosol
detector

Particle size
distribution

10–420 nm SMPS (Nanoscan, TSI 3910)
<106 particles/cm3

0.25–32 𝜇m OPC (portable aerosol
spectrometer, Grimm 1.109)

OPC (portable aerosol
spectrometer, Grimm 1.109)

<2 × 106 particles/L

Particle number
concentration

10–700 nm
Discmini
(Matter Aerosol)<106 particles/cm3 @20 nm

<5 × 105 particles/cm3 @100 nm
Lung-deposited
surface area

10–1,000 nm NAM
(TSI AeroTrak 9000)

NAM
(TSI AeroTrak 9000)

<104 𝜇m2/cm3 for A mode

SEM Filter sampler
(pore size 100 nm)

Time of day (hr)
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Figure 2: Concentration changes in particle mass from OPC and
surface area from NAM during two TiO

2
synthesis processes.

the synthesis room originated from leakage of the bag filter
system during TiO

2
synthesis. The mean particle diameter

was similar to that of TiO
2
produced by flame synthesis,

which was mostly smaller than 50 nm [13]. On the other
hand, indoor air in the preparation room showed relatively
low particle concentration regardless of the distance from
the source location. Here, the particle number concentration
and the geometric mean diameter were approximately 10,000
particles/cm3 and 60–70 nm, respectively. These data are
very similar to those of Figure 3 for the synthesis room
prior to the synthesis task. A closed door separated the
preparation room from the manufacturing room, with the
result that particle number concentration was much higher
in the manufacturing room, as shown in Figure 4(b).

Table 2 compares particle concentrations measured at
positions A and B using three real-time aerosol detectors.
During the task, the total number concentration of parti-
cles smaller than 700 nm, measured by a Discmini, near
the synthesis system was 200 times higher than that in
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Figure 3: Particle size distributions in the laboratory before, during,
and after TiO

2
synthesis.

the preparation room. However, the number concentration
of particles larger than 250 nm, measured by an OPC, near
the synthesis systemwas only 1.98 times higher, implying that
most nanopowders were smaller than 250 nm.

3.2. Evaluation of Bag Filter Performance for Harvesting TiO2
Nanopowder. During the synthesis process, we could not
evaluate the fractional particle collection efficiency of the
bag filter system, due to the high number concentration and
high temperature at the inlet of the collection equipment. As
shown in Figure 1(b), we measured particle size distribution
at both the inlet and outlet of the bag filter system. The per-
formance was evaluated by comparison with indoor aerosol
concentrations in conditions without synthesis process. The
particle size distribution of indoor aerosols was similar to
that shown in Figure 3. The fractional particle collection
efficiency, 𝜂

𝑓
, was calculated by

𝜂
𝑓
= 1 −

𝐶out
𝐶in
, (1)
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Figure 4: Particle size characteristics, measured by aDiscmini, during the synthesis process: (a) particle number concentration and geometric
mean diameter, and (b) particle number concentration with distance from the main position A.

Table 2: Particle concentrations measured during TiO2 synthesis.

Main set (𝐴) Subset (𝐵) Ratio (𝐴/𝐵)
Background

OPC (particles/cm3) 717.3 ± 14.0 828.5 ± 15.2 0.87
OPC (𝜇g/m3) 49.6 ± 1.1 57.6 ± 1.1 0.86
NAM (𝜇m2/cm3) 50.1 ± 2.4 53.4 ± 2.0 0.94
Discmini (particles/cm3) — — —

Flame synthesis task
OPC (particles/cm3) 1,332.6 ± 188.1 918.2 ± 13.9 1.50
OPC (𝜇g/m3) 116.4 ± 18.4 77.3 ± 5.2 1.45
NAM (𝜇m2/cm3) 3,930.2 ± 243.2 72.3 ± 5.0 54.3
Discmini (particles/cm3) 2 × 106 104 200

where𝐶in is the number concentration at the system inlet and
𝐶out is that at the system outlet. We measured inlet aerosols
at 𝑍 for 𝐶in. The aerosols at a position 20 cm inside flexible
duct outlet of the systemwere measured, using a Nanoscan at
𝑋 for 𝐶out.

Ten measurements were made sequentially at both the
inlet and outlet using SMPS and OPC. Figure 5 shows the
fractional particle collection efficiency of the TiO

2
col-

lection equipment. Particle collection efficiency at 100 nm
was approximately 20%, meaning that much of the TiO

2

nanopowder generated by the flame synthesis was not col-
lected in the bag filter equipment. For particles larger than
200 nm, the fractional particle collection efficiency of the bag
filter system appears to be negative. This finding might be a
result of the reentrainment of aggregate particles composed
of mainly TiO

2
nanopowders. Due to the low collection

efficiency of the bag filter system, TiO
2
nanopowders exiting

the systemwere partially deposited on the inner surface of the
flexible duct. Subsequently, aggregate particles between 1 and

10 𝜇m were detached from the duct surface and blown into
the indoor air during operation of the bag filter system.

Figures 6(a) to 6(d) show the particle size distributions
measured at main position (A) using the OPC during the two
synthesis processes in order to analyze reentrainment of TiO

2

aggregates. As shown in Figures 6(a) and 6(c), significant
increase in the number concentration of particles smaller
than 0.5 𝜇m was observed for the periods including tasks 1
and 2, respectively. Figures 6(b) and 6(d) show mass-based
particle size distribution converted from the data of Figures
6(a) and 6(c), respectively. Here, the mass size distribution
was obtained by means of Control Grimm-spectrometer
software (v2.5.4). Significant increase in mass concentration
of particles between 1 and 30 𝜇m is also seen, providing
evidence of reentrainment from the inner surface of the outlet
duct in the bag filter system. Due to the low performance
of the bag filter system, penetrated TiO

2
nanopowders were

deposited on the inner surface of the outlet duct during
the synthesis process. This phenomenon was confirmed by
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Figure 5: Fractional particle collection efficiency of the bag filter system.

visual inspection. These deposited aggregated TiO
2
powders

might subsequently be reentrained from the outlet duct of the
collection system when the system is turned on.

3.3. Effect of Unbalanced Air Flow Rates between Nanopowder
Harvesting System and Local Hood System. Wemeasured the
air flow rate of the bag filter system used for nanopowder
harvesting and that of the local hood system described in
Figure 1. Air velocity was measured using a multichannel
anemomaster (model 1560, Kanomax, Japan) with an omni-
directional probe (model 0964-01/02).The air flow rates were
estimated from the three-point velocity data measured at
the cross sections of each duct inlet. The air flow rate of
the bag filter system was approximately 30m3/min, com-
pared with only 19.2m3/min for the hood system. The TiO

2

nanopowders that penetrated through the bag filter system
were not fully removed by the local hood system; instead,
large amounts of TiO

2
nanopowders were transferred and

diffused into the interior of the laboratory, as shown in
Figure 2.

3.4. Numerical Simulation for Nanopowder Release in the
Laboratory. In order to check whether or not aerosols could
be effectively exhausted through the canopy hood, aerosol
flow near the canopy hood was simulated using FLUENT
commercial computational fluid dynamics (CFD) software.
Figure 7 shows the calculation domain. Aerosol was released
from a duct pipewith 90-degree elbow, into the space beneath
the canopy hood.The duct pipe and canopy hoodwere placed
very close to a side wall of the laboratory room. The inner
diameter of the duct pipewas 300mm, and that of the exhaust
duct was 200mm. In reference to the real situation, the
centerline of the upright part of the duct pipe was 200mm
off-center to that of the canopy hood. The flow rate of
aerosol released from the duct pipe was 30m3/min, whereas
that drawn into the canopy hood was 19.2m3/min. Ambient

temperature and pressure were set at 293K and 101.3 kPa,
respectively. The flow was assumed to be three-dimensional,
steady, incompressible, and turbulent. The standard k-𝜀
turbulence model was employed. The boundary conditions
were the velocity inlet condition at the aerosol inlet of the
duct pipe, the velocity outlet condition at the exhaust of
the canopy hood, and the no-slip condition on the walls of
the duct pipe, canopy hood, ceiling, and floor. The no-slip
conditionwas also applied to the laboratory side wall near the
canopy hood (dark-gray-colored wall in Figure 7), whereas
the symmetry condition was imposed on the other side walls
of the laboratory. The convergence criterion for iteratively
solving the continuity, momentum, and energy equations
was set at 10−6. The coupled set of governing equations was
iteratively solved by using the finite volume method with
SIMPLE algorithm. From the result of the grid dependence
test, the number of grids was determined as approximately 7.8
million. After the flow field was obtained, particle trajectories
were calculated using the discrete phase models (DPM),
based on a Lagrangian reference frame. Particle sizes were
selected as 20 nm, 100 nm, and 5 𝜇m. The forces considered
to act on the particles were the gravitational force, Brownian
force, and Stokes drag force with slip correction.

The fraction of particles exhausted through the canopy
hood, the fraction entrained in the room air, and the fraction
deposited in the duct pipe are almost same for the three
particle sizes. As an example, the results for 5 𝜇mparticle size
are discussed. Figure 8 shows the predicted trajectories of 5
𝜇m particles. After exiting the duct pipe, most of the aerosol
particles were exhausted through the canopy hood. Some
of the particles, however, were introduced to the laboratory
room. Looking at the simulation results for the tested particle
sizes, only 52% of aerosol particles injected from the duct
pipe inlet were estimated to be exhausted through the canopy
hood, and about 19% were predicted to be entrained in
the air of the laboratory. This was mainly because the flow
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Figure 6: Analysis of particle size distributionmeasured using the OPC: comparison of number-based particle size distribution (a and c) and
mass-based particle size distribution (b and d). Panels (a) and (b) refer to the period including task 1, and (c) and (d) to the period including
task 2.
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Figure 7: Schematic of calculation domain.

rate through the canopy hood (19.2m3/min) was less than
that through the duct pipe (30m3/min). Therefore, it is of
great importance to ensure sufficient suction flow rate of
a canopy hood. Meanwhile, approximately 29% of aerosol

Figure 8: Predicted trajectories of particles injected from the duct
pipe inlet.

particles injected from the duct pipe inlet were estimated to
be deposited on the inner wall of the duct pipe and the surface
of the canopy hood. Particles could be lost in a duct pipe, due
to turbulent deposition, sedimentation, inertial deposition,
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Figure 9: SEM images of powders sampled in the TiO
2
manufacturing laboratory.

diffusion, and so forth. In addition, particle loss could be
exacerbated in an elbow junction, due to the development
of the secondary flow. Additionally, some of the particles
exiting the outlet of the duct pipe were estimated to be
deposited on the canopy hood. Because piling of particles on
a surface in high airflowmay result in the problem of particle
reentrainment, the duct pipe and canopy hood need to be
cleaned or replaced periodically.

3.5. Source Analysis from SEM Images. Figure 9 shows SEM
images of nanopowders sampled from laboratory air via
the Isopore filters (pore size 100 nm). Most particles were
spherical TiO

2
[13]. The diameters of the primary particles

ranged from 20 to 150 nm. From Figure 4(a), the geometric
mean diameter in the laboratory was approximately 40 nm
with polydisperse size distribution. From the SEM image,
it was also possible to estimate that many particles were
suspended in the air as a form of aggregate, partially by
coagulation in the flame zone during the synthesis process
and also by reentrainment of aggregate dusts detached from
the outlet of the flexible wall-duct.

4. Conclusions

In this study, we investigated nanopowder exposure in a
laboratory that uses flame synthesis tomanufactureTiO

2
.The

TiO
2
nanopowders were collected by a bag filter system for

subsequent harvesting. During the manufacturing process,
we found high concentrations of nanopowders within the
laboratory as a result of low collection efficiency of the bag
filter, exacerbated by the lower flow rate of the receiving
extraction hood. This was confirmed by CFD simulation,
which predicted that large amounts of nanopowderswould be
released from the bag filter system and be recirculated within
the laboratory.

It is noted that the type of equipment used for harvesting
nanomaterials is very important in avoiding nanomaterial
exposure in manufacturing facilities or workplaces. The
performance of harvesting equipment should exceed HEPA
grade. In addition, the local hood system should be of appro-
priate specification and sufficient capacity to fully exhaust the
air flow discharged from the harvesting equipment.
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Nanomaterials, including metal-based nanoparticles, are used for various biological and medical applications. However, metals
affect immune functions in many animal species including humans. Different physical and chemical properties induce different
cellular responses, such as cellular uptake and intracellular biodistribution, leading to the different immune responses. The goals
of this review are to summarize and discuss the innate and adaptive immune responses triggered by metal-based nanoparticles in
a variety of immune system models.

1. Introduction

Nanotechnology is one of the most exciting industrial
innovations of the 21st century. Nanomaterials are used
in various industrial applications and products, including
sporting goods, tires, sunscreens, cosmetics, electronics, and
fuel additives as well for a variety of medical purposes such
as diagnostic imaging and drug delivery. Many nanoma-
terials are metal-based nanoparticles, such as nanosilver,
nanometallic oxides (zinc oxide, titaniumdioxide, iron oxide,
and quantum dots), and are applied for many uses [1]. For
example, zinc oxide (ZnO) and titanium dioxide (TiO

2
)

are used in sunscreens and cosmetic products [2, 3], and
nanosilver is used in detergents, antibacterial agents, paints,
printer inks, and textiles [4–9].

Nanoparticles frequently have remarkably different
physicochemical properties than their conventional bulk
materials. These properties can be a “double-edged sword,”
providing positive advantages for usefulness and negative
impacts on health upon exposure. Toxicity due to some
metal-based nanoparticles such as silver, gold, and copper
increased with decreasing nanoparticle size [10]. Other
physicochemical properties such as elemental composition,

charge, shape, crystallinity, surface area, solubility, and
surface derivatives also influence the toxic potential of the
compounds [11–15]. Therefore, metal-based nanoparticle
should not be considered a homogeneous population with
simple toxic attributes because they act independently to
mediate diverse biological reactions.

Many investigators have explored the properties and
toxicities of various metal-based nanoparticles.The toxicities
of various metal-based nanoparticles, both in vitro and in
vivo, were recently reviewed and summarized by Schrand et
al. (Table 1) [10].

The engineering of nanoparticles for application in the
immune system is now an exciting, emerging field. Although
certain nanomaterials are immunotoxic or immunomod-
ulatory, a concise overview of the interactions between
nanoparticles and the immune system would be valuable and
indispensable to students and researchers alike. The focus
of this review is to outline the interactions of innate and
adaptive immune systems with metal-based nanoparticles
(Figure 1). We discuss the role of toll-like receptors inter-
action with nanoparticles and their potential implications.
Different effects of nanoparticles on innate immune cells
(macrophages, dendritic cells, neutrophils, mast cells, and
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Figure 1: Metal-based nanoparticles interaction with immune system.

natural killer cell) and adaptive immune cells (T cells and
B cells) are reviewed. This information will enhance the
understanding for immunological effects of nanomaterials
and help to develop safe metal-based nanoproducts.

2. Nanoparticles and Immune System

The immune system can defend against foreign antigens,
which has been divided into two general types of immunity:
innate immunity and adaptive immunity. Innate immunity is
the nonspecific and first line of the body’s defense system,
which relies on pattern recognition receptors (PRPs) to
recognize broad and conserved molecular patterns found on
pathogens (pathogen-associatedmolecular patterns, PAMPs)
[16]. Therefore, the innate immune system plays an essential
role in the early recognition and subsequent proinflammatory
response. The adaptive immune system is antigen specific
and reacts only with the organism that induced the response.
Innate and adaptive immunity can be thought of as two
equally important aspects of the immune system.

Most nanoparticles are recognized as foreign materials
and eliminated by the immune system. However, in the
immune system, if the foreign materials are not recognized
as a threat, they are ignored or tolerated. Undesirable
overwhelming activation of immune responses may lead
to harmful consequences. Therefore, the response of the
immune system to the nanoparticles must be considered
when developing a nanomaterial for in vivo application. For

example, avoiding immune system detection is crucial if a
nanomaterial is to be used for gene or drug delivery [17].
In contrast with avoiding immune system of nanoparticle
drug delivery, nanoparticles also can play importing role in
vaccine immunization via antigen delivery and adjuvanticity.
Another viewpoint is that nanoparticles targeting immune
cell (e.g., macrophages or dendritic cells) can manipulate or
control immunological diseases such as infectious disease
or tumor therapy. For example, nanomaterial might be
designed to modify effective immune responses of tumor
microenvironment via accompanied with anti-inflammatory
drug or specific cytokines.

Three immune related consequences must be considered
when a nanomaterial is engineered for application in vivo.
The first is immune-mediated destruction or rejection, which
could initiate a defensive immune reaction resulting in the
elimination of the nanomaterials. Second is immunotoxi-
city, which could damage the immune system and cause
pathological changes. The third is immunocompatibility,
which does not interfere with the immune response [18].
Nanoparticle properties such as size, charge, hydrophobic-
ity, hydrophilicity, and the steric effects of nanoparticle
coatings direct nanoparticle compatibility with the immune
system [17, 19, 20]. For example, nanoparticles that are
designed by encapsulated PEG or other types of polymers
provide a hydrophilic environment and shield them from
immune recognition [21]. However, some reports showed
that the immune system can produce PEG-specific antibodies
after administration of PEG-coated liposomes [22, 23]. The
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researches focus on how and whether nanoparticles triggered
antibodies production is limited and we need further studies
to answer these inconclusive questions.

2.1. Nanoparticles and Innate Immunity. Innate immune sys-
tem consists of different cells and proteins that are nonspecific
and first line of defense system. The main components of the
innate immune system are including physical epithelial barri-
ers, phagocytic cells (monocyte/macrophages, dendritic cells,
and polymorphonuclear leukocytes), phagocytic leukocytes,
basophils, mast cells, eosinophils, natural killer (NK) cell, and
circulating plasma proteins.

In recent decades, many studies have rapid progress in
toll-like receptor of innate system, which induce expression
genes of involved inflammation. Moreover, toll-like receptors
activate both innate and adaptive immune system and play
an important role in antiviral and anti-immunity [24]. In this
review, we will first discuss the toll-like receptor signaling
mechanisms triggered bymetal-based nanoparticles and then
describe the effects of nanoparticles on other innate immune
cells.

2.2. The Role of Toll-Like Receptor Signaling in Innate Immune
System. The innate immune system, also known as non-
specific immune system and first line of defense, relies
on recognition of PAMPs through a limited number of
germ line-encoded pattern recognition receptors, belonging
to the family of toll-like receptors (TLRs) [25]. The Toll
gene was originally discovered in Drosophila, responsible
for dorsoventricular polarization during embryonic develop-
ment and antifungal and antibacterial properties of the adult
fly [26]. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are
present on the cell surface whereas TLR3, TLR7, TLR8, TLR9,
TLR12, and TLR13 are localized into intracellular vesicles
such as endosomes, lysosomes, and ER. TLR1/TLR2 sense
bacterial tri-acylated lipopeptides. TLR2/TLR6 recognize di-
acetylated lipopeptides and bacterial lipoteichoic acid or
peptidoglycans and mycobacterial cell wall components.
TLR3 binds to viral double stranded RNA; while TLR4
responds to LPS, TLR5 senses flagellin. TLR7 and TLR8
respond to the single strandedRNA fromviruses, while TLR9
binds to DNA-containing unmethylated CpG motifs which
are commonly found in bacterial DNA. TLR12 recognizes
profilin, while TLR13 senses bacterial 23S ribosomal RNA
(rRNA) [16]. The activations of TLR signalings can not only
induce cytokines production but also increase macrophages
phagocytosis and natural killer (NK) cells cytolytic activity.
Most importantly, TLR signaling activations also can enhance
antigen presentation via upregulating the expression of
major histocompatibility complex (MHC) and costimulatory
molecules (CD80 and CD86) on dendritic cells leading to
adaptive immunity activations. Thus, the TLR agonists were
believed as powerful vaccine adjuvants, allergy, infection,
and antitumor therapeutics in preclinical studies [24]. The
TLR antagonists also have therapeutic values in clinical trial
to treat septic shock and autoimmune [27]. For example,
TLR agonists or nanoparticles that enhanced TLR signaling
pathways would be powerful adjuvants [28, 29]. In contrast,

TLR antagonists or inhibitors that reduced the inflammatory
response would have beneficial therapeutic effects in autoim-
mune diseases and sepsis [30]. These potential applications
may open up innovative directions for the design of nanopar-
ticle conjugates to meet different requirements.

2.3. Effects of Nanoparticles on TLR Signaling of Innate Immu-
nity. TLRs are classified as type I transmembrane receptors
containing an N-terminal leucine-rich repeat domain (trans-
membrane region) and a C-terminal cytoplasmic domain.
Upon recognition of a PAMP, TLRs recruit a specific set
of adaptor molecules that contain the TIR domain, such as
MyD88 and TRIF, and initiate downstream signaling events
that lead to the secretion of inflammatory cytokines, type
I IFN, and chemokines [31]. The TLR signaling cascade
results in the activation of transcription factors, nuclear
factor 𝜅 light chain enhancer of activated B cells (NF-𝜅B),
interferon-regulatory factors (IRFs), and mitogen-activated
protein kinase; these factors affect the transcription of genes
involved in inflammatory and immune responses [32, 33].

Schmidt et al. first reported that Ni2+ as an inorganic
activator was acting directly through TLR binding to trigger
inflammation responses [34]. This interesting finding also
makes us think of whether the other chemicals components
such as metal-based nanoparticles were also involved in
TLR signaling inflammation. Recently, several studies have
demonstrated the effects of nanoparticles on innate immunity
via TLR signaling pathways [35]. Several nanoparticles (e.g.,
TiO
2
, ZnO, zirconium dioxide (ZrO

2
), and silver) modulated

immune responses via TLRs. TiO
2
and ZrO

2
nanoparti-

cles increased TLR7 and TLR10 mRNA levels in human
macrophage U-937 cells and TLR2 and TLR4 mRNA levels
in the mouse liver cells [36, 37]. N-(2-Mercaptopropionyl)
glycine (tiopronin) capped-silver nanoparticles enhanced the
TLR3 ligand and TLR9 ligand-induced IL-6 secretion in
mouse macrophage Raw264.7 cells [38]. ZnO nanoparticles
induced MyD88-dependent proinflammatory cytokines via
a TLR signal pathway [39]. Quantum dot 705 activated
MyD88-dependent TLRs at the surface or inside of cells,
which is a fundamental mechanism for nanoparticle-induced
inflammatory responses [40]. TLRs may have important
roles not only for different NPs uptake but also for their
cellular response [41]. Moreover, the mechanisms of interac-
tion between NPs and TLR are still unclear. There are two
possibilities to explain how NPs interact with TLRs. One is
that the smaller NPs may just like LPS have cooperated with
some small molecules such as the LPS binding protein and
then the complex activates further TLRs signaling pathways.
The other is that the larger size of NPs may directly associate
with TLRs [41]. However, these hypotheses needmore studies
to confirm.

Proinflammatory cytokines can be induced by TLR sig-
naling pathways. Many cytokines, such as interleukin- (IL-)
1, IL-6, and tumor necrosis factor- (TNF-) 𝛼, can activate
inflammatory cells, increase vascular permeability, and cause
swelling and redness during acute inflammatory responses
[42]. IL-1 and IL-6 are important mediators of fever [43].
TNF-𝛼 activates endothelial cells leading to hypotension.
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IL-8 is a chemokine that activates neutrophils or other
granulocytes and recruits them to the site of inflammation
[44]. Interferon- (IFN-) 𝛾 plays an important role in the
inflammatory process, recruiting macrophages to the site
where antigen is present [42]. Many studies have reported
that NPs can trigger cytokines production which associated
with inflammatory responses. The levels of proinflamma-
tory cytokines are measured as biomarkers of nanoparticle
immunomodulatory effects and immune-mediated toxicity
[42]. TiO

2
nanoparticles, nanodiamond, and nanoplatinum

also are reported to trigger proinflammatory cytokine pro-
duction, dendritic cell maturation, and näıve T cell activation
and proliferation [45, 46]. Hanley et al. also reported that
ZnO nanoparticles increased the expression of IFN-𝛾, TNF-
𝛼, and IL-12 in primary human immune cells [47]. Gold
nanoparticles (10 nm and 50 nm in size) induced IL-1𝛽, IL-6,
and TNF-𝛼 in rat liver cells after 1 day of acute treatment and
then subsided by day 5 of subchronic treatment. The 50 nm
gold nanoparticles produced more severe inflammation than
the 10 nm gold nanoparticles [48]. However, limited studies
demonstrated whether or which TLR is involved in the NPs
induced proinflammatory cytokines production.

Another interesting field is inflammasomes which are
multiprotein complexes leading to caspase-1 activation, fur-
ther causing pro-IL-1𝛽 and pro-IL-18 maturations and secre-
tions. The IL-1𝛽 synthesis and secretion are tightly regulated
byTLR signaling and inflammasome activation. A first signal,
such as toll-like receptor activation, triggers synthesis of pro-
IL-1𝛽 by transcriptional induction,whereas a second stimulus
leads to inflammasome oligomerization, caspase-1 autoac-
tivation, and caspase-1-dependent cleavage and release of
the biologically active, mature IL-1𝛽 [49]. The second signal
can be triggered by an ever-expanding group of chemically
and biologically unrelated danger-associated molecular pat-
terns (DAMPs) or pathogen-associated molecular patterns
(PAMPs) [50]. The study of nanoparticles that induce IL-
1𝛽 via inflammasome signaling pathways mechanism is an
emerging theme [51, 52].

Some engineered nanoparticles can also activate inflam-
masome signaling pathways [49, 53, 54]. Among var-
ious inflammasomes, nucleotide-binding oligomerization
domain- (NOD-) like receptor protein 3 (NLRP3) activation
is linked to exposure to various nanoparticles [54, 55].
TiO
2
and SiO

2
nanoparticles activate the NLRP3 inflam-

masome and IL-1𝛽 release in LPS-primed murine bone
marrow-derived macrophages and human macrophage cell
lines THP-1 [49, 56]. Peeters et al. [55] recently reported
that crystalline silica (SiO

2
) activated NLRP3 inflamma-

somes in human lung epithelial cells BEAS-2B and pri-
mary human bronchial epithelial cells, which prolonged
the inflammatory signal and affected fibroblast proliferation.
Silver nanoparticles induced inflammasome formation and
triggered IL-1𝛽 release and subsequent caspase-1 activation
[53]. Inflammasome-activation-associated IL-1𝛽 production
by dendritic cells in response to particle treatment was
size-dependent and maximal at particle diameters between
400 and 1000 nm [57]. Yazdi et al. reported that nano-
TiO
2
and nano-SiO

2
, but not nano-ZnO, activate the NLRP3

inflammasome, leading to IL-1𝛽 release, and in addition

induce the regulated release of IL-1𝛼. Unlike other particu-
late NLRP3 agonists, nano-TiO

2
-dependent NLRP3 activity

does not require cytoskeleton-dependent phagocytosis and
induces IL-1𝛼/𝛽 secretions in nonphagocytic keratinocytes.
However, the exact mechanism of nano-TiO

2
uptake remains

elusive, as blocking lipid raft-mediated, caveolin-dependent,
or clathrin-dependent endocytosis did not efficiently block
IL-1𝛽 secretion [49]. The more knowledge we have of
cytokine profiles induced by nanoparticles, the better we can
utilize the cytokines as biomarkers of immunomodulatory
properties of nanoparticles. Moreover, it is also necessary
to clarify whether these proinflammatory cytokines were
induced by nanoparticle physiochemical properties or by
bacterial endotoxin contaminants.

2.4. Effects of Nanoparticles on Innate Immune Cells. The
innate leukocytes includemast cells, neutrophils, eosinophils,
basophils, natural killer (NK) cells, gamma/delta T cells, and
the phagocytic cells including macrophages and dendritic
cells. We summarized several studies which reported the
effects of metal-based nanoparticles on phagocytic cells,
neutrophils, mast cell, and NK cells. There are still many
challenges to investigate the effects and potential applica-
tions of nanoparticles to other innate immune cells such as
eosinophils, basophils, and gamma/delta T cells.

2.4.1. Phagocytic Cells (Macrophages, Dendritic Cells).
Macrophages and dendritic cells play many key roles in host
defense system. They can remove dead cells and pathogens
by phagocytosis. They also can shape the inflammatory
response by secreting cytokines through TLR signaling
pathway and modulate adaptive immunity by presenting
antigens to lymphocytes [58]. In general, macrophages and
dendritic cells readily uptake nanoparticles. Therefore, many
metal-based nanoparticles (e.g., magnetic nanoparticles
and nanoparticles-based PET agents) were commonly
used for visualizing of macrophages in human diseases
including cancer, atherosclerosis, myocardial infarction,
aortic aneurysm, and diabetes [58]. In addition to image
applications, targeting tumor-associated macrophages or
dendritic cells via nanoparticles for drug, antigen delivery, or
vaccine is also a promising tumor therapeutic application. For
example, Lin et al. reported that gold nanoparticle delivery
of modified CpG can stimulate macrophages and inhibits
tumor growth for immunotherapy [59]. Ahn et al. recently
demonstrated that gold nanoparticles enable efficient tumor-
associated self-antigen delivery to dendritic cells and then
activate the cells to facilitate cross-presentation, inducing
antigen-specific cytotoxic T cell responses for effective cancer
therapy [60].

2.4.2. Neutrophils. During acute inflammation, polymor-
phonuclear neutrophil cells (PMNs) are the first type
of leukocytes to migrate to an inflammatory site and
then produce several proinflammatory mediators including
chemokines, which further attract other PMNs and other
cell types like monocytes-macrophages and lymphocytes,
corresponding to chronic inflammation. Gold nanoparticles
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were found trapped by neutrophils in their extracellular
traps (NETs), being composed mainly of DNA and a variety
of antibacterial proteins [61]. The cell-gold networks were
visible after as early as 15min of treatment of neutrophils
with the gold nanoparticles. NETs may contribute to alerting
the immune system of a danger signal by activating DNA
receptors such as TLR9. This activation might turn out to
help in the recruitment of immune cells tomount an acquired
immune response or to resolve the inflammation. NETs can
either fight inflammatory disease or cause disease depending
on the place, time, and dose [62]. However, NETs triggered
by nanoparticles need further investigation to figure out
their physiological roles. Wang et al. found that delivery of
drugs into inflammatory neutrophils by nanoparticles can
prevent vascular inflammation [63]. This study provides a
novel nanoparticle-based therapeutic approach for targeting
activated neutrophils to treat a range of inflammatory disor-
ders.

2.4.3. Mast Cells. Mast cells contain many granules in his-
tamine and heparin and have important roles of allergy and
anaphylaxis. When activated, mast cells rapidly release his-
tamine and heparin from their granules to dilate blood vessels
and recruit neutrophils andmacrophages. Chen et al. demon-
strated that TiO

2
nanoparticles not only dose-dependently

increased histamine secretion, but also increased cytosolic
Ca2+ concentration in rat mast cells [93]. Their results sug-
gest that systemic circulation of nanoparticles may prompt
histamine release without prior allergen sensitization, caus-
ing abnormal inflammatory diseases or potential exacer-
bating manifestations of multiple allergic responses. It is
recently reported that the granules of mast cells are powerful
enhancers of adaptive immunity when they are released
at sites of infection or vaccine administration. John et al.
engineered nanoparticles consisting of mast cells granules
to augment immunity during vaccination [94]. It is believed
that other metal-based nanoparticles also have possibility of
developing this efficient vaccination system.

2.4.4. NK Cells. NK cells control several types of tumors and
microbial infections by limiting their spread and subsequent
tissue damage. NK cells are also regulatory cells which
can interact with dendritic cells, macrophages, T cells, and
endothelial cells. Therefore, NK cells are believed that they
can limit or exacerbate immune responses [95]. Clinical study
has demonstrated that patients with a high level of NK infil-
tration were found to have a better prognosis than those with
a low level of NK infiltration and suggests that enhancement
of NK cell infiltration could be a useful antitumor strategy
[96]. Lim et al. provided evidences of cell tracking with
quantum dots (QD) by labeling NK cells with anti-CD56
antibody-coated QD705 and tracking the labeled cells up
to 12 days after intratumoral injections [97]. The authors
further found a decreased size of tumors treated with NK
cells compared with controls [97]. QD labeling was thought
as thewell-suited imaging technique for tracking different cell
populations; however, currently available compounds are not
clinically applicable because of toxic cadmium cores or other

nondegradable components; cadmium-free or biodegradable
QDs are currently being developed [98]. Jang et al. used
magnetic nanoparticles (Fe

3
O
4
/SiO
2
) to control movement

of human natural killer cells (NK-92MI) by an external
magnetic field, loading NK-92MI cells infiltrated into the
target tumor site and their killing activity is still maintained
the same as the NK-92MI cells without the nanoparticles
[99]. This study provides an alternative clinical treatment
with reduced toxicity of the nanoparticles and enhanced
infiltration of immunology to the three-dimensional target
site without surgical treatment.

2.5. Nanoparticles andAdaptive Immunity. Nanoparticles can
be designed to deliver vaccine antigens through specific intra-
cellular pathways such as phagocytosis, macropinocytosis,
and endocytosis, allowing better antigen presentation for
activating the adaptive immune system [100]. Nanoparticles
interact most frequently with APCs in the blood circulation,
including B cells, macrophages, and dendritic cells. APCs
engulf and digest foreign antigens present on the surface
major histocompatibility complexes of B and T cells [101].
Dendritic cells are the most specialized APCs, which capture
and process antigens andmigrate to lymphoid tissues leading
to T cell or B cell activation. The costimulatory molecules of
dendritic cells and the cytokine environment affect the T cell
response. T cells including T helper (Th) cells, regulatory T
cells (formerly known as suppressor T cells), and cytotoxic
T cells express various surface proteins including CD3 and
CD4 on Th cells, CD3, and CD8 on cytotoxic T cells.
The cytokine environment is produced by dendritic cells
via activated CD4+ T cells, neutrophils, and macrophages,
which are recruited to the inflammatory site and stromal
cells [100]. For example, immature dendritic cell encountered
antigens, which are presented to T cells for self-tolerance
(T cell anergy) without costimulatory molecule expression.
This also occurs for regulatory T (Treg) cells in the presence
of transforming growth factor-𝛽1 (TGF-𝛽1) and interleukin-
(IL-) 10. Exogenous antigen activates and matures dendritic
cells leading to costimulatory molecule expression and Th1,
Th2, orTh17 cell activation [102]. Antigen presentation in the
IL-6 and IL-23 cytokinemicroenvironment can also stimulate
näıve CD4+ T cells to differentiate into Th17 cells [100].
Th17 cells are potent inducers of inflammation and play key
roles in the development of autoimmunity diseases [103].
Th1 cells mediate cellular immunity and further regulate
inflammation responses. On the other hand,Th2 cells induce
proliferation of master cells and eosinophils and mediate the
differentiation of B cells to produce immunoglobulin (Ig) G
and IgE, thereby promoting humoral immunity [42].

2.6. Effects of Nanoparticles on T Cells. Only several metal-
based nanoparticles were reported to activate T cell responses
or homeostasis. For example, TiO

2
nanoparticles provoke

inflammatory cytokines and increase dendritic cell matura-
tion, expression of costimulatory molecules, and prime naı̈ve
T cell activation and proliferation [45]. Cd trapped inside
fullerene cage nanoparticles (Gd@C82(OH)22) has specific
immunomodulatory effects on T cells and macrophages,
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including polarization of the cytokine balance towards Th1
cytokines, decreasing the production of Th2 cytokines (IL-
4, IL-5, and IL-6) and increasing the production of Th1
cytokines (IL-2, IFN-𝛾, and TNF-𝛼) [104]. One impor-
tant theory of adaptive immunity is T cell homeostasis
(Th1/Th2 balance). Th1 cells drive the cellular immunity to
fight viruses and other intracellular pathogens, eliminate
cancerous cells, and stimulate delayed-type hypersensitiv-
ity skin reactions. Th2 cells drive the humoral immunity
and upregulate antibody production to fight extracellular
organisms.Overactivation of either pattern can cause disease,
and either pathway can downregulate the other [105]. Th1
cells secrete large amounts of interferon- (IFN-) 𝛾, IL-2, IL-
3, granulocyte macrophage colony-stimulating factor, and a
small amount of TNF. Th2 cells produce large amounts of
IL-3, IL-4, IL-5, IL-6, and IL-10 and a small amount of TNF.
Brandenberger et al. demonstrated that silica nanoparticles
promote an adjuvant Th2/Th17 response in murine allergic
airway disease [106]. Recently, Tomić et al. demonstrated that
smaller gold nanoparticles (10 nm) have stronger inhibitory
effects onmaturation and antitumor functions of DCs, which
were induced either by LPS or heat-killed tumor necrotic
cells, compared to larger gold nanoparticles (50 nm). Gold
nanoparticles (10 nm) can inhibit LPS-induced production of
IL-12p70 by dendritic cells and potentiated Th2 polarization,
while 50 nm gold nanoparticles promoted Th17 polariza-
tion [107]. The authors supposed that the size-dependent
immunomodulatory effects of gold nanoparticles could be
attributed to different mechanisms of their internalization,
levels of accumulation, and intracellular distribution within
DCs, leading to different modulation of maturational sig-
naling. Furthermore, these results point to potential adverse
effects of smaller gold nanoparticles if used in photo-thermal
therapy and cancer diagnostics. The Th1 or Th2 responses
elicited by APCs may be influenced by many factors, such
as the maturation states of the APCs and routes of antigen
uptake. Nanoparticle size plays a decisive role in determining
whether antigens conjugated nanoparticles induceTh1 orTh2
immune responses [108].Therefore, nanoparticle size may be
a critical and fundamental parameter for induction of specific
immunity in vaccine development. The precise selection of
nanoparticle size for vaccination can influence the type 1/type
2 cytokine balance after one immunization, and this will
be useful in the development of effective vaccines against
common human pathogens. However, it is still unclear
whether other different physical and chemical properties of
nanoparticles, such as charge or chemical stability, can drive
the T cell polarization.

2.7. Effects of Nanoparticles on B Cells. B cells are another
type of lymphocytes in the adaptive immune system. B cells
present unique surface receptor (B cell receptor) to bind
with specific antigen. When B cell receptor binds with its
specific antigen, antigen is delivered, degraded, and returned
to surface bound with MHC class II. This antigen, MHC
II complex, can be recognized by antigen-specific T helper
cell. B cells receive an additional signal from a T helper
cell, further differentiating into antibody-secreting B cells.

It is reported that nanostructure of antigens is used to
improve B cell antibody response [109]. Different kinds of
synthetic nanoparticles are designed to carry antigens as
effective vaccination system [101]. Temchura et al. recently
reported that calcium phosphate (CaP) nanoparticles coated
with protein antigens are promising vaccine candidates for
induction humoral immunity [110]. In general, it is believed
that nanoparticles did not result in the activation of B-
cells, unless they were coated with the antigen. In con-
trast, it was also reported that iron oxide nanoparticles can
compromise subsequent antigen-specific immune reaction,
including antibody productions and T cell responses [111].
The effects of various metal-based nanoparticles on B cell
functions are worthy to further and more comprehensive
investigations and further to develop their potential applica-
tions.

2.8. Therapeutic Approach of Nanoparticles on Lymphoma.
Lymphoma is a type of immune cell cancer occurring in B
or T lymphocytes which divide faster than normal cells or
live longer than they are supposed to. It was reported that
the engineering nanoparticles have the potential to develop
a nontoxic new treatment for lymphoma and other cancers
which does not involve chemotherapy [112]. Yang et al.
used gold nanoparticle combined with synthetic HDL (high-
density lipoprotein) to trick B cell lymphoma, which prefers
to eat HDL cholesterol. Once the B cell lymphoma cells start
eating the gold nanoparticles (or artificial HDL particles),
they get plugged up and can no longer feed on any more
cholesterol. Deprived of B cell lymphoma’s favorite food, the
lymphoma cells essentially starve to death. The common
treatments of lymphoma are chemotherapy, radiotherapy, or
bone marrow transplantation. However, the chemotherapy
has strong side effects, even leading to possible long term
consequences such as infertility, second cancer risks, and lung
damages. Promising and effective nanoparticles drugs may
prevent occurrences of these side effects. While designing
novel nanodrugs for cancer therapy, we should consider
their molecular mechanisms; for example, Ag nanoparticles
have been reported to have antiangiogenic ability [113].
Therefore, Ag nanoparticles are one of attractive and potential
approaches to develop antitumor effect. Sriram et al. also
demonstrated the antitumor activity of silver nanoparticles
in Dalton’s lymphoma ascites tumor model both in vitro and
in vivo by activation of caspase-3 enzyme [114]. Moreover,
nanodrugs are mainly developed according to their ability
to distinguish between malignant and nonmalignant cells,
making them a promising alternative to existing drugs. The
targeting efficiency of nanoparticles can be accomplished
by combining with RGD peptide [115] or antibody against
specific tumormarkers [116]. In a nutshell, nanoparticles may
provide a new way to kill lymphoma without chemotherapy.

3. Conclusion and Future Perspectives

Nanoparticles can be used as vaccine carriers, adjuvants,
and drug delivery vehicles to target specific inflammation-
associated diseases or cancer. Nanoparticles, particularly
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noble metal nanoparticles, have considerable potential for
biomedical applications, such as diagnostic assays, thermal
ablation, and radiotherapy enhancement as well as drug and
gene delivery. Currently, we are still challenged by limited
knowledge of nanoparticle pharmacokinetics, biodistribu-
tion, and immunotoxicity.

The interactions of nanomaterials with the immune sys-
tem have attracted increasing attention.The physicochemical
properties of nanoparticles influence the immunological
effects of nanoparticles. Comprehensive studies to explore the
effects of physicochemical properties (such as size, shape, and
charge) on the immunotoxicity of metal-based nanoparticles
are still needed. Assessment of potential adverse effects on
the immune system is also a critical component of the overall
evaluation of nanodrug toxicity. Further mechanistic stud-
ies investigating nanoparticle immunomodulatory effects or
inflammatory reactions are required to improve knowledge
of the physicochemical properties of nanoparticles, which
influences the immune system. A cooperation between
materials science and immunology, immunobioengineering,
is an emerging field which has great potential to develop
prophylactic and therapeutic vaccine applicants.
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Continuous monitoring for possible exposure to carbon nanotubes was conducted over a period of 2 to 3 days at workplaces that
manufacture multiwall carbon nanotubes (MWCNTs) and single wall carbon nanotubes (SWCNTs). To estimate the potential
emission of carbon nanotubes (CNTs) and potential exposure of workers, personal sampling, area monitoring, and real-time
monitoring using an scanning mobility particle sizer (SMPS) and dust monitor were conducted at workplaces where the workers
manufactured CNTs. The personal and area sampling of the total suspended particulate (TSP) at the MWCNT manufacturing
facilities ranged from 0.031 to 0.254 and from N.D (not detected) to 0.253mg/m3, respectively. This 2- to 3-day monitoring
study found that nanoparticles were released when opening the chemical vapor deposit (CVD) reactor door after the synthesis
of MWCNTs, when transferring the MWCNTs to containers and during blending and grinding. However, distinguishing the
background concentration from the work process particle emission was complicated due to sustained and even increased particle
concentrations after the work processes were terminated. The MWCNTs sampled for transmission electron microscopy (TEM)
observation exhibited a tangled shape with no individual dispersed CNT structures.

1. Introduction

With the commercialization of nanotechnology, exposure
usually starts from the workplace and then spreads to envi-
ronment and consumer exposure. Exposure assessment is
an important element for understanding the potential risks
of nanomaterials, as such results can be used to identify
emission sources and evaluate the performance of a control
approach, compliance with exposure limits, and risk estima-
tion.

While the safety sponsorship program of the OECD
WPMN (working party on manufactured nanomaterials)
provides some information on the physicochemical prop-
erties, toxicity, and ecotoxicity of 13 representative nano-
materials, exposure data on nanomaterials remains limited.
Thus, recognizing the importance of exposure data for both
risk assessment and risk characterization and management,

the OECD recently asked the member countries to partici-
pate in exposure assessment case studies related to worker,
consumer, and environmental exposure.

However, there is no current consensus on the best
samplingmethod for characterizing exposure to CNTs. Com-
paring particle concentrations at the emission source with
background particle concentrations has been frequently used
to identify emission sources of nanomaterials qualitatively
and implement measures for exposure mitigation [1–4]. Yet,
various approaches can be applied to characterize exposure
in a particular environment.

Accordingly, this study was conducted to provide expo-
sure information on CNT manufacturing workplaces based
on three days of continuous exposure monitoring. The
number-based particle size distributions were determined
using an SMPS and dust monitor, while filter-based sampling
was used to monitor the mass concentrations of suspended
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Table 1: Information on workplaces.

Plant Region
(handling workers) Manufactured materials Process Engineering controls PPE Used

A
(Industry)

Incheon
(5)

MWCNT manufacturing,
application

Chemical synthesis
(pilot test)

Enclosed local exhaust
system, fume hood

Half-mask, working
clothes, gloves

B
(Industry)

Jeonju
(6)

SWCNT manufacturing,
application

Chemical synthesis
(mass production)

Enclosed local exhaust
system Working clothes

particles in the air. As a result, particle exposure information
was obtained to estimate the conditions at CNTmanufactur-
ing workplaces and protect the workers from exposure.

2. Materials and Methods

2.1. Sampling Sites. The current studymeasured the nanopar-
ticle concentrations inside two plants manufacturing MWC-
NTs and SWCNTs in 2011. The information related to each
plant is shown in Table 1.

2.2. Personal and Area Sampling. The air samples were
taken by drawing air through mixed cellulose ester filters in
sampling cassettes (37mm diameter, 0.8 𝜇m nominal pore-
size, and 2 in. cowl, open-face) obtained from Pall Corp (P/N
64678, Michigan USA). The filter samples for the personal
sampling were collected in the breathing zone using MSA
(Escort Elf pump) operated sampling pumps at a flow rate
of 1.5–2.0 L/min and SKC (Leland Legacy pump) operated
sampling pumps at a flow rate of 6.9–7.3 L/min when the
work duration was short. Two sampling holders were also
changed during the sampling period to avoid overload (the
holders are marked as “∗” in Table 2 and the data expressed
as TWA concentration).The sampling with personal samplers
was performed during the normal work period from 09:30 to
16:00 and typically lasted from 159 to 350min. The personal
samplers were attached toworkers involved inmanufacturing
nanomaterials. Area samples were also collected by plac-
ing the samplers 1–4 meters away from the manufacturing
devices, at suspected emission sources of nanoparticles, and
at several representative locations to represent the work-
place.

2.3. Real-Time Aerosol Monitoring. An SMPS combining a
differential mobility analyzer (DMA, 4220, HCT Co., Ltd.,
Korea) and condensation particle counter (CPC, 4312, HCT
Co., Ltd., 0–108 particles/cm3 detection range) was used
to monitor the particle size distribution with an electrical
mobility diameter ranging from 15 to 710.5 nm. Meanwhile, a
dust monitor (Model 1.109, Grimm) was used to observe the
particle size distributionwith a diameter ranging from 0.25 to
32 𝜇m.The workplace air was sampled at a low rate of 0.3 and
1.2 L/min for the SMPS and dust monitor, respectively. The
SMPS scanned the particle sizes at a time resolution of 2.5min
(120 s for up-scan and 30 s for retrace), while the average time
for the dust monitor was 1min. The real-time aerosol moni-
toring lasted 3 days at theMWCNTmanufacturingworkplace
and 2 days at the SWCNT manufacturing workplace.

2.4. Transmission Electron Microscopy (TEM). The air sam-
ples were analyzed according to National Institute of Occu-
pational Safety and Health (NIOSH) analytical method 7402
[5] and Han et al. [6]. The filters were coated with car-
bon and mounted on carbon-coated copper grids (Veco,
Eerbeek, Holland) using acetone vapor. Plus, the CNT and
Ag nanoparticles were morphologically identified using a
scanning transmission electron microscope (STEM; Hitachi
7100, Tokyo) and determined by comparing the elemental
composition of the CNT and Ag nanoparticles using an
energy dispersive X-ray analyzer (EDX; KEVEX 7000Q,
Foster City, CA) [2, 6].

3. Results

3.1. MWCNT Manufacturing Workplace (Workplace A).
Workplace A was a large-scale MWCNT manufacturing
workplace that used a thermal CVD (chemical vapor deposi-
tion) process, as shown in Figure 1(d).WorkplaceA alsoman-
ufactured SWCNTs using an arc discharge process. As shown
in Figure 1(d), workplace A had a CVD synthesis room, CVD
catalyst room, and arc catalyst room. While the CVD room
was an open space, the CVD catalyst room and arc catalyst
room were both closed spaces. The MWCNTs manufactured
in the CVD synthesis room were produced 5 times/day at
210-minute intervals, with a maximum production of 10
times/day. Plus, 100 g of MWCNTs were usually produced
using 5 g of catalysts. The MWCNTs were transferred to a
container in the arc catalyst room and ground using a mixer
for use with an arc stick. The measurements were taken
in front of the CVD equipment on the first day, although
equipment problems resulted in continuous grinding on
the first day. As the arc catalyst room was a small-size
room and included frequent MWCNT transfers, a relatively
high exposure was predicted. Thus, measurements were also
taken in the arc catalyst room on the second and third
day (time course of events at workplace A was described
in supplement 1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/237140). The process and
measurement locations are shown in Figure 1(d). The mass
concentrations of the total suspended particulate (TSP)
were also measured at the same locations and showed
some changes during the 3-day measurement (Table 2).
After their work periods, the workers usually removed dust
from their bodies using an air gun, which also removed
some of the black color on the filters as the sampling
cassettes were open face. Thus, the mass concentration of
personal exposure may have been underestimated due to
the removal of particles by the air gun. The personal and
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Table 2: TSP mass concentrations (8 hr TWA) in personal and area samples from workplace A.

Process Sampling
site

Sampling
day

Filter weight
(Before)

Filter weight
(After)

Flow rate
(L/min)

Sampling
time (min)

Mass concentration
(mg/m3)

8 hr TWA
(mg/m3)

MWCNT synthesis Personal-1
1st 0.04524 0.04535 2.001 308 0.17848 0.11453
2nd 0.04469 0.04493 1.972 375 0.32454 0.25355
3rd 0.03856 0.03867 1.972 370 0.15076 0.11621

SWCNT synthesis Personal-2 1st 0.04503 0.04506 1.995 244 0.06163 0.03133

ARC Catalyst
Personal-3

1st 0.04496 0.04501 2.046 317 0.07709 0.05091
2nd 0.0447 0.04482 1.985 336 0.17992 0.12594
3rd 0.03905 0.0392 1.985 359 0.34831 0.25189∗

Personal-4 2nd 0.04468 0.04479 2.042 356 0.15132 0.11223
3rd 0.03895 0.03899 2.042 163 0.12018 0.04081

CVD Catalyst

Area-1
1st 0.04482 0.04493 2.020 293 0.18585 0.11345
2nd 0.03861 0.03865 2.001 370 0.05403 0.04165
3rd 0.03873 0.03877 1.950 317 0.06471 0.04274

Area-2
1st 0.04478 0.04492 7.027 284 0.07016 0.04151
2nd 0.0449 0.04508 6.773 370 0.07183 0.05537
3rd 0.03879 0.03886 6.773 87.2 0.11852 0.02153

Area-9 2nd 0.03894 0.03903 2.010 438 0.10223 0.09328
3rd 0.03883 0.039 2.026 375 0.22376 0.17481

ARC Catalyst

Area-3
1st 0.04473 0.04484 1.953 172 0.32746 0.11734
2nd 0.04493 0.04507 1.960 380 0.32109 0.24447∗

3rd 0.03852 0.03859 2.001 370 0.09455 0.07288

Area-4
1st 0.04513 0.04524 6.833 292 0.05513 0.03354
2nd 0.0447 0.04486 7.033 249 0.09137 0.04740
3rd 0.03893 0.03898 7.010 367 0.01944 0.01486

In front of
MWCNT equip.

Area-5
1st 0.04513 0.04519 2.007 298 0.10035 0.06230
2nd 0.04454 0.04465 2.026 212 0.25610 0.11311
3rd 0.03901 0.03903 1.960 364 0.02803 0.02126

Area-6
1st 0.0444 0.04456 6.848 298 0.07841 0.04868
2nd 0.0448 0.04497 7.088 318 0.07542 0.04997
3rd 0.03868 0.03873 7.033 132 0.05386 0.01481

In front of
SWCNT equip.

Area-7
1st 0.04468 0.04481 2.018 159 0.40516 0.13421
2nd 0.03864 0.03866 1.950 363 0.02825 0.02137
3rd 0.03867 0.0373 2.010 131 ND ND

Area-8 1st 0.04464 0.04484 7.328 265 0.10299 0.05686
2nd 0.04452 0.04475 7.010 365 0.08989 0.06835

ND: Not detected; ∗changed during the sampling period to avoid overload.

Table 3: TSP concentrations (8 hr TWA) at workplace A.

Range
(mg/m3)

Mean
(mg/m3)

SD
(mg/m3)

GM
(mg/m3) GSD

Personal sampling 0.031–0.254 0.122 0.082 0.097 2.10
Area sampling N.D–0.244 0.072 0.057 0.055 2.15
Note. Mean: arithmetic mean; SD: standard deviation; GM: geometric mean;
GSD: geometric standard deviation.

area TSP-TWA (8 hr) concentrations ranged from 0.031 to
0.254 and N.D to 0.174mg/m3, respectively, the arithmetic

mean concentrations for the personal and area sampling were
0.111 and 0.067mg/m3, respectively, and the geometric mean
concentrations for the personal and area sampling were 0.092
and 0.053mg/m3, respectively (Table 3). On the first day,
personal sampling was taken in front of SWCNT synthesis
equipment, but the sampling could not be conducted the
second and third day due to SWCNT synthesis equipment
failure. Area samplings were, however, taken from the first
day to third day to study changes of TSP concentration in
the workplace. The concentrations were 0.13421, 0.02137, and
N.D for the first day, second day, and third day, respectively
(Table 2).
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Figure 1: Real-time particle measurements at workplace A (MWCNT production, 1st day).

3.1.1. Measurements Taken in front of CVD Equipment CVD
(1st Day). On the 1st day, measurements were taken in front
of the CVD equipment, yet equipment problems necessitated
continuous grinding and cleaning after lunch (12:30–13:30,
supplement 1), which resulted in increased particle numbers
measured by both the SMPS and the dust monitor (Figures
1(a) and 1(c)). The grinding significantly increased the num-
ber of concentrations when considering the size distribution

(Figure 1(b)), as particles under 200 nm increased during the
normal operation and grinding, with a particular increase
in 60–70 nm particles (Figure 1(c)). These particle numbers
were sustained even after the termination of work at 18:00,
indicating that the particles generated during the equipment
operation continuously influenced the particle concentration
(Figure 1(a)). 𝑑𝑁/𝑑 log𝐷

𝑝
ranged from 361,975 to 12,445,239

particles/cm3 according to the SMPS and the particle number
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Figure 2: Real-time particle measurements at workplace A (MWCNT handling, 2nd and 3rd day).

ranged from 2,508 to 5,599 particles/cm3 according to the
dust monitor.

3.1.2. MWCNT Handling (2nd and 3rd Day). On the 2nd
and 3rd day, the arc stick manufacturing operation using
MWCNTs was measured in the arc catalyst room. The
arc catalyst room was 39.6m2 and had a push-pull door.
The MWCNTs were transferred to a large container, and
then certain amounts were taken out and ground using a
mixer to make arc sticks throughout the day. The particle
number was higher after 18:00 than during the working
hours (Figures 2(a) and 2(b)). Plus, the background particle
number concentration was higher than the concentration
measured during the working hours, with more particles
under 100 nm and a 30–50 nm maximum (Figure 2(c)). This

result suggests that particles generated during the manufac-
turing operation remained even after the termination of the
operation. Moreover, the increase of particles larger than
250 nm on the 3rd day indicated the continuous presence
of CNTs in the work atmosphere (Figure 2(a)), with particle
numbers ranging from 550,819 to 1,972,775 particles/cm3
(𝑑𝑁/𝑑 log𝐷

𝑝
) according to the SMPS and from 831 to 3,842

particles/cm3 according to the dust monitor. Figure 3 shows
the TEMmorphology of the MWCNTs right after starting to
operate the CVD equipment, where the MWNCTs contain
catalysts (black dots) and have a tangled shape.

3.2. SWCNT Manufacturing Workplace (Workplace B).
Workplace B manufactured SWCNTs using an arc discharge
method.The work space included a variety of manufacturing
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Figure 3: TEMmicrograph of sample right after opening CVD.

equipment and a separate handling area for sonication,
stirring, andweighting.The door between themanufacturing
and handling areas remained open all the time, and workers
moved frequently between the two areas. The work space
and measurement points are shown in Figure 4(d). Time
course of events at workplace B was describe in supplement
2. For the personal and area sampling, the TSP-TWA
(8 hr) concentrations ranged from 0.102 to 0.277 and
0.042 to 0.223mg/m3, respectively, the arithmetic mean
concentrations were 0.168 and 0.144mg/m3, respectively,
and the geometric mean concentrations were 0.161 and
0.129mg/m3, respectively (Table 5).

3.2.1. First Day. The SWCNTs were manufactured and col-
lected once from the arc discharge system on the 1st day.
The operation mainly involved removing impurities from
the SWCNTs using CVD, where the SWNCTs were placed
in the CVD equipment for a while, the CVD door was
then opened to allow the CNTs to be stirred using a stick,
the door was then closed and the CVD area vacuumed
1-2 times, and finally the SWCNTs were collected. Black
particles were observed outside the CVD equipment. For
the personal and area sampling TSP concentration ranged
from 0.10165–0.16364mg/m3 and 0.06136–0.21307mg/m3,
respectively (Table 4). The particle numbers ranged from
101,621 to 345,800 particles/cm3 (𝑑𝑁/𝑑 log𝐷

𝑝
) according to

the SMPS and from 2,523 to 5,552 particles/cm3 according
to the dust monitor (Figure 4(a)). The particle sizes were
distributed between 60 and 300 nm (Figure 4(b)).

3.2.2. Second Day. Measurements were taken in the handling
room where the manufactured SWCNTs were pretreated.
For the personal and area sampling TSP concentration
ranged from 0.14789 to 0.27662mg/m3 and from 0.04217 to
0.22316mg/m3, respectively (Table 4). The particle numbers
ranged from 183,885 to 358,912 particles/cm3 (𝑑𝑁/𝑑 log𝐷

𝑝
)

according to the SMPS and from 3,266 to 4,273 particles/cm3
according to the dust monitor. The particle sizes were
similarly distributed as on the 1st day between 60 and
300 nm. However, the particle size distribution shifted to
larger than 100 nm on the 2nd day when compared with

the 1st day (Figure 4(c)). The background particle number
concentrations were measured after 18:00 on the 1st day and
before 08:00 on the 2nd day and were clearly lower on the 1st
and 2nd day according to the SMPS, yet they were not lower
on the 1st day according to the dust monitor (Figure 4(c)).
One explanation is that particles generated during the work
period on the 1st day remained in the work atmosphere even
after the work was terminated and increased in size from the
sizes detected by the SMPS to the sizes detected by the dust
monitor.

4. Discussion

The current authors already investigated MWCNT exposure
at several MWCNT manufacturing facilities [2] and iden-
tified various release work processes, such as opening the
CVD door, spraying, CNT preparation, ultrasonic dispersion
wafer heating, and opening the water bath cover. However,
the investigations at seven MWCNTmanufacturing facilities
were mostly conducted on a single day, which did not allow
thorough characterization of the CNT release and exposure
and also made it difficult to compare the background particle
concentration with the work process particle concentra-
tion. Furthermore, these one-day studies were unable to
characterize the nanoparticle release pattern and influence
of outdoor particle penetration during and after the work
period. Therefore, the current exposure monitoring study
was conducted at MWCNT and SWCNT manufacturing
facilities over 2-3 days. While some release processes, such
as opening the CVD door, transferring the MWCNTs to
containers, blending, and grinding, released nanoparticles
during the work period, such number of concentrations were
sustained and even increased after thework periodwas termi-
nated.

This study was conducted before the recommended CNT
occupational exposure limits were announced by the US
NIOSH. After reviewing animal and other toxicological data
relevant to assessing the potential nonmalignant adverse
respiratory effects of CNTs and CNFs, the NIOSH rec-
ommended 1 𝜇g/m3 elemental carbon (EC) as a respirable
mass 8 h TWA (time-weighted average) for CNTs and
CNFs. Although this recommended exposure limit (REL)
is expected to reduce the risk of pulmonary inflammation
and fibrosis, there is still some residual risk at the REL
and uncertainty concerning chronic health effects, including
whether some types of CNT may be carcinogenic; thus
continued efforts should bemade to reduce exposure asmuch
as possible [7]. Based on the NIOSH REL, the OSHA then
published a fact sheet onworking safelywith nanomaterials in
2013 which recommended that worker exposure to respirable
carbon nanotubes and carbon nanofibers should also not
exceed 1 𝜇g/m3 as an 8 h TWA, [8]. While the current study
only reported the TSP mass concentrations at the CNT
workplaces, which do not represent the CNT concentrations,
the TSP mass concentrations can still indicate the degree
of exposure to CNTs in the workplace. From the current
CNT exposure assessment done by Lee et al. [9], percentage
of EC from TSP can be estimated. About 4% of TSP were
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Table 5: TSP concentrations (8 hr TWA) at workplace B.

Range
(mg/m3)

Mean
(mg/m3)

SD
(mg/m3)

GM
(mg/m3) GSD

Personal sampling 0.102–0.277 0.168 0.051 0.161 1.34

Area sampling 0.042–0.223 0.144 0.059 0.129 1.67

Note. Mean: arithmetic mean; SD: standard deviation; GM: geometric mean;
GSD: geometric standard deviation.

estimated for EC from their exposure data and a respirable
fraction of EC was 25%, as suggested by Erdely et al. [10].
Therefore, 1% of TSP could be estimated for respirable EC.
Workers could be exposed to 0.3–2.5 𝜇g/m3 of EC in the
workplace A and 1–2.8 𝜇g/m3 of EC in the workplace B,
indicating being exposed slightly over the NIOSH REL 1𝜇g/
m3.

Several attempts have recently been made to distinguish
the background concentration from CNT exposure. Yet the
use of various catalytic metals in CNT synthesis makes it
very complicated to distinguish the background from CNT
exposure [9, 11]. The current attempt to distinguish the
background from CNT exposure was also unsuccessful due
to increased particle numbers after the work period was
terminated. This increase may have been due to outdoor
particles penetrating inside the facility or sustained particle
concentrations even after the work processes were termi-
nated.

This study also attempted to count the CNT tube struc-
tures in transmission electron microscopy grid openings,
as described in the previous study by Han et al. [6]. Yet,
most of the TEM micrographs obtained from MWCNT
manufacturing process in this study did not show the
dispersed individual tube structures seen in the study by
Han et al. Instead, all the MWNCT structures were tangled
structures containing catalyst metals, and the dispersed CNT
structures were process-dependent, as suggested by Lee et al.
[2].

The exposure assessment of carbon nanotubes, such as
SWCNTs and MWCNTs, remains a challenge in the field of
industrial hygiene, as there have been relatively few CNT
sampling and monitoring studies, and the optimal sampling
filters and methods have not yet been established. Direct
reading instruments for particle counting and size distribu-
tion, such as a CPC and OPC, are unable to represent CNTs
exactly, while size measurements using DMAS (or SMPS) do
not always work due to the arc charge caused by the charged
CNTs in the DMA [12]. Although several attempts have been
made to count the CNT structures using TEM and other
microscopic methods [6, 13, 14], there are still no standard
methods for CNT counting. In addition, determining the
mass concentration of CNTs based onmeasuring the elemen-
tal carbon remains a challenge due to the detection limits and
complicated nature of current analyticalmethods. Yet, despite
these difficulties in assessing exposure to nanomaterials
and CNTs, guidelines and papers have been published to
guide and harmonize strategies for exposure measurement
[15, 16].
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To better understand the potential ecotoxicological impact of silver nanoparticles (AgNPs) and silver nanowires (AgNWs) released
into freshwater environments, the toxicities of these nanomaterials were assessed and compared using Organization for Economic
Cooperation and Development (OECD) test guidelines, including a “Daphnia sp., acute immobilization test,” “Fish, acute toxicity
test,” and “freshwater alga and cyanobacteria, growth inhibition test.” Based on the estimatedmedian lethal/effective concentrations
of AgNPs and AgNWs, the susceptibility to the nanomaterials was different among test organisms (daphnia > algae > fish),
suggesting that theAgNPs are classified as “category acute 1” forDaphniamagna, “category acute 2” forOryzias latipes, and “category
acute 1” for Raphidocelis subcapitata, while the AgNWs are classified as “category acute 1” for Daphnia magna, “category acute 2”
for Oryzias latipes, and “category acute 2” for Raphidocelis subcapitata, according to the GHS (Globally Harmonized System of
Classification and Labelling of Chemicals). In conclusion, the present results suggest that more attention should be paid to prevent
the accidental or intentional release of silver nanomaterials into freshwater aquatic environments.

1. Introduction

The number of engineered nanomaterial (NM) products is
increasing in many industrial fields, and large quantities
of NM are being released, and eventually entered into the
environment. Keller et al. [1] estimated that 63–91% of over
260,000–309,000 metric tons of NMs produced globally in
2010 was ended up in landfills, while the balance was released
into soil (8–28%), water bodies (0.4–7%), and atmosphere
(0.1–1.5%). Among many different types of NMs, nanoscale
silver has been regarded as one of the most important
nanomaterials because of its unique properties and ability to
form diverse nanostructures, and thus is placed in the list of
consumer product inventories [2]. Annually about 63 tons of
nanosilver are expected to enter water bodies on a worldwide
basis [1] and the concentration in aqueous environments
has been predicted to range from 0.03 to 0.32 micrograms
per liter [3]. Therefore, understanding the potential harmful
effects of nanosilver on aquatic organisms is particularly of
importance.

Although silver nanoparticles (AgNPs) and silver nanow-
ires (AgNWs) are basically synthesized from the silver ele-
ment, their applications in consumer products are different
according to their unique properties. The antimicrobial
properties of AgNPs are the main reason for their extensive
use [4], while the high electrical and thermal conductivities
of AgNWs have led to their application in many consumer
products such as conductive inks, transparent films, conduct-
ive polymer composites, and coatings. In addition, AgNWs
possess an effective antimicrobial capability [5].

Althoughmany studies have already investigated the toxic
effects of AgNPs in several aquatic organisms such as fish [6],
Daphnia [7], and algae [8], limited information is currently
available on the aquatic toxicity of AgNWs. George et al.
[9] demonstrated that Ag nanoplates showed a higher level
of toxicity to the rainbow trout gill epithelial cell line and
zebrafish embryos when compared to nanospheres and NW
in spite of the lower rates of dissolution and bioavailability
of this material shape. Also, Kim et al. [10] investigated the
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gender-specific accumulation of AgNPs in kidneys of Fischer
344 rats, and Artal et al. [11] showed that the acute toxicity of
silver vanadate nanowires decorated with AgNPs to Daphnia
similis was due to the Ag+ released from nanomaterials
trapped in the gut, along with the Ag released into the test
media. Finally, Scanlan et al. [12] recently compared the
toxicities of silver ions and nanowires and found that some
AgNWs were highly toxic to D. manga, yet less toxic than
ionic silver. The toxicity of AgNWs varied as a function of
their dimensions, coating, and solution chemistry.

Accordingly, the present study investigated the aquatic
toxicity of AgNWs (as one-dimensional (1D) silver nanos-
tructure) to three model aquatic organisms, including a fish
(Oryzias latipes), crustacean (Daphnia magna), and algae
(Raphidocelis subcapitata) according to the Organization for
Economic Cooperation and Development (OECD) test
guidelines, and compared with the aquatic toxicity of AgNPs
(as zero-dimensional (0D) silver nanostructure). The results
of study could provide valuable information about potential
AgNWs toxicity to aquatic organisms, which might be useful
for assessing ecological risk of AgNWs.

2. Materials and Methods

2.1. Nanomaterials and Characterization. The colloidal
AgNPs were purchased from ABC Nanotech Co. Ltd.
(Daejeon, Korea). According to information provided by the
manufacturer, it contained 20∼21 wt% citrate as a capping
agent of AgNPs with a diameter range of 5–25 nm. The
AgNWs suspension was purchased from Sigma Aldrich (St.
Louis, USA), and according to information provided by the
manufacturer, it contained 0.5 wt% AgNWs in isopropanol
with a diameter of 60 ± 10 nm and length of 10 ± 5 𝜇m. Size
distribution of silver nanomaterials (AgNMs) was obtained
using dynamic light scattering (DLS) and transmission
electron microscope (TEM). DLS provides hydrodynamic
size as well as size distribution of nanoparticles in liquid
medium. The DLS measurement was conducted with a
Nanophox (Sympatec, Clausthal-Zellerfeld, Germany) at
25∘Cwith a complex refraction index of 1.33 and a viscosity of
0.89mPas. DLS measures the scattering intensity 𝐼(𝑞, 𝑡) of a
sample’s Brownian motion, and the autocorrelation function
is acquired from 𝐺

2
(𝜏) = ⟨𝐼(0)𝐼(𝜏)⟩ = 1/𝑇 ∫ 𝐼(𝑡)𝐼(𝑡 + 𝜏)𝑑𝑡.

When 𝑏 is the experimental constant, the relationship of
the normalized first-order autocorrelation function 𝐺

1
(𝜏) is

estimated by 𝐺
2
(𝜏) = 1 + 𝑏|𝐺

1
(𝜏)|
2. 𝐺
1
(𝜏) is then connected

to the diffusion constant 𝐷, 𝐺
1
(𝜏) = exp(−2𝑞2𝐷𝑡), where

𝑞 = (4𝑝𝑛/𝑙
0
) sin(𝑞/2). In this equation, 𝑛, 𝑙

0
, and 𝑞 are the

refractive index of the solution, wavelength of the incident
light, and scattering angle, respectively. The sample size was
estimated using the Einstein-Stokes relation,𝐷 = 𝑘

𝐵
𝑇/6𝑝ℎ𝑟,

where 𝑘
𝐵
, 𝑇, and 𝑟 are the Boltzmann factor, temperature,

and hydrodynamic radius of the samples [13].
The TEM analysis of the AgNMs was performed using a

field emission-transmission electron microscope (FE-TEM,
JEM2100F, JEOL, Tokyo, Japan) with an acceleration voltage
of 200 kV. Using photographs at a magnification of 100,000,
the dimensions of 272 randomly selected AgNPs and 471

randomly selected AgNWs were measured. In addition, the
EDX analysis of the AgNMs was performed using an energy-
dispersive X-ray spectrometer (EDS, TM200, Oxford, UK).
TEM samples were prepared as diluted using DI water.

2.2. Silver Concentration in Test Suspension. The actual con-
centrations of silver in the fish toxicity suspension were
analyzed using an atomic absorption spectrophotometer
equipped with a Zeeman graphite furnace (Perkin Elmer
5100ZL, ZeemanFurnaceModule,USA) based on theNIOSH
7300 method [14].

2.3. Fish Toxicity Tests. Three-monthOryzias latipes juveniles
with a mean total body weight of 0.39 ± 0.01 g (mean ±
SD) and mean total body length of 2.62 ± 0.05 cm (mean ±
SD) were used for the toxicity experiments. Prior to the
experiments, fish were kept in 100 L tanks with a water
circulation system and 16/8 hour light and dark cycle and
were fed pellet feed (TOPMEAL) at 1% of their body weight.
After 7 days of adaptation, fish were transferred to separate
test vessels with a volume of 10 L and allowed to adapt
for a further 24 hrs prior to starting the toxicity experi-
ments. Dechlorinated tap water was used for all experiments
(dechlorination performed by vigorous aeration for at least
48 hrs). To avoid overestimating the toxicity, the feeding of
the fish was stopped 48 hrs before starting the experiments in
order to minimize the risk of AgNMs absorption in the fecal
material or food and minimize the dissolved organic carbon
(DOC) in the exposure tanks [15].

The acute (96 hrs) toxicity tests were conducted on fish in
accordancewith standardOECDguideline number 203 (Fish,
acute toxicity test) [16]. A series of preliminary experiments
(10, 1, 0.1, and 0.01mg/L) was conducted to determine the
range of AgNMs concentrations that produced mortality
of the fish. As a result, nominal concentrations of 10, 5,
2.5, 1.25, 0.625, and 0.312mg/L were selected as effective
concentrations for performing the main toxicity tests of each
chemical. The fish were exposed to the AgNMs based on
a static exposure regime. For every experiment, 7 healthy
fishes were directly transferred into each prepared concen-
tration. Control groups (7 fishes) were also included for each
treatment. An additional vehicle control group containing
isopropyl alcohol (IPA, 0.2%) was included along with the
AgNWs experiments. The mortalities were recorded at 24,
48, 72, and 96 hours postexposure and the LC

50
values were

calculated using a probit analysis (PASW statistics 18, 2009,
SPSS INC, Chicago, IL).

2.4. Daphnia Toxicity Tests. The acute (48 h) toxicity tests
were conducted on neonate Daphnia magna (younger than
24 hrs old) in accordance with standard OECD guideline
number 202 (Daphnia Sp. acute immobilization test) [17].
Here, fully aerated M4 media were used as the exposure
media and the test solutions were prepared immediately
before use by diluting appropriate amounts of the AgNMs in
theM4media. All tests were conducted in awater bath system
with a constant temperature (21.45 ± 0.10∘C) and 16/8 hrs
light dark cycle. In the experiments, dissolved oxygen, pH,
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hardness, and alkalinity of exposure media (mean ± SD)
were 4.87 ± 0.14mg/L, 7.47 ± 0.01, 140mg/L, and 230mg/L,
respectively. Since the presence of algae was shown to affect
the toxicity of AgNPs [18] and presence of organic matter
found to inhibit the Ag ion uptake by Daphnia [19], animals
were not fed during the experiments.

A series of preliminary experiments (1, 0.1, 0.01, and
0.001mg/L) was conducted to determine the concentration
ranges of each AgNM that produced immobility ofD.magna.
According to the determined concentration ranges, effective
concentrations were then selected (0.0161, 0.0115, 0.0082,
0.0059. 0.0042, and 0.0030mg/L for AgNPs; 0.32, 0.16, 0.08,
0.04, 0.02, 0.01, and 0.005mg/L for AgNWs). The neonates
were exposed to each AgNM in four repeats (5 neonates
per replicate) based on a static exposure regime in 100mL
of the exposure media in glass exposure beakers. Control
groups (5 neonates in four repeated) were also included
for each treatment. An additional vehicle control group
containing isopropyl alcohol (IPA, 0.24%) was included in
the AgNWs experiments. After 24 and 48 hrs of exposure,
immobilization and mortality of the Daphnia were assessed
in each test beaker. According to Annex 1 of OECD guideline
number 202, an animal was recorded as dead when it
was immobile, that is, not able to swim or no observed
movement of appendages or the postabdomen within 15 sec
after agitation of the test container [17]. Furthermore, the
live Daphnia were categorized according to their swimming
type: normal swimming (NOR), abnormal swimming (ABN),
erratic swimming (ERR), Daphnia mainly at the bottom
(BOT), and Daphnia mainly at the surface (SUR) [7]. Any
visible uptake or adsorption of NM by theD. magna was also
monitored and recorded. The EC

10
, EC
50
, and EC

90
values

were calculated using a probit analysis (PASW statistics 18,
2009, SPSS Inc, Chicago, IL).

2.5. Algae Toxicity Tests. Theacute (72 hrs) toxicity tests of the
AgNMs were conducted on Raphidocelis subcapitata, ATCC
22662 (formerly known as Pseudokirchneriella subcapitata
and Selenastrum capricornutum) in accordancewith standard
OECD guideline number 201 (freshwater alga and cyanobac-
teria, growth inhibition test) [20].

Algal cells in the exponential growth phase were used for
all the experiments. At the start of each experiment 10,000
cells/mL were added to 100mL of each test medium under
sterile conditions. The pH of the prepared culture media was
first adjusted to a final value of 7.32 ± 0.06 using 0.1 NNaOH
or 0.1 NHCl solutions. Each growth-inhibition test consisted
of 6AgNPs andAgNWs test concentrations (8, 4, 2, 1, 0.5, and
0.25mg/L) with triplicate for each concentration. Triplicate
control groups (0mg/L AgNPs and AgNWs) and triplicate
vehicle control groups (0.24% IPA)were used for comparison.
The test vessels were incubated for 72 hrs under continuous
illumination (5.44 ± 0.53 lux) at a constant temperature of
24∘C in an automatic shaking incubator with illumination.
After 24, 48, and 72 h of exposure, the cell density (biomass)
for each treatment was determined using a particle counter,
while the values for the logarithmic growth rate (𝑌), biomass
at time 𝑡 (𝑋𝑡), percent inhibition of yield (Iy), mean value
for yield in the control group (Yc), value for yield for the

treatment replicate (Yt), average specific growth rate from
time 0 to 72 hr (𝜇

0−72
), mean value for the average specific

growth rate in the control group (𝜇
𝑐
), average specific growth

rate for the treatment replicate (𝜇
𝑡
), and percent inhibition of

the average specific growth rate (Ir) were all obtained using
the following formulas:

𝑌 = 𝑋
72
− 𝑋
0 (1)

%Iy = {(Yc − Yt)
Yc
} × 100 (2)

𝜇
0−72
=

(ln𝑋
72
− ln𝑋

0
)

72

(3)

%Ir = {
(𝜇
𝑐
− 𝜇
𝑡
)

𝜇
𝑐

} × 100. (4)

The EC
50

values were calculated using a probit analysis
(PASWstatistics 18, 2009, SPSS Inc., Chicago, IL). In addition,
themorphology of the algal cells was observed following each
treatment and categorized as normal (NOR), swollen (SWO),
flocculated (FLC), decolored (DEC), ruptured (RUP), and/or
atrophied (ATR).

2.6. Statistical Analysis. Data of all experiment were analyzed
using the PASWstatistic (Ver. 18, 2009, SPSS Inc., Chicago, IL,
USA) and presented as mean ± standard deviation. The LC

50

values of fish test during 96 hrs, EC
50
values of daphnia 48 hrs

and alga 72 hrs were calculated by a probit analysis method.
Comparison of nominal and actual concentrations of silver
in fish toxicity test after 3 hrs versus 96 hrs was performed
using Student’s 𝑡-test. Difference were considered statistically
significant when ∗𝑃 < 0.05.

3. Results

3.1. Particle Characterization. The AgNPs and AgNWs size
and distribution were measured by DLS before aquatic toxic-
ity test. Figure 1 shows the hydrodynamic size distribution of
colloidal AgNPs and AgNWs diluted in DI water. Figure 1(a)
shows the hydrodynamic size distribution of AgNPs by
intensity, and the size of AgNPs was distributed up to 10 nm
with mean hydrodynamic diameter 2.36 nm. Figure 1(b)
shows hydrodynamic size distribution of AgNWs with mean
diameter 2.1 𝜇m.

In the case of the AgNWs diluted in fish test media
(dechlorinated tap water) observed by TEM (Figures 2(a)
and 2(b)), the count median length (CML) and geometric
standard deviation (GSD) of the wires were 7.4 𝜇m and 1.5,
respectively (Figure 4(a)).The average diameter and standard
deviation (SD) of the AgNW in TEM images were 57.01 ±
1.2 nm. Since the AgNPs and AgNWs preparations were in
liquid, it was not possible to measure Brunauer Emmett and
Teller (BET) surface area. Thus the average surface area mea-
sured from TEM image of the AgNWs was 6.37 × 1018 nm2/g.

In the case of the AgNPs diluted in fish test media
observed by TEM, the particles were spherical in shape
(Figures 3(a) and 3(b)), with a countmedian diameter (CMD)
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Figure 1: Size distribution of the AgNPs ((a) 5mg/L) and AgNWs ((b) 100mg/L) by DLS (d hydrodynamic diameter).
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Figure 2: AgNWs, (a)-(b) TEMmorphology and (c)-(d) EDX spectrometer pattern.
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Figure 3: AgNPs, (a)-(b) TEM morphology and (c)-(d) EDX spectrometer pattern. The scale bar in (a) indicates 50 nm, (b) for 20 nm and
(c) for 200 nm.

of 35 nm (Figure 4(b)). Plus, the GSD of the colloidal AgNPs
was 1.4. The average measured surface area of the AgNPs
was 1.63 × 1019 nm2/g (more 2-fold greater than the average
surface area of the AgNWs).

As seen in Figures 2(c), 2(d), 3(c) and 3(d), the energy
dispersive X-ray (EDX) analyses revealed the presence of
elemental silver in both AgNWs and AgNPs colloids.

3.2. Silver Concentrations in Test Suspensions for Fish Toxicity
Testing. The concentrations of AgNPs and AgNWs in the
test suspensions were determined after 3- and 96-hour
test period. After 3 hrs, the concentrations of silver in the
nanoparticle and nanowire suspensionswerewellmaintained
with only a slight deviation from the nominal concentrations
(Table 1(a)). However, after 96 hrs, the silver concentrations
showed a higher deviation from the nominal concentrations
and silver concentrations after 3 hrs (Table 1(b)). This greater

deviation was due to agglomeration/aggregation or precipita-
tion of the AgNPs and AgNWs.

3.3. Toxicity of AgNMs in Fish. During the experiments, the
mean and SD of the water pH, temperature, and dissolved
oxygen in the exposure tanks were 7.85 ± 0.13, 21.7 ±
0.61
∘C, and 8.8 ± 0.17mg/L, respectively. No mortality was

observed either in the control or the vehicle control during
the experimental period. The average 96-hour median lethal
concentrations (LC

50
) of AgNPs and AgNWs for Oryzias

latipes were estimated to be 1.8 and 4.18mg/L, respectively.
From these results, the LC

50
proportion of AgNWs to AgNPs

was 2.32, indicating AgNPs were estimated to be 2.32 times
more toxic than the AgNWs for Oryzias latipes. Although
signs of AgNPs accumulation were visible in fish gills, no
apparent accumulation was detected after AgNWs exposure
(Figure 5).
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Figure 4: Size distribution of wires/particles based on cumulative frequency determined from transmission electron microscope data for (a)
AgNPs and (b) AgNWs.

Table 1: Nominal and actual concentrations of silver during fish toxicity testing.

(a) AgNWs

Nominal concentration (mg/L) 0 0.313 0.625 1.250 2.5 5 10
Actual concentration after 3 hr 0 0.37 ± 0.05 0.71 ± 0.03 1.10 ± 0.04 3.68 ± 0.53 7.34 ± 0.68 12.39 ± 1.10
Actual concentration after 96 hr 0 0.31 ± 0.04 0.55 ± 0.06∗∗ 0.93 ± 0.06∗∗ 3.06 ± 0.24 5.35 ± 0.56∗∗ 11.34 ± 0.63
∗∗
𝑃 < 0.01, 3 hr versus 96 hr by Student’s 𝑡-test. Data are presented as mean ± standard deviation.

(b) AgNPs

Nominal concentration (mg/L) 0 0.313 0.625 1.250 2.5 5 10
Actual concentration after 3 hr (𝑛 = 3) 0 0.32 ± 0.02 0.53 ± 0.04 1.03 ± 0.06 2.27 ± 0.31 4.89 ± 0.43 10.29 ± 0.51
Actual concentration after 96 hr (𝑛 = 3) 0 0.24 ± 0.02∗∗ 0.66 ± 0.05∗ 0.82 ± 0.07∗ 1.99 ± 0.25 4.13 ± 0.48 8.26 ± 0.78∗
∗
𝑃 < 0.05, 3 hr versus 96 hr; ∗∗𝑃 < 0.01, 3 hr versus 96 hr by Student’s 𝑡-test. Data are presented as mean ± standard deviation.

Table 2: Effective concentration (EC) values of AgNPs and AgNWs
for Daphnia magna neonates during 48 hrs.

Nanomaterial Average EC10
(mg/L)

Average EC50
(mg/L)

Average EC90
(mg/L)

AgNWs 0.117 0.139 0.160
AgNPs 0.007 0.012 0.017

3.4. Toxicity of AgNMs in Daphnia. During the exposure
period, the control groups showed zero mortality for all the
experiments. The average values of the effective concentra-
tions are shown in Table 2. The median effective concen-
trations (EC

50
s) of AgNPs and AgNWs were calculated as

0.012 and 0.139mg/L, respectively. From these results, the
EC
50
proportion of AgNWs to AgNPs was 11.58, meaning the

AgNPs were estimated to be 11.58 times more toxic than the
AgNWs for Daphnia magna.

The normal and abnormal swimming of the live Daphnia
are summarized in Table 3. For all the control and vehicle
control groups, 100% of the live Daphnia exhibited com-
pletely normal swimming. For the AgNWs treatments, at

concentrations up to 0.080mg/L, 100% of the live Daphnia
exhibited normal swimming, while at 0.16 and 0.32mg/L,
90%and 100%of theDaphnia exhibited abnormal swimming,
respectively. All the abnormalities in the AgNWs groups
were related to erratic swimming (ERR). Meanwhile, for the
AgNPs treatments, at concentrations of 0.0059 and lower,
all the Daphnia exhibited normal swimming, whereas, at
higher concentrations (0.0082 and 0.0115mg/L), theDaphnia
started to exhibit abnormal swimming, and, at 0.0161mg/L,
all the Daphnia exhibited abnormal swimming. Most of the
abnormalities in the AgNPs groups were related to erratic
swimming (ERR), although 10% of the abnormal Daphnia at
0.0115mg/L were mainly at the bottom (BOT). No Daphnia
mainly at the surface (SUR) were observed in this study.

A notable phenomenon with the AgNPs treatments was
the appearance of small bubbles under the carapace of the
Daphnia (Figure 6(b)). This pigmentation became visible in
parts of the brood chamber that was not observed in the con-
trols (Figure 6(b)); this pigmentation may have been a sign
of nanoparticle accumulation under the carapace. As regards
the AgNWs treatments, large amounts of ingested nanowires
were found in the gut tract of the Daphnia (Figure 6(c)).
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(a) (b)

Figure 5: (a) Signs ofAgNPs accumulation onfish gills during 96 hr. (b)No visible accumulation ofAgNWs.The circles indicate accumulation
of AgNPs on the fish gill.

Table 3: Percentage of normal (NOR) and abnormal (ABN)Daphnia magna neonates during 48-hour exposure to AgNPs and AgNWs. ERR:
erratic swimming, BOT: Daphniamainly at the bottom, and SUR: Daphniamainly at the surface.

Nanomaterial Conc. (mg/L) %NOR %ABN %ERR %BOT %SUR

AgNWs

(Control) 0 100 0 0 0 0
Vehicle control 100 0 0 0 0

0.005 100 0 0 0 0
0.010 100 0 0 0 0
0.020 100 0 0 0 0
0.040 100 0 0 0 0
0.080 100 0 0 0 0
0.160 10 90 90 0 0
0.320 0 100 100 0 0

AgNPs

(Control) 0 100 0 0 0 0
0.0030 100 0 0 0 0
0.0042 100 0 0 0 0
0.0059 100 0 0 0 0
0.0082 25 75 75 0 0
0.0115 30 70 60 10 0
0.0161 0 100 100 0 0

3.5. Toxicity of AgNMs in Alga. The growth inhibition of
the cell biomass of Raphidocelis subcapitata during 72 hrs of
exposure to different concentrations of AgNWs and AgNPs
are shown in Figure 7. The cell biomass increase rate, log-
arithmic growth rate, average specific growth rate, percent
of yield inhibition, and percent of average specific growth
rate inhibition are all summarized in Table 4 and Figure 8,
satisfying the validity of the test prescribed in the OECD Test
guideline 201 [20]. The OECD 201 states that the biomass in
the control cultures should be increased more than 16-fold
within the 72-hour test period, and the mean coefficient of
variation for section-by-section specific growth rates in the
control culture should not exceed 35% in alga test. Also, the
coefficient of variation of average specific growth rates during
the whole test period in replicate control culture should not
exceed 7% in alga tests. The inhibitory rates increased when
increasing the concentrations of AgNMs. While all the cells
in the control groups retained a normal appearance, AgNWs

and AgNPs concentration of 0.25mg/L resulted in floccula-
tion and 0.5mg/L and higher concentrations resulted in floc-
culation, depolarization, rupture, and atrophy. None of the
AgNWs and AgNPs concentrations produced any swelling.

The average values for the median effective concentra-
tions (EC

50
), no observed effect concentrations (NOEC), and

lowest observed effect concentrations (LOEC) are shown in
Table 5. The 72 hrs EC

50
(concentration at which a 50% inhi-

bition of the growth rate is observed) of AgNWs and AgNPs
for the average specific growth rate of Raphidocelis subcapi-
tatawas calculated as 2.573mg/L and 0.74mg/L, respectively.

4. Discussion

The AgNMs were characterized using DLS and TEM. The
measured AgNPs by DLS obtained that result is similar to
information provided by the manufacturer (Figure 1(a)). In
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(a)

(c) (b)

Figure 6: Microscope images of (a) controlDaphnia fed with chlorella, (b)Daphnia exposed to AgNPs, and (c)Daphnia exposed to AgNWs.
The arrows of (b) indicate accumulation of AgNP in the gut (left) and on the antenna (right) of Daphnia magna. The circles of (c) indicate
accumulation of AgNWs in the gut of Daphnia magna.

Bi
om

as
s (

ce
lls

/m
L)

Exposure duration (hr)
0 24 48 72

1e + 6

8e + 5

6e + 5

4e + 5

2e + 5

0

0mg/L AgNP
0.25mg/L
0.50mg/L
1.00mg/L

2.00mg/L
4.00 mg/L
8.00mg/L

(a) AgNPs

Bi
om

as
s (

ce
lls

/m
L)

Exposure duration (hr)
0 24 48 72

3e + 5

3e + 5

2e + 5

2e + 5

1e + 5

5e + 4

0

0mg/L AgNW
0.25mg/L
0.50mg/L
1.00mg/L

2.00mg/L
4.00 mg/L
8.00mg/L

(b) AgNWs

Figure 7: Growth inhibition of biomass caused by AgNWs and AgNPs. Error bars indicate standard deviation.
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Figure 8: Inhibition rate of average specific growth and yield. Error bars indicate standard deviation.

Table 4: Rate of biomass increase, average specific growth rate, and yield inhibition of algal cells during 72-hour exposure to different
concentrations of AgNWs and AgNPs.

NMs Conc. (mg/L) Rate of cell biomass increase 𝑌
a %Iyb 𝜇

0–72c %Ird

AgNWs

Control (0) 22.25 ± 2.47 221,660 0 0.043 ± 0.001 0
Vehicle control 18.6 ± 1.50 175,830 20.7 0.040 ± 0.001 6.98

0.25 18 ± 0.5 170,000 23.3 0.040 ± 0.000 7.93
0.5 15.56 ± 0.11 145,833 34.2 0.038 ± 0.000 12.5
1 8.23 ± 0.25 72,500 67.3 0.029 ± 0.000 32.8
2 3.96 ± 0.25 30,000 86.5 0.019 ± 0.000 55.9
4 3.03 ± 0.28 19,167 91.4 0.014 ± 0.001 66
8 1.5 ± 1.21 5,500 97.5 −0.001 ± 0.021 103

AgNPs

Control (0) 73.67 ± 7.17 726,667 0 0.060 ± 0.001 0
0.25 10.83 ± 1.13 98,333 86.5 0.033 ± 0.001 44.6
0.5 7.25 ± 1.39 62,500 91.4 0.027 ± 0.003 54.2
1 3.25 ± 0.25 22,500 96.9 0.016 ± 0.001 72.6
2 1.83 ± 0.38 8,333 98.9 0.008 ± 0.003 86.2
4 1.33 ± 0.14 3,333 99.5 0.004 ± 0.001 93.4
8 0.75 ± 0.25 −2,500 100.3 −0.005 ± 0.004 107.6

𝑌
a: logarithmic growth rate; %Iyb: percent of yield inhibition; 𝜇0–72c : average specific growth rate from time 0 to 72; %Ird: percent of average specific growth

rate inhibition. Data are presented as mean ± standard deviation.

Table 5: Values ofmedian effective concentration (EC50), no observed effect concentration (NOEC), and lowest observed effect concentration
(LOEC) of AgNWs and AgNPs for Raphidocelis subcapitata during 72 hrs.

NMs
Yield Average specific growth rate

EC50 (mg/L) 95% confidence
limits (mg/L)

NOEC
(mg/L)

LOEC
(mg/L)

EC50
(mg/L)

95% confidence
limits (mg/L)

NOEC
(mg/L)

LOEC
(mg/L)

AgNWs 1.22 — — 0.25 2.57 1.55∼6.05 0.25 1.00
AgNPs 0.14 0.25 0.74 0.25
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case of AgNWs, that result is slightly different from the infor-
mation provided by the manufacturer (Figure 1(b)). Hydro-
dynamic diameter measured by DLS could be appropriate for
spherical with monodispersed particles [21]. DLS has been
used tomeasure particle size distribution ofmultiwall carbon
nanotubes [22], although the size distribution is not exactly
comparable to TEM size distribution. In this study TEM and
DLS size are compared. As expected, particle size by DLS,
which measures hydrodynamic size, is larger than TEM size.

This study demonstrated that AgNPs and AgNWs are
both toxic to fresh water organisms, including fish (Oryzias
latipes), water fleas (Daphniamagna), and algae (Raphidocelis
subcapitata). Based on the present results, the calculated LC

50

or EC
50

of AgNPs for the fish, daphnia, and algae were
about 2.3-, 11.5-, and 3.5-fold lower, respectively, than the
corresponding values of AgNWs. Thus, AgNPs would seem
to be more toxic to aquatic organisms than AgNWs, at least
in freshwater media. Recent studies shown that the dissolved
Ag+ released from AgNPs and AgNWs plays a critical role
in the aquatic toxicity of these nanomaterials [11, 23, 24].
Meanwhile, the degree of Ag+ dissolution depends on the
surface area of the nanoscale silver, and the present study
showed that the average measured surface area of the AgNPs
was more than 2-fold greater than that of the AgNWs. The
amount of silver ions released from the surface of the AgNPs
was greater than the amount of Ag+ released from the surface
of the AgNWs; thus the AgNPs logically displayed a greater
toxicity to the aquatic organisms when compared with the
AgNWs. In another recent study, Visnapuu et al. [25] found
that the toxicity and bioavailability of AgNWs and AgNPs
to E. coli depended on the dissolved silver ions with no
shape-induced/related effects. Beer et al. [26] showed that free
silver ions in AgNPs suspensions play a significant role in the
toxicity of AgNPs suspensions to A549 lung cells. Overall,
these results with our current observation indicate that silver
ions released from particle or wire are toxicity determinants
and surface area is major factor in releasing silver ions from
particles and wires.

In contrast to the present results, Stoehr et al. [27] showed
that silver wires (length: 1.5–25𝜇m; diameter 100–160 nm)
had a strong effect on A549 human lung epithelial cells,
whereas PVP-coated spherical silver nanoparticles (30 nm)
had no effect with a similar particle mass, surface area, and
number concentration. In this case, the PVP coating may
have reduced the release of Ag+ from the AgNPs, thereby
decreasing the toxicity at the tested concentrations, or the
shape may have affected the toxicity, as observed with other
high aspect ratio nanoparticles (HARN) [28, 29]. When
the freshwater mussel Elliptio complanata was exposed to
increasing concentrations of 20-nm AgNPs, 80-nm AgNPS,
and dissolved Ag ions for 48 h at 15∘C, the response pattern of
80 nmAgNPSwasmore closely related to Ag ions than 20 nm
AgNPs, suggesting a more important release of dissolved Ag
ions from 80 nmAgNPs [30].These results indicate that some
more complicated toxicmechanisms for AgNPs are presented
other than silver ion release from the surface of AgNPs or
AgNWs.

The same abnormal swimming, brood chamber pigmen-
tation, NM ingestion, and small bubbles under the carapace

of the D. magna exposed to nanoscale silver observed in the
current study were also previously reported by Asghari et
al. [7] in the case of D. magna exposed to AgNPs. Further,
Artal et al. [11] described an increase in the droplet size
in Daphnia as a response to nanowire exposure that was
similar to the bubbles observed in the present study.The large
quantities of ingested AgNWs found in the gut tract of the
Daphnia in the current study were similar to previous reports
of the ingestion of other one-dimensional nanostructures that
became trapped in the digestive tract [11, 31, 32]. As Daphnia
are a major food source for many kinds of fish, aquatic
insect larvae, and other invertebrates, their ingestion of nano-
materials represents a potential for subsequent transfer of
nanomaterials to higher organisms via food chain.

In this paper, comparison is done on aquatic organism
toxicity of AgNPs with AgNWs based on the OECD test
guidelines 201, 202, and 203. In 2013, OECD Working Party
on Manufactured Nanomaterials (WPMN) recommended
their member countries to use OECD test guidelines in safety
testing for nanomaterials after 6 years of OECD work on the
safety of manufactured nanomaterials. Safety of nanomateri-
als can be addressed with existing test methods and assess-
ment approaches, although some cases might be necessary
to adapt methods of sample preparation and dosimetry of
safety testing but not necessary to develop completely new
approaches for nanomaterials [33]. Thus the test results for
AgNPs andAgNWsbased on theOECD test guidelinesmight
be very useful in evaluating safety of nanomaterials. Current
hazard classification used in theGloballyHarmonized System
of Classification and Labelling of Chemicals [34] is also based
on the test results established on the OECD test guidelines.

According to the median lethal/effective concentrations
of AgNWs and AgNPs estimated in the present study, the
order of animal susceptibility was daphnia > algae > fish.
Based on the GHS hazard classification, the AgNPs and
AgNWs tested in this study should both be classified as
“category acute 1” for D. magna and “category acute 2” for
Oryzias latipes. Plus, the AgNWs and AgNPs should be
classified as “category acute 2” and “category acute 1” for
Raphidocelis subcapitata, respectively. Consequently, based
on the current findings and the results of other published
studies, AgNMswould appear to have a toxic effect on aquatic
organisms, at least in freshwater environments; thus more
attention should be paid to preventing their accidental or
intentional release into aquatic ecosystems.
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