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The  cytotoxicity  of  model  weld-
ing  particles  was modulated  through
in situ  passivation.
Model  welding  particles  were  incor-
porated with  chitosan  nanoparticles
for passivation.
In  vitro  assay  revealed  that  the
passivated  particles  had  a  lower  cyto-
toxicity.
Passivation  with  chitosan  adhesive
or graphite  paste  could  also reduce
cytotoxicity.
This  method  would  be  suitable  for
efficient reduction  of  inhalable  toxic
components.
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a  b  s  t  r  a  c  t

The  cytotoxicity  of  model  welding  nanoparticles  was  modulated  through  in  situ  passivation  with  soluble
biocompatible  materials.  A passivation  process  consisting  of a spark  discharge  particle  generator  cou-
pled to a collison  atomizer  as a  co-flow  or counter-flow  configuration  was  used  to  incorporate  the model
nanoparticles  with  chitosan.  The  tested  model  welding  nanoparticles  are  inhaled  and  that  A549  cells
are  a human  lung  epithelial  cell  line.  Measurements  of  in vitro  cytotoxicity  in A549  cells  revealed  that
the  passivated  nanoparticles  had  a lower  cytotoxicity  (>65%  in average  cell viability,  counter-flow)  than
the  untreated  model  nanoparticles.  Moreover,  the  co-flow  incorporation  between  the  nanoparticles  and
chitosan  induced  passivation  of  the  nanoparticles,  and  the  average  cell  viability  increased  by  >80%  com-
odel welding nanoparticles
hitosan
verage cell viability

pared  to  the  model  welding  nanoparticles.  As  a  more  convenient  way  (additional  chitosan  generation  and
incorporation  devices  may  not  be required),  other  passivation  strategies  through  a  modification  of  the
welding  rod with chitosan  adhesive  and  graphite  paste  did  also  enhance  average  cell  viability  (>58%).  The
approach  outlined  in  this  work  is  potentially  generalizable  as  a new  platform,  using  only  biocompatible
materials  in  situ,  to  treat  nanoparticles  before  they  are  inhaled.

©  2015  Elsevier  B.V.  All  rights  reserved.
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1. Introduction
Nanoparticles are ubiquitous in the environment, as they are
emitted from several sources and also are formed by sponta-
neous nucleation in the atmosphere. There is increasing interest in
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easuring the impact of incidental and engineered nanoparti-
les on health [1,2]. Environmental and occupational exposures
o metallic nanoparticles through inhalation have been associated
ith bronchitis, metal fume fever, occupational asthma, cancer

nd possible increases in lung tumorigenicity, suppression of lung
efenses, and functional changes in the lung [3,4]. Engineered
anoparticles that are produced must be controlled and captured
o minimize harmful effects to workers. Nanoparticles with metal-
ic components including chromium (Cr), copper (Cu), iron (Fe),

anganese (Mn), zinc (Zn), and nickel (Ni) can be found in ambi-
nt particulate matter, workplace air samples collected during the
andling of engineered nanomaterials, or in fume from welding
rocesses [5].

Welding is a common industrial process used to join metals.
ver 300,000 workers in the US and millions of workers world-
ide are exposed to welding particles on a daily basis [6]. Welding

roduces a large number of nanoparticles, which have a high prob-
bility of depositing in the sensitive alveolar region of the lung
7]. Welding particles are complex, composed of different met-
ls, depending on the welding processes and materials used. Many
etals present in welding fume particles are of interest toxico-

ogically due to their potential adverse effects on worker health.
he toxic effects of welding nanoparticles are due to their compo-
ition, which generates free radicals [8]. Several approaches have
een used in an attempt to reduce the adverse health effects from

nhaling welding fume [7]. Alterations in shielding gas composition
s widely used to modify particle formation rate, although it does
ot significantly affect the fraction or composition of nanoparti-
les emitted by a welding process [9,10]. Ventilation systems can
lso be employed to reduce exposure; however, their effectiveness
aries greatly because welders work in a vastly different locations
nd circumstances that cannot be easily controlled [11].

Different chemical and biological coatings on the surface of a
anoparticle can modify its toxicity since the surface clearly related
o the toxic effects of the nanoparticles. Previous reports employed
olymeric coatings on silver nanoparticles to reduce their cytotoxic
ffects on mammalian cells [12]. These interesting observations
evealed the importance of the surface coating in determining
anoparticle induced toxicity. Most recently, silica (SiO2) coating
n welding nanoparticles was introduced to decrease toxicity [7].
owever, the strategy is not an on-site process, and moreover,
olecular SiO2 precursors are toxic, and thus, it is still a challenge

o develop an in situ passivation strategy from biocompatible/inert
aterials under effective and generalizable manners.

In this work, we describe an in situ approach to reduce the
oxicity of model welding nanoparticles by merging them with
iocompatible chitosan droplets. Chitosan was selected as a pas-
ivation material since chitosan, a natural, biocompatible, and
iodegradable polymer, is widely used in biomedical applications
s chitosan-based nanomaterials [13]. Furthermore, a previous
tudy reported that chitosan nanoparticles are compatible with
espiratory epithelial cells in vitro, and this encouraged choosing
hitosan as a candidate for passivating model welding nanoparti-
les [14]. The model nanoparticles were produced using a spark
ischarge under air flow [15,16]. Spark discharge has been used
o produce a variety of metallic, carbonaceous, and other materials
ith nanoscale dimensions at ambient temperatures and pressures.

 previous report has shown that the simulated nanoparticles
re good mimics for workplace-produced nanoparticles derived
rom commercial welding rods [16]. The particle-laden flow was
irectly mixed with chitosan droplets in co-flow and counter-
ow configurations to passivate the surface of the nanoparticles.

he physicochemical properties of size distribution, morphology,
nd composition, and the cytotoxic effects on the human lung
arcinoma (A549) cell line of the passivated particles were evalu-
ted. The cytotoxicity was further evaluated for nanoparticles from
 Materials 292 (2015) 118–125 119

modified welding rods with chitosan adhesive or graphite paste
because it might induce a simpler and more practical procedure
if the nanoparticles show a lower toxicity. This passivation tech-
nique may  hold promise to reduce the toxicity of a wide range of
engineered and incidental nanoparticles.

2. Experimental

2.1. Passivation of model welding nanoparticles

The rods, which were 6.35 mm in diameter and 100 mm in
length, were obtained from Hobart, US. The air flow rate, which was
controlled by a mass flow controller (Tylan, US), was 3 L min−1. The
specifications of the discharge configuration were as follows: resis-
tance, 0.5 M�;  capacitance, 1.0 nF; loading current, 3.0 mA;  applied
voltage, 4.5 kV; and frequency, 1320 Hz.

In a spark channel, high temperature vapor is generated from
the melting tip of a welding rod. This vapor cools rapidly during
diffusion to the region surrounding the spark. Primary particles are
then formed by nucleation from the vapor. The particle concen-
tration depends on the mass fraction of the vapor (C), is given as
[17]

C = pvMv

pvMv + (patm − pv)Mg
(1)

where pv and patm are the partial pressure of the vapor [a function of
the spark channel temperature (Tspark)] and atmospheric pressure,
respectively, and Mv and Mg are the molecular weights of the vapor
and the gas, respectively. The spark channel temperature can be
estimated by the following formula:

Tspark =
(

Ed

Cvvspark�g

)
+ T0 (2)

where, Ed is the discharge energy, Cv is the specific heat at constant
volume, vspark is the volume of the spark channel, �g is the gas
density, and T0 is the gas temperature.

To passivate the particles, the discharge-produced nanoparticle-
laden air flow was mixed with chitosan droplets in a co-flow
(mixing A) or counter-flow (mixing B) configuration (Fig. 1). In
the co-flow configuration, the particle-laden flow (2 L min−1) was
used as the operating gas for collison atomizing a solution contain-
ing 0.1 g of chitosan (Mw: 15,000 Da, degree of deacetylation: 87%,
Polysciences, US) dissolved in 100 mL  of 1 v/v% acetic acid solu-
tion. The degree of deacetylation is similar to that in a previous
study (86%) [14], and this implies that the passivation warrants fur-
ther investigation because the degree of deacetylation determines
how the biopolymer can be applied [18]. The particles passed over
the atomizer orifice, where they mixed with atomized droplets
and 2 L min−1 of particle-free air to form hybrid droplets [19]. In
the counter-flow configuration, the passivation was mainly pro-
cessed via agglomeration between the model particles and chitosan
droplets. To fabricate the model particles, 2 L min−1 of air injected
into the spark chamber to carry the spark-produced particles while
another 2 L min−1 of air passed over the atomizer orifice to produce
chitosan droplets being formed hybrid droplets by merging the two
flows. The hybrid droplets then passed through a mixing chamber
to drive solvent from the droplets.

In order to verify feasibility of one of realistic strategies, com-
mercial welding electrodes were modified to produce passivated
welding particles (Fig. 2). Chitosan adhesive [20] (rod A) and
graphite paste (51,010, LGB, Germany) (rod B) was used as passiva-

tion materials. Briefly, chitosan (Polysciences, US) was dissolved
in 1 w/v% in a water solution containing acetic acid (2 v/v%)
and indocyanine green (0.02 w/v%). The gelatinous chitosan solu-
tion was  stirred for 6 h before insertion. Chitosan adhesive and
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Fig. 1. Production, passivation, and toxicity assessment of model welding nanoparticles. The nanoparticles were produced using a spark discharge between commercial
welding rods. The passivation using biocompatible materials was  performed using a co-flow or counter-flow mixing of spark produced nanoparticles and collison atomized
chitosan droplets. A549 cells were incubated with the sampled nanoparticles to measure average cell viability using a fluorescence microscopy.

Fig. 2. Other passivations of model welding nanoparticles through the insertion of chitosan adhesive (rod A) or graphite paste (rod B) in a welding rod being used for spark
discharge. A549 cells were incubated with the sampled nanoparticles to measure average cell viability.
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vidual welding (the smallest mode) and chitosan components (the
larger mode). For “mixed B”, in other words, although a large pro-
portion of the chitosan droplets were incorporated with welding
nanoparticles, some of the chitosan droplets remain in the initial

Table 1
A summary of the size distributions of spark produced model welding nanoparticles,
collison atomized chitosan particles, and their mixing in a co-flow (mixing A) and
counter-flow (mixing B) configuration.

Case GMDa (nm) GSDb TNCc (cm−3)

Model welding particle 43.9 ± 1.2 1.54 ± 0.02 1.40 × 107

Chitosan particle 97.9 ± 2.6 1.66 ± 0.02 0.37 × 107

mixed A 37.6 ± 0.9 1.82 ± 0.01 1.15 × 107

mixed B 45.4 ± 1.4 2.05 ± 0.01 1.17 × 107
J.H. Byeon et al. / Journal of Haza

urchased graphite paste were inserted into the hole (2 mm  diam-
ter and 10 mm length) drilled in the welding rod (as cathode).
hose were then dried for 6 days under clean ambient conditions.
he so-prepared cathode was spark sublimated afterwards.

For cytotoxicity measurements, samples were collected on a
olytetrafluoroethylene (PTFE) membrane filter (0.2 �m pore size,
7 mm diameter, 11,807-47-N, Sartorius, Germany) by physical fil-
ration (i.e. mechanical filtration mainly by diffusion, of particles
n the surfaces of the substrate).

.2. Characterization of the model and passivated welding
anoparticles

The size distributions of the particles were measured using a
canning mobility particle sizer (SMPS), consisting of an electro-
tatic classifier (3081, TSI, US), a condensation particle counter
3022 A, TSI, US), and an aerosol charge neutralizer (4530, HCT,
orea). The SMPS system, which measures particle equivalent
obility diameter, was operated at a sample flow of 0.3 L min−1,

 sheath flow of 3.0 L min−1, and a scan time of 135 s (measure-
ent range: 15.1–661.2 nm). Transmission electron microscope

TEM, Libra 120, Carl Zeiss, Germany) images were obtained at
n accelerating voltage of 120 kV. Specimens were prepared for
xamination in the TEM by direct electrostatic aerosol sampling
t a sampling flow of 0.5 L min−1 and an operating voltage of 5 kV
sing a Nano Particle Collector (NPC-10, HCT, Korea). For Fourier
ransform infrared spectroscopy (FTIR) analysis, IR spectra were
ecorded of powder samples on PTFE substrates (Figs. 1 and 2)
nder identical mass conditions. The mass of particles (m)  was  mea-
ured using a microbalance (DV215CD, Ohaus, Switzerland) and
lso estimated via the following equation:

 = Q × ts

∫ ∞

0

�(Dp)C(Dp)dDp (3)

here Q is the flow rate of air, ts is the sampling time, �(Dp) is the
ractional collection efficiency, and C(Dp) is the number concentra-
ion of particles. Spectra were recorded on a IFS 66/S spectrometer
Bruker Optics, Germany). Spectra were obtained for samples in the
ange of 4000–400 cm−1 in absorbance mode.

.3. In vitro cell viability

Before in vitro cytotoxicity measurements, the sampled
anoparticles on a PTFE substrate were detached in an ultrasound
ath for 10 s. Nanoparticles were dispersed in complete cell culture
edium (CCM) RPMI 1640 with 2 mM l-glutamine (Life Technolo-

ies, US), with 5% fetal bovine serum (FBS, Sigma–Aldrich, US) and
 v/v% 10,000 U mL−1 Penicillin and 10,000 U mL−1 Streptomycin
Life Technologies, US). All operations were performed in a class II
iological safety cabinet (Nuaire, US). Welding rods and PTFE sub-
trates were sterilized using UV-C (254 nm)  radiation for 1 h before
he experiments.

Cells were cultured in complete CCM composed of RPMI
640 with l-glutamine supplemented with 10 v/v% FBS and 1
/v% 10,000 U mL−1 Penicillin and 10,000 U mL−1 Streptomycin.
ells were maintained under standard cell culture conditions
5% CO2, 95% humidity, and 37 ◦C) and passaged weekly.
he cytotoxicity induced by nanoparticles was investigated
y 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MTT) assay. Cells (4.0 × 104 cells mL−1; 0.1 mL  well−1 in com-
lete CCM) were seeded in 96-well plates. In the MTT  assay,

fter 60 h incubation CCM was replaced with fresh medium con-
acting nanoparticles at concentrations of nanoparticles ranging
rom 5 to 200 �g mL−1. The range of concentrations was  cho-
en for the cell viability assay based on a previous report [14]
 Materials 292 (2015) 118–125 121

regarding inhalation toxicity of aerosol chitosan particles. After
24, 48, and 72 h continuous exposure to nanoparticles, medium
was removed, cells were washed with phosphate buffered saline
(PBS) and then incubated with CCM containing 20% MTT  solution
(0.5 w/v% MTT  mL−1 PBS; Sigma–Aldrich, US). After 3 h incuba-
tion, 0.1 mL  lysis buffer [20 w/v% sodium dodecyl sulfate (SDS)
dissolved in 50 mL  deionized water and supplemented with 50 mL
N,N-dimethylformamide] per well was  added. Cells were further
incubated overnight. A 10% dimethyl sulfoxide solution was used
as positive control. Absorbances were measured at 570 nm with a
reference wavelength at 690 nm by an ELISA plate reader (Thermo
Multiskan Spectrum, US). In order to avoid misinterpreting the
results cytotoxicity data were verified with at least three indepen-
dent tests. Results were analyzed as the average of viability (% of
the untreated control ± standard deviation), and p values were also
calculated. The Student’s t-test was performed to determine sta-
tistical significance between untreated and treated groups. p < 0.05
was regarded as statistically significant.

To further evaluate the effect of passivation on cell via-
bility, two  specific dyes, DAPI [4′-6-diamidino-2-phyenylindole
(Sigma–Aldrich, US)] and PI [propidium iodide (BD Science, US)],
were employed to verify viability of cells with pure and chitosan-
incorporated nanoparticles. DAPI (blue-350 nm)  stains both live
and dead cells, while PI (red-488 nm)  may  only pass through the
membranes of dead cells and by examining the fluorescence, cell
viability was also confirmed. Cells were suspended in DAPI (10−4

w/v%)/PI (5 × 10−3 w/v%) solution, 0.1% Triton X-100 and incubated
in the dark for 5 min. Stained cells were spotted onto a slide and
allowed to dry. The stained welding particle-conjugated and non-
conjugated cell suspensions with the two  specific dyes were used
to subsequently enumerate the dead cells (PI-positive cells) out of
the total cells (DAPI-positive cells) bound to the welding particles
via fluorescence microscopy (Carl Zeiss, Germany) analysis.

3. Results and discussion

Fig. 3 summarizes the size distributions of model welding
nanoparticles before and after passivation with chitosan. The geo-
metric mean diameter (GMD), geometric standard deviation (GSD),
and total number concentration (TNC) of the welding nanoparticles
were 43.9 nm,  1.54, and 1.40 × 107 cm−3, respectively (Table 1). The
analogous data for individual chitosan particles were 97.9 nm, 1.66,
and 0.37 × 107 cm−3, respectively, and for “mixed A particles (or
mixed B particles)” they were 37.6 (45.4) nm,  1.82 (2.05), and 1.15
(1.17) × 107 cm−3, respectively. The mixing of the particles gen-
erated a change in the size distribution. The “mixed B” particles
showed a bimodal distribution (showing a larger GSD value than
those in the other cases) which may  have originated from indi-
*Results are expressed as mean ± SD from at least three independent experiments.
a Geometric mean diameter.
b Geometric standard deviation.
c Total number concentration.
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ig. 3. Size distributions of spark produced model welding nanoparticles, collison
mixing  B) configuration.

tate. This implies that the mixing configuration was not suitable to
ncorporate quantitatively all the chitosan droplets. In contrast, the
articles produced under the co-flow configuration exhibited only
ne size mode, suggesting that the chitosan and welding nanopar-
icles formed a single new structure. In Fig. 3, the chitosan droplets
re shown to be nearly quantitatively incorporated with welding
anoparticles. This implies that nearly quantitative incorporation
f the welding nanoparticles and chitosan droplets into a single
tructure may  be possible at co-current flow in the presence of an
rifice just after their mixing.
TEM images (Fig. 4) indicate that the model welding parti-
les were agglomerates (consisting of primary metallic particles),
hereas the chitosan particles were spherical, with a smooth sur-

ace. In the case of the “mixed A” particles, the welding particles

ig. 4. Low and high magnification TEM images of spark produced model welding nanop
)  or counter-flow (mixing B) configuration.
ized chitosan particles, and their mixing in a co-flow (mixing A) or counter-flow

were redistributed in the chitosan matrix due to deagglomeration
(by setting the force acting on an agglomerate of size Dpa due to the
sudden pressure change across an orifice in the collison atomizer),
and the size is given by [21]

Dpr = ˛

√
DpaH

6��P�2
(4)

where Dpr is the size of a restructured agglomerate,  ̨ is the propor-
tionality constant, H is the Hamaker constant, �P  is the pressure
difference between the front and the rear of the orifice, and 	 is the

parameter controlling the maximum cohesive strength between
the constituting particles in an agglomerate. Agglomerated welding
particles passed through the orifice, and the rapid changes in pres-
sure, density, and velocity across the orifice produced an impulse

articles, collison atomized chitosan particles, and their mixing in a co-flow (mixing
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zed chitosan particles, and their mixing in a co-flow (mixing A) and counter-flow
mixing B) configuration.

apable of shattering the agglomerates. Size distributions like that
hown in the high magnification TEM image of the “mixed A” case
ould be attained, if the particles were encapsulated with chitosan
t the orifice and agglomeration was reduced [21]. In the case of
mixed B (counter-current flow), ” unlike the “mixed A (co-current
ow)” situation, heterogeneous agglomeration between the weld-

ng and chitosan components induced a simply collided structure
i.e. welding particles on a chitosan particle).

To investigate the chemical properties of mixed particles, mea-
urements of IR spectra of pure welding and chitosan particles, and
f the mixtures (Fig. 5). Welding particles show a featureless spec-
rum at the given absorbance scales, but weak bands around at
400 cm−1 probably correspond to iron oxide particles [22–24] .
or individual chitosan particles, on the other hand, the IR spec-
rum clearly exhibits the typical absorption bands at 3360, 2920,

nd 2880 cm−1, which represent, respectively, the stretching vibra-
ions of OH, CH2, and CH3 groups [25]. Characteristic bands
t 1680, 1560, and 1380 cm−1 can be assigned to amide I, amide

ig. 6. Profiles in in vitro average cell viability from exposure to spark produced model 

o-flow (mixing A) counter-flow (mixing B) configuration in A549 cells. The figure also 

API  and PI. Average cell viability tests were replicated twice with triplicate repeated me
 values of model welding particle, chitosan particle, mixed A, and mixed B are 0.0429, 

 < 0.05 was  regarded as statistically significant compared to the untreated control. MTT  

o  determine relative number of viable cells.
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II, and amide III, respectively. The peaks at 1410 and 1310 cm−1

correspond to the vibrations of the OH and CH groups in the
pyranose ring. These characteristic peaks still remained after incor-
poration between the welding and chitosan components, implying
a passivation of the welding particles with chitosan.The aver-
age cell viability after exposure to the individual welding and
chitosan particles, and their mixtures, were evaluated using a flu-
orescence microscope for A549 cells at different concentrations,
such as 5, 20, 50, 100, and 200 �g mL−1 (Fig. 6). In all cases,
average cell viability decreased as concentration increased for a
given particle type. Average cell viability ranged from 96 ± 4.6%
to 88 ± 5.3% for chitosan nanoparticles and 77 ± 8.1–42 ± 4.1% for
model welding particles. Whereas, different average viabilities
ranged from 96 ± 5.8% to 87 ± 6.2% for the “mixed A” particles
and 87 ± 6.8–61 ± 3.9% for the “mixed B” particles have been
observed.

In addition, there are no significant differences in cytotoxicity
between the chitosan and the “mixed A” samples. Moreover, a bet-
ter performance (co-flow reduced more than counter-flow) from
the “mixed A” particles in toxicity reduction than that from “mix-
ing B” particles may  have originated from a degree of passivation.
The “mixed B” particles are more cytotoxic than the “mixed A” and
chitosan alone. This may  be explained using TEM images shown
in Fig. 4, as it is apparent, the welding particles may be attached
to the surface of the chitosan particles and not fully incorporated
as in “mixed A.” Incorporation between the welding and chitosan
particles in the co-flow condition induced a better coverage of the
chitosan on welding particles. The higher toxicity of the welding
particles is considered to be a consequence of damage from the
interaction with plasma membranes or other cellular compart-
ments. Metallic (especially Fe, Mn,  Cr, and Ni in this work, refer
in cells; oxidative species are generated which, interacting with
metal, elicit redox-cycling cascades, and thus induce single-strand
breaks in DNA [26–28]. From the results, a spray device of chitosan

welding nanoparticles, collison atomized chitosan particles, and their mixing in a
contains sample microscope images of A549 cells and their treated samples with
asurements, and thus, the error bars derived from the repeated measurements. The
0.0457, 0.0456, and 0.0468, respectively. The results are shown as mean ± SD and
absorbance of untreated control cells (cells incubated with CCM only) was set at 1
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Fig. 7. Results of other passivations with the insertion of chitosan adhesive (rod A) or graphite paste (rod B) in a welding rod being used for spark discharge. (a) Size
distributions. (b) Low and high magnification TEM images. (c) FTIR spectra. (d) Profiles in 

respectively. The results are shown as mean ± SD and p < 0.05 was regarded as statistically 

cells  was  set at 1 to determine relative number of viable cells.

Table 2
Elemental compositions of model welding nanoparticles.

Element Atomic ratio

Fe 0.44 ± 0.07
Mn  0.25 ± 0.06
Cr  0.22 ± 0.04
Ni  0.09 ± 0.04

A
s

s
c

n
a

T
A
c
g

*

tomic ratio was determined using EDX mapping for nanoparticle sampled sub-
trate. The results are shown as mean ± SD.

olution to be installed on a welding protector or mask might be
onsiderable for reducing health risks from welding nanoparticles.
Fig. 7a summarizes the size distributions of spark produced
anoparticles from the second type of passivation. The GMD, GSD,
nd TNC of the nanoparticles are summarized in Table 3. The

able 3
 summary of the size distributions of spark produced model welding nanoparti-
les and other spark configurations using insertion of chitosan adhesive (rod A) or
raphite paste (rod B) in a welding rod.

Case GMDa (nm) GSDb TNCc (cm−3)

Model welding particle 43.9 ± 1.2 1.54 ± 0.02 1.40 × 107

Rod A 32.4 ± 0.8 1.48 ± 0.01 1.38 × 107

Rod B 41.0 ± 1.0 1.53 ± 0.01 1.31 × 107

Results are expressed as mean ± SD from at least three independent experiments.
a Geometric mean diameter.
b Geometric standard deviation.
c Total number concentration.
in vitro average cell viability. The p values of rod A and rod B are 0.0496 and 0.0479,
significant compared to the untreated control. MTT  absorbance of untreated control

modification of the cathode generated a change in the size distri-
bution. Both size distributions from the modifications shifted to
smaller sizes compared to that of the individual welding particles,
and the chitosan adhesive inserted case (rod A) showed a larger
difference in size distribution than that in the case of rod B. This
suggests that the sublimation of the chitosan or graphite compo-
nent may  induce a different mechanism of particle formation which
may  allow gas-phase incorporation of chitosan or graphite into
the metallic particles. Low- and high-magnification TEM images
are shown in Fig. 7b, which verifies the different formation of the
particles. In the case of “rod A”, spherical dark particles (metal-
lic component) are seen as spots on another material, and the
support material may  have originated from the sublimation of chi-
tosan adhesive, while the spherical dark particles are capsulated
by several graphitic layers in the case of “rod B”. Details of the par-
ticle formation of graphitic carbon encapsulated metallic particles
in the metal-graphite plasma process could be found in previous
reports [15]. To verify the feasibility of the incorporation of chitosan
(or graphite) component on a welding particle, measurements of
the IR spectra of the “rod A” and “rod B” cases were also per-
formed (Fig. 7c). Small peaks compared with chitosan particles at
around 1550 ( CH2) and 1400 (C OH) cm−1 from “rod A” and peaks
around at 1750 (C C vibration) and 1400 (C OH) cm−1 from “rod
B” may  be attributed to the incorporation of chitosan adhesive and

graphite paste on welding particles, respectively. The weakened
characteristic peaks of chitosan for the “rod A” might have origi-
nated from graphitization of carbonaceous component of chitosan
on welding particles. Unlike chitosan particles, graphite showed
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 featureless spectrum at the given absorbance scales [29]. The
verage cell viability from exposure to nanoparticles from both the
rod A” and “rod B” samples was further evaluated to verify the
ffectiveness in toxicity reduction at the different concentrations
Fig. 7d). Results show that the range of average cell viability was
8 ± 5.9–55 ± 5.0% and 90 ± 6.6–71 ± 5.1% for nanoparticles from
he “rod A” and “rod B” cases, respectively. In addition, the range of
verage cell viabilities from chitosan adhesive and graphite paste
as 94.4 ± 3.9–82.3 ± 4.3% and 91.2 ± 3.4–75.9 ± 5.5%, respectively.

his implies that the modification of the welding rod may  also
nduce reduction of the nanoparticle toxicity in vitro. A better
erformance in toxicity reduction for the “rod B” case may have
riginated from a degree of passivation, similar to the incorpora-
ion of chitosan. As seen in TEM images shown in Fig. 7b, a nearly
omplete overlay with graphitic layers on welding particles may
fficiently prevent the release of toxic components from the weld-
ng particles into cells. On this account, biocompatible component
ontaining welding rods might be helpful to reduce health risks
rom the inhalable nanoparticles if their welding properties are
emained to be acceptable.

. Conclusion

For the first time, the reduction in cytotoxicity of inhalable
ngineered nanoparticles via gas-phase in situ passivation of the
anoparticle surface with biocompatible materials was  verified
ith in vitro measurements. The nanoparticle passivation with chi-

osan exhibited a lower toxicity in lung cancer cell line compared
o the model welding nanoparticles alone by interfering the direct
ontact between the welding nanoparticles and cells. This work
lso demonstrates that the configuration in chitosan incorporation
e.g., co-current flow, counter–current flow, welding rod modifica-
ion) may  influence the ability of chitosan to modify toxicity. These
esults will provide some useful evidence for the efficient reduc-
ion of inhalable toxic components from engineered nanoparticles,
hich would be generalizable to a broad range of occupational

ealth management for a variety of environments.
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