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Dental composites typically contain high amounts (up to 60 vol.%) of nanosized filler particles. There is a
current concern that dental personnel (and patients) may inhale nanosized dust particles (<100 nm) dur-
ing abrasive procedures to shape, finish or remove restorations but, so far, whether airborne nanoparti-
cles are released has never been investigated. In this study, composite dust was analyzed in real work
conditions. Exposure measurements of dust in a dental clinic revealed high peak concentrations of nano-
particles in the breathing zone of both dentist and patient, especially during aesthetic treatments or
treatments of worn teeth with composite build-ups. Further laboratory assessment confirmed that all
tested composites released very high concentrations of airborne particles in the nanorange
(>106 cm�3). The median diameter of airborne composite dust varied between 38 and 70 nm. Electron
microscopic and energy dispersive X-ray analysis confirmed that the airborne particles originated from
the composite, and revealed that the dust particles consisted of filler particles or resin or both. Though
composite dust exhibited no significant oxidative reactivity, more toxicological research is needed. To
conclude, on manipulation with the bur, dental composites release high concentrations of nanoparticles
that may enter deeply into the lungs.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Modern dental composites (‘‘tooth-colored filling material’’) for
tooth restoration are made of a polymer filled with inorganic filler
particles. In order to prevent excessive shrinkage, dental compos-
ites are highly filled with filler content, usually between 50 and
70 vol.%. A plethora of different types and sizes of filler particles
can be found in contemporary dental composites. In the past, com-
posites used to contain quartz fillers [1,2], but as quartz is radio-lu-
cent, composites today usually contain radio-opaque glass filler
particles containing elements with high atomic masses, such as
barium, strontium, zirconium or ytterbium. These amorphous glass
particles are usually larger than 0.4–1 lm but, to optimize filler
packing, nanosized filler particles (<100 nm; e.g., pyrogenic silica)
are added to fill the spaces between these large particles. The latest
innovations in filler technology have made it possible to add even
larger amounts of nanosized particles without overly increasing
the viscosity of the unpolymerized composite, and one manufac-
turer even succeeded in fabricating a composite containing only
nanosized particles (Filtek Supreme XTE, 3M ESPE) [3]. Only the
latest generation of composites are called nanohybrid and nano-
composites, but actually, all dental composites on the market to-
day contain considerable amounts of nanosized filler particles [4].

Dental composites are nowadays routinely used to restore de-
cayed and traumatized teeth, and they will be increasingly used
now that the World Health Organization has started promulgating
phasing down the use of amalgam [5]. Moreover, unlike amalgam,
composites can be glued to the tooth surface, which gives way to
many more indications for the use of composites. Composites
are, for example, frequently used for cosmetic treatments, such
as closing unaesthetic diastemas between teeth, veneering discol-
ored teeth and correcting the position and shape of teeth [6]. More-
over, thanks to the good mechanical properties of composites and
the latest improvements in adhesive technology, composites are
also increasingly used to rehabilitate severely worn dentition [7].
Composites are then used to replace the tooth tissue lost to erosion
or abrasion, which represents a less expensive and less invasive
alternative to treatment with full-mouth, fixed ceramic
restorations.

Normal use of composites encompasses the application of a
non-polymerized composite paste, followed by polymerization by
blue light, and finishing and shaping by bur or polishing disks
in situ. Some researchers have expressed concern that there may
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be a health risk connected to the use of nanoparticles in compos-
ites [8,9]. Previous research revealed that dental personnel may in-
hale aerosolized composite dust while shaping and polishing new
composite restorations, and/or on removal of old composite resto-
rations [10–12], and Schmalz and Arenholt Bindslev have already
recommended avoiding inhalation of composite dust [13]. Con-
cerns over nanoparticles are related to alleged adverse health ef-
fects, given their high mobility, their deep penetration into the
lungs and their large and active surface area [14–16].

In a previous study, personal sampling of the air in a dental of-
fice revealed that on polishing of front restorations, respirable dust
(<5 lm) is released [12]. Typically, short episodes with high con-
centrations of fine dust could be identified using an optical particle
counter. However, this type of instrument relies on light scattering
by particles, which scales with the particle size to the sixth power
and is therefore only useable to detect larger particles (>500 nm for
the particular instrument used in the previous study). Moreover,
the particles were quantified by means of mass concentrations,
which only reflect nanosized particles to a minor extent, consider-
ing their low mass [12].

The objective of the present study was to investigate more thor-
oughly the release of airborne nanoparticles from composites. In
contrast to the previous study [12], measuring devices suited to
assessing airborne nanoparticles were used. This study involved
both measurement of dentists’ personal exposure as well as labo-
ratory investigations to characterize the particles released from
dental composites during grinding.
2. Materials and methods

2.1. Personal sampling of nanosized particulate matter in dental office

A miniature diffusion size classifier [17,18] (miniDiSC, University
of Applied Sciences North-Western Switzerland, FHNW, Windisch,
Switzerland) was used to analyze the release of nanoparticles in real
time in a university dental office (Restorative Dental Clinic). This
personalized aerosol monitor measures the number concentration,
alveolar lung deposited surface area concentration and mean parti-
cle size in the size range 10–300 nm and for concentrations ranging
from 103 to 106 cm�3. The miniDiSC sampled through an electrically
conductive, flexible tube �50 cm long. The tube inlet was attached
to the collar of the dentist, while the instrument itself rested in the
pocket of the dentist. The flexible tube attached to the miniDiSC pro-
hibited the use of the impactor that is delivered with the instrument
to remove larger particles. Measurements were performed during
extensive restorative/aesthetic treatments with the so-called nano-
composite Filtek Supreme XTE (3M ESPE), such as veneering and to-
tal crown build-up of front teeth. Final contouring and finishing of
the composite restorations was standardly performed with a dia-
mond bur (roughness 46–107 lm). Water cooling and high-flow
suctioning using the intra-oral vacuum suctioning device was only
occasionally used, according to the standard procedures in the
clinic. Sof-Lex polishing disks (coarse, medium, fine and ultrafine
grit, 3M ESPE, St. Paul, MN, USA), rubber points (Eve, Ernst Vetter,
Pforzhein, Germany) and polishing paste (Prisma Gloss, Denstply
Detrey, Konstanz, Germany) were used for polishing the restora-
tions. A second personal aerosol monitor device placed in the same
dental cabinet on a bench �5 m away from the patient recorded
background concentrations, which served as the control.
2.2. Laboratory characterization of nanoparticles

Five commercial composites, including so-called ‘‘nano(hy-
brid)’’ composites and a traditional ‘‘hybrid’’ composite were in-
cluded in this study, enabling more general conclusions to be
drawn. Their compositions and classifications are given in Table 1.
For each composite, five composite samples of identical size of
17.4 � 5.4 � 1.6 mm were prepared in a metal mold. Prior to poly-
merization, the composite was covered with a glass plate and light-
cured on each side for 40 s with a light-curing unit (L.E. Demetron,
Kerr, Orange, CA, USA) with an output >1000 mW cm�2. Each block
weighed �0.2–0.3 g, which corresponded to the size of a mesial–
occlusal–distal restoration (MOD) in a molar [19].

2.2.1. Laboratory measurement of size and concentration of airborne
nanoparticles released from grinding composites

Entire blocks of composite (n = 5) were ground in an enclosed
chamber using a dental bur, and released particle number size dis-
tributions were measured by means of electrical mobility analysis.
A sampling point near the grinding action was placed inside the
chamber, and was connected through a flow split to both (1) a
scanning mobility particle sizer (SMPS; model 3936 with long dif-
ferential mobility analyzer (DMA) 3081 and water UCPC model
3776; TSI, Shoreview, MN, USA) for measuring submicron number
size distributions [20,21] and (2) an electrostatic precipitator (ESP)
(Nanometer Aerosol Sampler NAS, TSI model 3089) for sampling
for further electron microscopic characterization [22]. The experi-
mental set-up is shown in Fig. 1. When the ESP was not sampling,
air was still drawn through the filter to maintain identical flow
conditions. The SMPS measured in the size range 15–661 nm with
a size resolution of 64 channels per size decade, and each measure-
ment took 120 s.

The experiment was carried out in an experimental chamber
with low background contamination (<500 cm�3) made of Plexi-
glass (270 � 270 � 420 mm) with two openings at the sides sealed
with disposable gloves, enabling manipulation of the specimens
and the bur. The composite blocks were held with forceps during
grinding with a rough diamond bur (842314014 Komet, Lemgo,
Germany, grain size 100 lm) in a Kavo Intracompact handpiece
(200,000 rpm) connected to an electric micromotor (EWL K9, Kavo,
Biberach, Germany). The motor was placed outside the chamber so
that unavoidable particle emissions from the motor did not mix
with the sample aerosol.

After each test, the box was air-flushed to reduce the back-
ground particle concentration to 500 cm�3 or below. The weight
of the block was recorded before and after, and the number con-
centrations were corrected for the weight.

2.2.2. Electron microscopic characterization
In the ESP, airborne dust was sampled electrostatically on cop-

per grids for transmission electron microscopy (TEM; JEOL, JEM-
1200 EX II, Tokyo, Japan) and silicon dioxide substrates for scan-
ning electron microscopy (SEM). A cyclone was used to remove
particles larger than 450 nm, and a charger was used to enhance
the sampling efficiency of the ESP [23]. The chemical identity of
the sampled particles was additionally investigated by SEM (JSM-
7500F, JEOL Ltd., Japan) and electron dispersive X-ray (EDX; Apollo
XL detector with 30 mm2 detector, Ametek, EDAX Inc., USA).

2.2.3. Size measurement of suspended particles
To measure the size distribution of sedimented composite dust

in double distilled H2O, a volume of 5 ml containing 1.25 mg ml�1

of each dust was briefly vortexed and then ultrasonicated for 10 s
(3 mm probe, VibraCell, Sonics & Materials, Danbury, CT, USA). The
nano- and micro-fraction was made accessible to optical tracking
analysis by sedimenting larger particles by centrifugation (2000g,
10 min). Mass fraction of the supernatant was determined gravi-
metrically and ranged from 2.6% to 4.2%. Particle size distribution
in the supernatant was investigated with a NanoSight LM10 instru-
ment (Wiltshire, UK), equipped with a green laser, a cooled CCD
camera (Andor-DL-658 M-OEM, Belfast, UK), and analysis software



Table 1
Composition and filler loading of the composites tested.

Composite Manufacturer Classification Resin matrix Filler Filler
loading

Filtek
Supreme
XTE

3M ESPE, Seefeld, Germany Nanocomposite BisGMA, Bis-EMA,
UDMA, TEGDMA

� SiO2 (20 nm)
� Zirconia-silica clusters (0.6–1.4 lm) with primary

particles of 5–20 nm

78.5 wt.%
59.5 vol.%

Gradia Direct GC, Tokyo, Japan Micro-filled hybrid
composite

UDMA � Silica prepolymerized filler (16 lm particles with
16 nm pyrogenic silica)
� Silicate glass (850 nm)
� Pyrogenic silica (16 nm)

73 wt.%
64 vol.%

GrandiO VOCO, Cuxhaven, Germany Nanohybrid
composite

Bis-GMA, TEGDMA � Spherical nanoparticles of silicon dioxides (20–
50 nm)

87 wt.%
71.4 vol.%

Tetric
EvoCeram

Ivoclar-Vivadent, Schaan,
Liechtenstein

Nanohybrid
composite

Bis-GMA, UDMA, Bis-
EMA

� Barium alumino silicate glass (0.6 lm)
� Ytterbium trifluoride*

� Mixed oxide (160 nm)
� Prepolymerized filler*

82–
83 wt.%
66–
67 vol.%

Z100 MP 3M ESPE, St. Paul, MN, USA Hybrid composite BisGMA, TEGDMA � Zirconia silica (0.01–3.5 lm) 84.5 wt.%
66 vol.%

Abbreviations: Bis-EMA, ethoxylated bisphenol A glycol dimethacrylate; BisGMA, bisphenol A diglycidyl dimethacrylate; TEGDMA, triethylene glycol dimethacrylate, UDMA,
urethane dimethacrylate.
* Information not provided by the manufacturer.

Fig. 1. Experimental test set-up for laboratory characterization of dust released on
abrasive manipulation of dental composites.
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2.3. Tracking data were recorded for 1 min using optimized camera
settings as indicated by the software. For each composite, five mea-
surements (n = 5) were performed.
2.2.4. OH� generation and non-specific surface activity index measured
by electron paramagnetic resonance spectroscopy

As described previously by Shi et al. [24] and Papageorgiou et al.
[25], electron paramagnetic resonance (EPR) spectroscopy in com-
bination with spin-trapping agents 5,5-dimethyl-1pyrroline-N-
oxide (DMPO) and 1-hydroxy-3-carboxy-pyrrolidine (CPH) was
used to determine OH� generation and non-specific surface activity,
respectively. Sedimented composite dust particles were suspended
into deionized water (dH2O) via 10 min sonication in a water bath
(Bandelin Sonorex RK-52, 60/120 KW, 35 kHz) (final concentra-
tions 1.25 mg ml�1 for determination of the OH� generation capac-
ity and 2.5 mg ml�1 for non-specific surface activity). All samples
showed good resuspension, but were still highly agglomerated.
The EPR (Miniscope MS-400, Magnettech, Berlin, Germany) mea-
surements were done with unfiltered samples (n = 3). The EPR
spectra were recorded at room temperature under the following
conditions: magnetic field, 3365 G; sweep width, 100 G; scan time,
30 s; number of scans, 3; modulation amplitude, 2.000 mG; recei-
ver gain, 1000.

For OH� generation, quantification was carried out on first deri-
vation of the amplitude of the EPR signal of the DMPO–OH quartet
as average of total amplitudes in arbitrary units [24]. As a blank, a
mixture of dH2O, H2O2 and DMPO was used. As internal positive
control, CuSO4-standard solution and PM10-like Road Dust (BCR
723) were used (coefficient of variance (CV)610%). For determina-
tion of the non-specific surface activity index, quantification was
carried out on first derivation of the EPR signal of the CP� triplet
as the average of total amplitudes in arbitrary units [25]. This
‘‘non-specific surface activity index’’ represents reactive species
not further specified, and could be attributed to, for example,
superoxide, other types of reactive oxygen species (ROS) and elec-
tron transfers or redox activity. As a blank, a mixture of dH2O and
CPH was used. NM300K (Nanosilver, JRC, CV 6 23%) was used as an
internal positive control. Owing to the gradually increasing EPR
signal of the blank, caused by an auto-oxidation of the spin probe,
the results are expressed as the sample to blank ratio (relative va-
lue). For calculation of the mean, the EPR values were blank signal
corrected by the linear correlation/increase (R2 > 0.95) of the blank
signal over time.

2.2.5. Statistical analyses
All qualitative data are represented as means ± standard devia-

tion. For the median particle diameter determined by SMPS and
nanoparticle tracking analysis and the EPR results, the distribu-
tions of the results were checked by Shapiro–Wilk analysis, which
indicated that, for some composites, the distribution was unlikely
to be normal. Therefore, Kruskal–Wallis analysis was used for sta-
tistically comparing between the different composites. A p value of
<0.05 was considered statistically significant.

3. Results

3.1. Personal sampling of nanosized particulate matter in dental office

The clinical measurements revealed clearly distinguishable
peak moments of high concentrations of nanoparticles in the
breathing zone of the dentist (and patient) associated with abra-
sive procedures of composites (Fig. 2). In particular, reshaping
and contouring of composites with rough polishing disks (Sof-Lex



Fig. 2. Personal sampling in dental office (example of a representative measurement during the aesthetic treatment of tooth 11, 12 and 13 with composite veneers). The
lower graphs represent the particle number measurements (Y-axis left), while the upper graphs represent the mean particle size (Y-axis right). Particle number
measurements clearly show short episodes of increased particle concentrations on abrasive manipulations of dental composites. These concentration spikes clearly coincide
with an overall drop in the particle mean size. The following peak episodes could be discerned: (a) external source (see also increase in background measurement, maybe
explained by the fact that the dental offices were open); (b) increasing surface roughness teeth 11, 12 and 13 (previously already covered with composite) with rough
diamond bur (100 lm grid); (c) shaping restoration tooth 13: regular grid diamond burs + rough polishing disk; (d) shaping restoration tooth 12: regular grid diamond
burs + rough polishing disk; (e) shaping restoration tooth 11: rough polishing disk; (f) finishing restorations tooth 11, 12 and 13: fine grid diamond burs + rubber point
polishing + fine grid polishing disks.
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disks) and with a diamond bur resulted in peak concentrations be-
tween 0.1 and 1 � 106 cm�3 in the breathing zone of the dentist.
The background measurements, however, remained stable during
these peaks, and were between 5000 and 10,000 cm�3. The ob-
served concentration spikes coincided with a decrease in mean
particle size, indicating that nanoparticles were released.

3.2. Laboratory characterization of nanoparticles

3.2.1. Laboratory measurement of size and concentration of airborne
nanoparticles released from grinding composites

SMPS revealed that all composites released particles mainly in
the nanorange and, on grinding, very high concentrations between
5 � 106 and 2 � 107 cm�3 could be measured. In addition, of the to-
tal measured dust, a very high fraction was sub-100 nm (Fig. 3).
Concentrations during grinding fluctuated strongly, resulting in
uneven size distributions measured with the SMPS, owing to its
sequential measurements of different electrical mobilities and con-
sequent data evaluation [26,27]. Size distributions are therefore
only shown for samples taken after grinding, when the aerosol
had stabilized. Another consequence is that the median particle
sizes and total number concentrations measured during grinding
may be prone to higher uncertainties and should only be regarded
as indicative. Measurements with idling bur revealed a low release
of nanoparticles, with concentrations between 2000 and
7000 cm�3. Surface area concentrations of the airborne particles
were calculated from the measured number size distributions, be-
cause it has been reported that the surface area may be a better
dose metric than the particle number to describe toxicological ef-
fects of nanoparticles [30]. The surface area concentrations are also
shown in Fig. 3, along with the contributions of sub-100 nm parti-
cles to the total surface area concentration. It should be noted that
the particles were assumed to be spherical for these calculations,
although it is known that they usually have irregular shapes. The
values given should hence only be taken as a rough estimate for
the total surface area concentrations.

There were noteworthy differences between the composites in
terms of both particle number and surface area concentration.
First, the so-called hybrid composite Gradia (GC, Tokyo, Japan) pro-
duced the smallest fraction of sub-100 nm particles, whereas the
nanohybrid composite GrandiO (Voco, Cuxhaven, Germany) re-
leased almost solely sub-100 nm particles. Second, while the size
distribution of all nanohybrid composites was unimodal, the con-
ventional hybrid composite Z100 exhibited a bimodal size distribu-
tion, with the first peak at �40 nm and the second at 200 nm.
Subsequent measurements after 1, 4 and 7 min revealed that the
particles had a high tendency to agglomerate (Fig. 4). During grind-
ing, the median diameter was as follows: GrandiO
(37.9 nm ± 1.3)<Filtek Supreme XTE (42.6 nm ± 4.5)<Z100
(46.0 nm ± 8.5)<Tetric EvoCeram (61.5 nm ± 9.5)<Gradia Direct
(69.5 ± 4.2) (Fig. 4). Kruskal–Wallis statistical analysis showed that
Gradia Direct and Tetric EvoCeram (Ivoclar-Vivadent, Schaan,
Liechtenstein) produced statistically larger particles (p < 0.05) than
Filtek Supreme XTE (3M ESPE, St. Paul, MN, USA), GrandiO and
Z100 (3M ESPE). The nanoparticles released by the latter three
composites were not statistically different in size. When measured
after 1, 4 or 7 min, the mean particle diameter was statistically dif-
ferent for all composites, which indicates that all composites had
an individual agglomeration tendency. The mean modes of the par-
ticles during grinding ranged between 34 and 67 nm.

3.2.2. Electron microscopic characterization
TEM and SEM confirmed the presence of nanosized dust particles

(Fig. 5). Larger particles often consisted of several filler particles



Fig. 3. SMPS measurements: (a) and (b) represent the normalized number size distributions 1 min (left) and 4 min (right) after grinding, respectively; (c) total particle
number concentration (14.6 nm < Dp < 661.2 nm); (d) fraction of sub-100 nm particles concerning the number concentration; (e) total surface area concentration
(14.6 nm < Dp < 661.2 nm) (f) the fraction of sub-100 nm particles concerning surface area concentration.
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held together in the resin matrix, but individual nanoparticles could
also be observed. Chemical analysis by SEM-EDX confirmed that the
dust particles sampled on the substrate were indeed composite dust
particles: Gradia Direct particles contained mainly K, Al and Na,
GrandiO contained mostly Ba and Al, Filtek Supreme XTE showed
peaks with Zr, Tetric EvoCeram with Ba, Al, Yb and F, and Z100 with
Zr. In addition, carbon could be identified in most particles of all
composites, which, together with the TEM observations of relatively
electrolucent parts and particles (Fig. 5), leads to the contention that
the released particles still may be enveloped in or consist of poly-
merized resin. Some composite particles also contained traces of
Ti (in Z100 and Filtek Supreme XTE) and Fe (Gradia Direct), which
was attributed to the presence of pigments.

3.2.3. Size measurements of suspended particles
All composite dusts contained considerable amounts of nano-

scaled particles, as 2.99–6.24 � 108 particles ml�1 were detected
in double distilled H2O by optical tracking analysis (Fig. 6). Particle
size distributions were polydisperse and ranged from 20 to
<500 nm (Fig. 6). In water, the mean modes of the particles ranged
between 140.8 and 182.6 nm, with mean median diameters for all
composites: Filtek Supreme XTE (151.2 ± 17.2)<Z100 MP
(165.0 ± 10.2)<Grandio (174.2 ± 8.5)<Gradia Direct (177.5 ± 25.5)<
Tetric EvoCeram (182.6 ± 27.3). There were no statistically signifi-
cant differences in median diameters between the composites
(Kruskal–Wallis, p > 0.05).
3.2.4. OH� generation and non-specific surface activity index
EPR measurements showed that composite dust exhibits a poor

intrinsic capacity to generate ROS (Fig. 7). No statistical differences
(Kruskal–Wallis, p < 0.05) in OH� generation and non-specific sur-
face activity could be found between the composites.
4. Discussion

This study was the first to identify dental composites as a rele-
vant source of airborne nanosized dust particles on manipulation



Fig. 4. Median particle diameter of airborne composite dust during and after grinding (n = 5). Gradia Direct and Tetric Evoceram produced significantly larger particles than
Z100, Filtek Supreme XTE and GrandiO (Kruskal–Wallis, p < 0.05). Over time, the median size of the airborne particles increased, illustrating their tendency to agglomerate.
Measured 1, 4 and 7 min after grinding, the airborne dust particles of all composites significantly differed in size, which must be attributed to their individual coagulation
behavior.
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with dental burs. It not only discovered that mainly nanoparticles
are set free in the air, but also that the concentrations in the
breathing zone of patient and dentist may be very high. However,
the results should not come as a surprise, considering the fact that
all types of dental composites contain relatively high amounts of
nanosized filler particles [4]. The measurements in clinical situa-
tions clearly showed that dental composites may be a source of
nanoparticle inhalation exposure for dental personnel, who may
be exposed on a daily basis while grinding, finishing and polishing
composites. The mechanisms of action and the exact extent of the
effects of nanoparticles on the human body are still unknown or
under debate [28,29], and hence the most health relevant metric
for the quantification of exposure and dose for nanoscale particles
is still under discussion [30,31]. However, depending on the spe-
cific characteristics of the nanoparticles [15,16], they have been
associated with pulmonary inflammation [14,16,32], size- and
dose-dependent cytoxicity [33,34], increased levels of ROS
[33,35,36], cellular uptake [37,38] and genotoxic effects [39,40].
Not only do nanoparticles easily penetrate deeply into the lungs,
where they may provoke local toxic effects, there are also indica-
tions that they may translocate to the blood, or enter the brain
via the olfactory epithelium [14,15,41]. Since it is the accumulated
dose in the lung that may eventually cause health effects, the
health risks to dental personnel who inhale these composite dusts
on a daily basis is significantly higher than the risk to the patients.

Already in a previous study, TEM revealed that composite dust
contained nanosized particles [12]. However, the equipment used
in that study was not suited for detection and quantification of
ultrafine airborne dust (<100 nm). Therefore, the measurements
were repeated in a dental office, but now using a miniature diffu-
sion size classifier (miniDiSC), which is designed to quantify air-
borne particles in a size range from 10 nm to 300 nm in a
working situation (unlike the optical particle counter in the previ-
ous study, which could only measure particles >500 nm) [17].
Compared with the background concentrations, which were stable
and generally between 5000 cm�3 and 10,000 cm�3 during the
measurements, short episodes of high concentrations of nanoparti-
cles in the range 105–106 cm�3 could be observed when composite
was ground and polished (Fig. 1). For reference, the observed back-
ground concentrations represent typical indoor particle number
concentrations [42,43], whereas the high peaks observed during
the treatments are comparable with particle concentrations ob-
served near combustion sources such as car [44] or aircraft engines
[45], open fires or cigarettes, or in the vicinity of welding or solder-
ing activities [46–48]. Only short episodes could be observed,
which is logical, as the dentists were not continuously grinding
or polishing. In addition, the released nanoparticles were instantly
diluted in the large volume of air in the well-ventilated dental offi-
ces. Nevertheless, the peaks in nanoparticle concentrations coin-
cided with a drop in the mean particle size, clearly providing
proof that the particle size distribution had shifted towards smaller
particle size. It was thus concluded that ultrafine particles were re-
leased in the breathing zone of both dentist and patient.

However, several open questions on the reproducibility of the
measurements (it was impossible to standardize the handlings
and position of the dentists) [17,23], on the particle size distribu-
tions and on the chemical structure of the particles remained after
these initial measurements. Therefore, it was decided to repeat the
measurements by simulating the working conditions in a fully con-
trolled way. The SMPS measurements were in good agreement
with the clinical observations, which underscored the relevance
of the laboratory measurements, and confirmed the release of
nanoparticles from dental adhesives. As the measurements were
performed in an enclosed chamber, high concentrations of 106–
107 cm�3 were obtained almost instantly, and even after 7 min,
high concentrations >106 cm�3 could still be measured. A draw-
back of the size-resolved/time-integrated measuring method of
SMPS was that a reliable size distribution could only be obtained
after 1 min when a stable aerosol had been established (Fig. 3)
[49]. The reason for this is the working principle of the SMPS,
which sequentially classifies the different electrical mobilities of
the particles in a DMA and determines their number



Fig. 5. Electron microscopic characterization of composite dust sampled by ESP on TEM copper grids or on SEM substrates: (a) and (b) represent TEM photomicrographs of
composite dust. All composites released nanoparticles (only Filtek Supreme XTE and GrandiO shown). Differences in electron-lucidity of the nanoparticles may be indicative
for the release of both nanosized filler particles (electrodense particles, black arrows) and particles consisting of mainly resin (electrolucent particles, white arrows). The
presence of carbon detected by EDX indeed confirmed that particles may also consist of resin. (c) EDX spectrum of a Tetric EvoCeram particle. Most peaks revealed the
presence of the inorganic fillers, such as Ba, Yb, Zr, F and Al. The Si peak should be mainly attributed to the silicon substrate. The presence of carbon may correspond to the
resin matrix.
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concentrations with a condensation particle counter [26,27]. The
SMPS thus relies on stable concentrations and size distributions
for the full length of the measurement (2 min in the present study).

All composites released mainly nanoparticles with a median
size between 38 and 69 nm, depending on the composite. GrandiO,
Filtek Supreme XTE and Z100 released the smallest particles with a
median diameter �40–45 nm, while the particles emitted from Te-
tric EvoCeram and Gradia Direct were significantly larger (61 and
70 nm, respectively). These differences in median particle size
may be attributable to the specific compositions of the composites.
Subsequent measurements after 1, 4 and 7 min showed that the
mean diameter shifted towards a higher diameter, which must
be attributed to an agglomeration effect, often seen with high con-
centrations. Actually, it is conceivable that the mean particle
diameter of the actual released particles may even be lower than
those measured, given the tendency of particles to coagulate at
such high concentrations.

Only low concentrations of particles >200 nm could be
observed, which seemingly contradicts the TEM observations in
a previous study [12]. However, in the first study, sedimented
dust was analyzed, which may contain primarily larger particles
that do not stay airborne. It is also possible that particles with
sizes >200 nm were in fact agglomerates of smaller primary
particles. It cannot be excluded that larger particles may have
been released, since the SMPS measurements were restricted to
particles <650 nm. To accurately determine the mass contribu-
tion of larger airborne particles, future measurements appear
necessary.



Fig. 6. Number concentrations of composite particles suspended in distilled water. The particle distributions are polydisperse for all composites and show considerable
numbers of particles <100 nm. A shift in mean particle size compared with the airborne composite dust (Fig. 3) most likely points to a partial agglomeration of the particles in
water.

Fig. 7. EPR characterization of composite dust. The results are expressed as the ratio of the EPR signal intensity of the sample to blank (relative value) and the bars represent
mean ± standard deviation. Composite dust exhibits a poor intrinsic capacity to generate ROS. No statistical differences (Kruskal–Wallis, p < 0.05) in OH� generation and non-
specific surface activity could be found between the composites.
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Irrespective of their classification, all tested composites re-
leased large amounts of sub-100 nm particles. The released size
distributions and total concentrations varied significantly for dif-
ferent dental composites, and are therefore attributable to their
specific compositions. For example, GrandiO and Filtek Supreme
XTE released almost solely sub-100-nm particles, whereas Gradia
filled with prepolymerized filler particles produced the lowest
fraction of sub-100-nm particles. Also the conventional hybrid
composite Z100 released high concentrations of sub-100 nm parti-
cles, but unlike the other composites, it featured a bimodal size dis-
tribution. This may be attributed to the fact that Z100 contains
both large supramicron filler particles and small silica filler
particles.
TEM confirmed that individual nanoparticles were released
alongside larger dust particles consisting of small pieces of com-
posite. Regarding the chemical nature of composite dust, metal ele-
ments typical of composite filler particles were mostly observed by
XRD. Relatively speaking, nanoparticles consisting of metal oxides
such as silica and amorphous silica are considered to exhibit low
reactivity and thus low toxicity [16,50]. However, TEM observa-
tions of electrolucent particles led to the contention that the nano-
dust consisted not only of nanosized filler particles, but also of
small methacrylate resin particles. This was corroborated by the
observation of carbon by XRD, which could imply the dust also
contained methacrylate polymer. The released particles are thus
likely to still be encapsulated by methacrylate resin, and this could
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alter their surface chemistry and reactivity. This observation may
be of relevance with respect to occupational health, as respiratory
hypersensitization to methacrylates in dental personnel has been
reported increasingly since the use of methacrylate-based materi-
als in dentistry [51–55]. In particular, methacrylate monomers are
notorious for their allergenic potential [13,56], and allergic contact
dermatitis to methacrylates is a feared side effect in both patients
and dental personnel, although the incidence of contact allergies is
relatively low [57]. Future research should elucidate whether
exposure to composite dust may lead to sensitization against
methacrylates. Based on the TEM and SEM analysis, it was not clear
whether grinding only led to release of the nanosized filler parti-
cles, or whether larger filler particles were broken into smaller
nanosized pieces. It is, however, conceivable that the polymer ma-
trix may have been subjected to thermic degradation due to heat-
ing during grinding. This may explain the high concentrations of
nanoparticles measured and observed by TEM, even though filler
particles in composites are usually chemically attached to the resin
through functionalization of the filler particles [3,58].

Many different pathways for toxicity on inhalation and adverse
health effects such as acute as well chronic inflammation have
been described. As key factors for such effects, the formation of
ROS, an enlarged nanoparticle surface area and surface reactivity,
as well as associated induction of oxidative stress have been dis-
cussed [14,41,50,59–63]. Hence, the intrinsic oxidant-generating
capacity as well as the surface area and reactivity of particles have
been proposed as measurable particle characteristics to predict po-
tential adverse health effects [25,64,65]. Therefore, as a mere first
indication, the intrinsic surface reactivity and ability of composite
dust to elicit ROS were assessed using two different non-cellular
EPR analysis approaches. The EPR measurements did not reveal
significant OH� generation or non-specific surface activity, and this
could be attributed to the fact that the nanoparticles were still
coated in resin, which may have altered their reactivity. It should,
however, be noted that the particles collected by sedimentation
only do not necessarily represent the airborne dust, but also con-
tained larger particles. With the available sampling techniques,
the collection of sufficient airborne material for these analyses
would have required up to several hours of sampling, which was
not possible taking into account that the grinding of each compos-
ite sample only took 2 min. In addition, as suggested by nanoparti-
cle tracking analysis, the particles suspended for these
measurements tended to agglomerate, which might have attenu-
ated their ROS generation capacity due to a smaller surface. It is
also possible that the sensitivity of EPR, although being highly spe-
cific for a number of ROS species, was too low under these condi-
tions. The present results therefore only give first indications on
the potential effects of the composite, but more efficient particle
sampling techniques will be required in the future to carry out
more elaborate extracellular, in vitro and/or in vivo toxicity stud-
ies, including intracellular ROS measurements.

The clinical exposure situations investigated in this study repre-
sent relatively extensive treatments, which are performed increas-
ingly, since they are much less expensive than indirect crown and
bridge restorations. In accordance with the standard protocols in
the university clinic, water cooling and high-flow suctioning were
only seldom used. These current clinical procedures are of course
partially based on the fact that composite dust has been regarded
as harmless until now. It should also be stressed that certain clin-
ical circumstances, such as polishing procedures with disks and
operations in the front part of the mouth, do not allow the use of
water cooling. Taken into account the exposure situation emanat-
ing from this study in conjunction with the putative health impact
of nanoparticles, future research should focus on the effect of high-
flow suctioning (intra-oral aspiration and general ventilation) and
water cooling on the emission of airborne nanoparticles in the
breathing area of the patient and dental personnel. Dentists now-
adays generally use infection-preventing masks that are not suited
for protection against airborne nanoparticles, and more research is
necessary to evaluate the effect of using suitable face masks (e.g.,
FFP (filtering face piece) masks).

5. Conclusions

Manipulation by bur of dental composites led to a release of air-
borne nanoparticles, which may reach high number concentrations
in the breathing zone of both dentist and patient. First assessments
of the surface reactivity of composite nanodust were reassuring,
but need to be considered with care due to inherent limitations
of the EPR technique. Taking into account that inhaled nanoparti-
cles as well as methacrylates are suspected to pose an occupational
hazard [54], and that the use of composites in patients is still
increasing, more research is warranted. Future research should fo-
cus not only on further chemical characterization of composite
dust (surface chemistry, surface area, mass concentration, charge,
mobility, stability, solubility) and on degradation of the polymer,
but also especially on the toxicity of composite dust. Dental per-
sonal should be urged to take preventive measures against inhala-
tion of composite dust.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Fig. 6, are difficult to
interpret in black and white. The full color images can be found
in the on-line version, at doi: http://dx.doi.org/10.1016/
j.actbio.2013.09.044.
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