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Abstract

The risk of nanoparticles by inhalation for human health is still being debated but some evidences of risk on
specific properties of particles <100 nm diameter exist. One of the nanoparticle parameters discussed by
toxicologists is their surface area concentration as a relevant property for e.g. causing inflammation.
Concentrations of these small particles (~ <100 nm) are currently not measured, since the mass concen-
trations of these small particles are normally low despite large surface area concentrations. Airborne par-
ticles will always be polydisperse and show a size distribution. Size is normally described by an equivalent
diameter to include deviations in properties from ideal spherical particles. Here only nanoparticles below a
certain size to be defined are of interest. Total concentration measures are determined by integration over the
size range of interest. The ideal instrument should measure the particles according to the size weighting of the
wanted quantity. Besides for the geometric surface area the wanted response function can be derived for the
lung deposited surface area in the alveolar region. This can be obtained by weighting the geometric surface
area as a function of particle size with the deposition efficiency for the alveolar region for e.g. a reference
worker for work place exposure determination. The investigation of the performance of an Electrical
Aerosol Detector (EAD) for nearly spherical particles showed that its response function is close to the lung
deposited surface areas in different regions of the human respiratory system. By changing the ion trap
voltage an even better agreement has been achieved. By determining the size dependent response of the
instrument as a function of ion trap voltage the operating parameters can be optimized to give the smallest
error possible. Since the concept of the instrument is based on spherical particles and idealized lung depo-
sition curves have been used, in all other cases errors will occur, which still have to be defined. A method is
now available which allows in principle the determination of the total deposited surface area in different
regions of the lung in real time. It can easily be changed from one deposited region to another by varying the
ion trap voltage. It has the potential to become a routine measurement technique for area measurements and
personal control in e.g. work place environments.

Introduction materials and devices. Besides thin films the most
important building blocks are nanoparticles (Kruis
Nanotechnology offers great opportunities for new et al., 1998), which can be produced in a solid,

and improved nanostructured, functionalized liquid or gaseous matrix. Product nanoparticles
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are mostly defined to be smaller than 100 nm and
down to a few nanometers. The upper size limit is
depending on the problem raised and will be
defined in this paper for the case of measuring lung
deposited nanoparticle surface area. To make use
of some of these properties, nanoparticles have to
be single isolated particles. In other cases they may
consist of aggregated and agglomerated primary
nanoparticles.

The mass production of nanoparticles in the gas
phase has several advantages, because clean and
continuous processing is possible. On the other
hand nanoparticles in the gas phase have a high
mobility. There are increasing chances for them to
escape during gas phase processing, handling and
use, than in liquid processes. The particles emitted
to work places or more generally into the envi-
ronment are easily transported with the gas flow to
human lungs. They are inhaled and deposited in
the nose or mouth and in different parts of the
lung. They either may cause negative health effects
at the point of deposition or may be transmitted to
other end organs (Kreyling et al., 2002; Oberdér-
ster et al., 1995).

The risk of nanoparticle intake is dependent on
exposure and hazard. Here we are interested in
exposure measurement. For this purpose, moni-
tors for exposure control are needed in the work
place, controlling either an area or a person at the
point of possible nanoparticle intake. We are
introducing a new concept based on an existing
instrument for area monitoring, which allows the
measurements of the nanoparticle surface area
deposited in different parts of the human respira-
tory system.

Nanoparticle surface area measurement

The measurement objects of current interest are
nanoparticles (<100 nm). Most standards set up
by different organizations all over the world for
work place measurement thus far are based on
mass concentration limits. Mass measurement
methods are not sufficiently sensitive for airborne
nanoparticles and may not be sensitive toward the
specific health relevant properties of nanoparticles.
The most sensitive concentration measure in this
particle range (<100 nm diameter) is the number
concentration. Unfortunately the number concen-
tration is dominated by very small particles, which

are difficult to measure because of increasing line
losses and decreasing counting efficiency with
decreasing particle size for all counters.

On the other hand the most important question,
which has yet to be raised, is whether the number
concentration correlates with health effects. This is
true for asbestos fibers with a certain probability
for each fiber to cause a negative health effect and
may be also for nanoparticles in case of clogging
after penetrating into the blood. For nanoparti-
cles, toxicologists discuss the particle surface area
among others as a relevant measure (Oberddrster,
1996; Donaldson et al., 1998), because most of the
processes in the human body environment take
place via the particle surface, which is increasing
significantly with decreasing particle size in the
nanometer size range for the same amount of
mass. The health effects after intake are strongly
depending also on the deposition regions. Partic-
ularly discussed are the deposition in the nose
(head), because of possible transfer of nanoparti-
cles to the brain, the tracheobronchial region as
well as the alveolar region, because of inefficiency
of clearing mechanism and the possible transfer to
the blood circulation system with resulting distri-
bution in several end organs (Kreyling et al.,
2002).

In Figure 1 the deposition curves for head (H),
tracheobronchial (TB) and alveolar (A) deposition
are shown. They were obtained using the UK
National  Radiological  Protection  Board’s
(NRPB’s) LUDEP Software (James et al., 2000),
based on the recommendations of ICRP Publica-
tion 66 (ICRP, 1994). Different people performing
different activities have different deposition curves.
We have chosen a reference worker with the
following conditions:
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Figure 1. Deposition curves (James et al., 2000).



Breathing type: nose only
Functional residual capacity: 3301 cc
Breathing rate (Breath/min): 20
Ventilation rate: 1.5 m?/h

— Activity level: light exercise

From all these considerations it follows that an
instrument is needed, which is capable of mea-
suring the total nanoparticle surface area fractions
originating from nanoparticle processing, which
are deposited in different parts of the human
respiratory system.

Needed instrument response

To be able to perform on-line measurements and
easy data evaluation the instrument should deliver
an electrical signal. If possible, the wanted instru-
ment should have a linear response to particle
surface area. Using monodisperse, spherical par-
ticles of known size the instrument then can be
calibrated by performing parallel number concen-
tration measurements. Knowing number concen-
tration and particle size the surface can easily be
calculated. For each size a calibration factor can
be determined. Since the calibration is based on
electrical mobility diameter of spheres for sizing
and the unipolar charging for the generation of the
electrical signal, only an equivalent surface con-
centration based on these processes can be deter-
mined in case of agglomerates.

Most emitted particles are distributed as a
function of size. If we want to measure the total
concentration of a polydisperse aerosol (total
number, -surface area, -mass or other -weighted
quantities), the instrument has to show a certain
size dependent sensitivity depending on the size
weighting of the wanted quantity. This sensitivity
can be derived by describing the integral over the
size distribution by its sum. Each size increment in
the sum is proportional to the number concentra-
tion times the corresponding diameter weighting,
in case of geometric surface area, Dpz. To nor-
malize the size dependant response with respect to
the number concentration, 100 nm particles have
been chosen as a reference and their normalized
sensitivity has been set to be 1. The needed sensi-
tivities as function of particle size are shown in
Figure 2. The surface arca shows a Dpz—depen-
dency and the number is independent of particle
size (Dpo). If we now weight the sensitivities for
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Figure 2. Response function for lung deposited surface
area in comparison with response function for number
concentration (DI,O) and geometric surface area (Dpz).

geometric surface area with the corresponding
deposition curves (deposition efficiencies 1, see
Figure 1), we simulate the deposition in the dif-
ferent regions of the human respiratory system. In
Figure 2 the needed response functions for head,
tracheobronchial and alveolar depositions are
shown. They are nonlinear and less steep com-
pared with the response function for geometric
surface area, but further away from the constant
curve for number concentration.

Instruments based on diffusion charging and their
response functions

Diffusion charging is a process which is at least in
certain particle size regions proportional to parti-
cle surface (Rogak et al., 1993; Jung & Kittelson,
2005). Depending on instrument design the sensi-
tivity as a function of particle size, i.e. the response
function, is different because of differences in the
charging process and particle losses. Ku and
Maynard (2005) have recently shown that the
Matter instrument, Switzerland, e.g., the instru-
ment LQ1-DC, does show a D,,z-dependency in the
size range between 30 and 100 nm. Above 100 nm
and below 30 nm the sensitivities are smaller then
the one needed for a Dpz-dependency. For these
studies monodisperse silver agglomerates were
used, synthesized by evaporating silver in a cera-
mic boat in a furnace. In the cold carrier gas
(nitrogen) silver particles were formed, which
agglomerated rapidly. In a second oven they were
heat treated (Kruis & Fissan, 1999). The polydis-
perse aerosol was size fractionated using a Differ-
ential Mobility Analyzer (DMA). With a second
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Figure 3. Response function of EAD 3070A.

furnace the particles were sintered at increasing
temperature, which did not lead to significant
differences in the response function. This demon-
strates that the sensitivity is not a strong function
of the shape of the particles. They can be assumed
to behave like spherical silver particles with the
same clectrical mobility as the agglomerates.

We performed similar experiments with the
Electrical Aerosol Detector (EAD)/TSI 3070A,
using unsintered silver agglomerates (see Fig-
ure 3). Between 10 nm and 100 nm the normalized
sensitivity can be described by the function 0.0211-
DI,I'm. Below 10 nm the response function drops
more sharply compared with the given function.
Our data compare well with earlier data given by
the manufacturer (Kaufman et al., 2002). If we
compare this function with the weighted response
functions for lung deposited surface areas (see
Figure 2) they match well in the size range 20—
100 nm. This brought up the idea to manipulate
the EAD response so that it matches better the
needed responses for different weightings of lung
deposition.

Modification of EAD to measure lung deposited
surface area

The EAD consists of a charging chamber where
the aerosol is mixed with positively charged ions,
which attach to the particles by diffusion. The
unipolarly charged aerosol with residual ions is
then introduced into an ion trap to which a voltage
of 20 V is applied. The highly mobile residual ions
are eliminated in the electric field. The charged
particles are then collected in a filter downstream
of the ion trap which is part of a sensitive

electrometer to measure the current caused by the
deposited charges. The response function of
the instrument changes with the applied voltage to
the ion trap, because with increasing voltage par-
ticles are also eliminated. The instrument was
challenged with differently sized, monodisperse
silver nanoparticles in the size range between 10
and 100 nm with an ion trap voltage between 20
and 200 V. The result is shown in Figure 4. The
normalized sensitivity is 1.0 for the reference case
of 100 nm particles. For all voltages it is decreas-
ing with decreasing particle size, because of a
reduction of the average charge level. With
decreasing particle size and increasing ion trap
voltage the particle losses in the trap also increase
causing a further reduction in normalized sensi-
tivity. In Figure 5 the response functions for dif-
ferent ion trap voltages derived from the data in
Figure 4 are shown as function of particle size for
better comparison with the response functions
shown earlier. Especially in the small size range the
normalized sensitivity drops more steeply with
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Figure 4. Normalized sensitivities as function of ion trap
voltage for different sized particles.
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Figure 5. Response functions for different ion trap
voltages.



increasing voltage. With increasing voltage larger
amounts of small particles are eliminated, causing
an increasing drop in normalized sensitivity.
Major changes occur only below 40 nm. By eye
fitting we have chosen the response function for
100 V ion trap voltage to be a close fit to the
needed response function for tracheobronchial
deposition. In Figure 6 the measured response
function for 100 V ion trap voltage is compared
with the response function for tracheobronchial
deposition. A deviation occurs only for the very
small (<10 nm) particles. For 200 V a good
comparison is achieved for the alveolar deposition
(Figure 7). The differences between the normalized
response functions for alveolar and trachiobron-
chial deposition are rather small. The main dif-
ference is caused by the difference in deposition
efficiency at the reference point. This is taken into
account through the calibration, which includes
the different deposition efficiencies at the reference
point of 100 nm particle size. The described
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Figure 6. Response function of EAD 3070A — 100 V ion
trap.
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Figure 7. Response function of EAD 3070A — 200 V ion
trap.
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procedure for determining the normalized sensi-
tivity as function of particle size allows also the
determination of the calibration curves. Multiply-
ing the normalized sensitivities with different
number concentrations allows the determination
of the lung deposited surface area as function of
electrometer current. As long as the response
function of the instrument is equal to the needed
response function for different particle sizes the
data from all measurements can be taken to con-
struct the calibration curve (Figure 8), since they
all lead to the same calibration factor. The cali-
bration curves are-linear in the covered concen-
tration range and can be described by the given
simple functions. In Figure 9 the calibration fac-
tors are plotted as function of particle size. The
dotted lines refer to an exceptable error of +25%.
In both cases, tracheobronchial and alveolar
deposition, the calibration factors are outside of
this range only below 10 nm. Fortunately the error
contribution to the total surface area of a
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polydisperse aerosol by smaller particles is negli-
gible because of the Dpz-dependency. The surface
area contribution of a 10 nm particle is only 1% of
that of a 100 nm particle.

Up to now we assume that the instrument cuts
out all particles larger than 100 nm. This may not
be possible, causing large errors. Another upper
limit could be the minimum in the deposition
curves around 300 nm to include all deposited
small particles. Above ~400 nm the deposition
curves become density dependent and therefore
material dependent.

In any case it still has to be shown that the
response function of the instrument in the size
range between 100 nm and any larger size follows
the needed response function.

Optimal ion-trap voltage

Under certain conditions the available perfor-
mance data (Figure 4) can be used to choose
optimal ion-trap voltages for which the error is
minimal. The absolute error in the measured total
deposited surface area is depending on the actual
size distribution, which we don’t know a priori. We
assume a constant number distribution over the
particle size range between 10 and 100 nm. The
real size distribution of nanoparticles will normally
show smaller number concentrations at both ends
of the covered size range between 10 and 100 nm
compared with the maximal concentration. This
leads to an overestimation of the error at both
ends of the size range. The error contribution of
the small particles is small, because of the D,,2
dependency. At the upper end of the size distri-
bution the influence on the sum of errors becomes
more important.

Table 1. Optimal ion trap voltages

We can interpolate or calculate the fitted nor-
malized sensitivities for each ion-trap voltage
between 20 V and 200 V for measured particle
diameters. The normalized sensitivities for the
wanted response function are calculated as
described earlier. The squared differences between
the calculated normalized sensitivities for a given
ion-trap voltage and wanted sensitivity at mea-
sured particle diameter are calculated and summed
up. Figure 10 shows the results for tracheobron-
chial, alveolar and head airways deposition. The
minimum of these curves of the sum of the errors
in case of a constant size distribution within the
size range of 10-100 nm represent the optimal ion-
trap voltages, where both response functions show
the best agreement.

Table 1 shows the optimal voltages and least
square sums for the different deposition areas.
Also the calibration factor has been derived. For
comparison the applied voltages and their corre-
sponding data are also shown. The differences in
least square sum as well as in calibration factor are
not very large between the different deposition
areas. This is due to the fact that the major dif-
ferences in the response functions occur below
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Figure 10. Determination of optimal ion trap voltage.

Lung deposition Measured ion-trap Optimal Least Calibration factor
voltage ion-trap voltage square sum

Tracheobronchial 20V 0.00774 83.3 um?/(cm?® *pA)
deposition 100 V 0.00125 89.7 pm?/(cm® *pA)
134 V 0.00079 92.5 ym?/(cm?® *pA)
Alveolar deposition 20V 0.01213 347 ym?/(cm® *pA)
148 V 0.00259 391 pm?/(cm® *pA)
200 V 0.00353 409 pm?/(cm® *pA)
Head airway deposition 20V 0.00987 62.4 pm?/(cm?® *pA)
157V 0.00106 70.7 um?/(cm® *pA)




10 nm, a size range, which does not contribute
much to the total surface of a polydisperse aerosol,
even if we consider only particles below 100 nm.

Summary

Modifications of the EAD with different ion trap
voltages have been tested with the goal of deter-
mining the deposited nanoparticle surface area for
different regions of the human respiratory system.
We have demonstrated that this can be achieved
for nanoparticles below 100 nm. The investigation
was performed using agglomerated silver nano-
particles. Further studies need to be conducted to
investigate what influence different particle shapes
and materials may have. Also further studies on
the possibilities of modifying the response to get
better agreement for different wanted response
functions should be investigated. For reference
cases additional quantities like dose, dose per lung
area or lung mass may casily be derived.
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