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In a pilot study to determine if zinc (Zn) from zinc oxide nanoparticles in sunscreen can penetrate human
skin in vivo, nanoparticles (~30 nm) of a stable isotope (52% %Zn enrichment) were incorporated into an es-
sentially phytochemical-based formulation and applied to the backs of 3 human subjects twice daily for
5 days during the Southern Hemisphere winter. Blood and urine were collected prior to application and at
regular intervals and up to 50 days. As observed in a larger outdoor trial following this pilot study but with
a different formulation and with UV exposure: values of %8Zn in blood continued to increase beyond the

g?’rvnv;rcds' 5 day application phase with the highest measurement at 14 days after the first application; variable amounts

in vivo of the ®8Zn tracer were observed in urine; and the amounts of extra Zn added to blood were small and indi-

Nanoparticles cate very low levels of absorption (minimal estimate <0.01% of the applied dose) through the skin. Reasons

Sunscreen for differences in absorption detected in the stable isotope trials and previous investigations include: the sen-

?HC iSO_t(;JPES sitivity of the stable isotope method; the duration of the investigations; the number of applications of sun-
INC oxide

screen formulation; in vitro methods with excised skin; lack of measurement of blood and urine; no skin

flexing; and lack of UV exposure.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Stable isotope tracing offers a powerful tool in nanotechnology to
address many of the public health concerns related to the production
and use of nanoparticles, including occupational and end-user expo-
sure, pharmacokinetics, and fate and transport in the environment.
In this approach a rare stable isotope of the element of interest is in-
corporated into the product allowing a distinction between the
absorbed/migrated components versus background levels in the
body or environment. The stable isotope approach differs from trac-
ing using radiolabelled metals such as 5°Zn which generally have a
short half-life, although, in the case of 5°Zn, the half-life of 245 days
allows for longer term investigations (Wastney et al., 1986).

Since the idea of stable isotope tracing for nanotoxicology studies
was first suggested in 2006 by Gulson and Wong, the approach has
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been implemented in nanostudies of dermal absorption of Zn from
sunscreens in human volunteers (Gulson et al., 2010) and in mice
(Osmond and McCall, 2010), in the environment (Croteau et al.,
2011), and reviewed in PROSPECT (2010).

The use of sunscreens is advocated to reduce the risk of skin can-
cer by filtering ultraviolet (UV) radiation when people are outdoors,
either for recreational or occupational activities. The UV filters em-
ploy either organic chemicals or metal oxides such as zinc oxide
(ZnO0) or titanium dioxide (TiO;) as active ingredients; the metal ox-
ides may be used in combination with organic chemicals. The metal
oxides are usually, but not necessarily, in the nanoparticle size
range, coat the skin as a transparent film, and in the case of ZnO, filter
out the full range of UVA and UVB radiation.

Several reviews (EWG, Environmental Working Group, 2009;
Gonzalez, 2010; Monteiro-Riviere and Baroli, 2010; Nohynek et al.,
2007, 2010; Schilling et al., 2010; TGA, 2009) and recent investiga-
tions (Cross et al., 2007; Inman et al., 2010; Monteiro-Riviere et al.,
2011; Roberts et al., 2008; Sadrieh et al., 2010; Zvyagin et al., 2008)
have concluded that metal oxide nanoparticles localise to, but are
not absorbed from, the stratum corneum although they can lodge in
hair follicles (Lademann et al., 1999; Nanoderm, 2007), sweat glands
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or skin folds (Zvyagin et al., 2008). Nevertheless, non-governmental
organisations such as Friends of the Earth express concern over the
use of nanoparticles in personal care products, especially sunscreens,
and have questioned their use, and offered alternative products in
Australia (FOE, Friends of the Earth, 2010).

We undertook a pilot study as a prelude to a larger and more ex-
pensive study of dermal penetration of Zn from ZnO particles in sun-
screen in human volunteers in an outdoor setting (Gulson et al.,
2010). In the pilot study of 3 volunteers under conditions of limited
UV exposure, we used a Zn tracer whose enrichment was only half
that of the tracer for the outdoor trial as calculations showed that
even with this enrichment it would be feasible to detect absorption
of <0.0 1% of the applied sunscreen dose; limited funds available for
the pilot trial necessitated the use of the lower enriched tracer.

In this paper we compare the results from the pilot study with
those of the outdoor trial which employed a different formulation
and with UV exposure. The findings of this pilot study are also pre-
sented to allay concerns that results of the outdoor trial are at odds
with all other studies.

2. Materials and methods
2.1. Sunscreen

A generic oil-water based sunscreen formulation containing ZnO
nanoparticles enriched in the stable isotope ®®Zn tracer was the
basis of these trials. Zinc has 5 stable isotopes, the abundances of
which are shown in Fig. 1. %8Zn has a natural abundance of 18.8%
while that in the tracer is 52%.

The starting material for nanoparticle production was 30 g of the
687n0 tracer with a particle size of about 1-2 um (Fig. 2). Nanoparticles
with a final particle diameter of about 30 nm were made using a propri-
etary method based on high energy attrition milling (Casey et al., 2006).
Protocols for the preparation of the ZnO nanoparticles and their charac-
terisation are the same as described in Gulson et al. (2010) and are not
repeated here. The uncoated nanoparticles were incorporated into a ge-
neric oil-water, essentially phytochemical-based formulation, similar
to a commercial sunscreen product; the composition is shown in
Table 1. The sunscreen contained ~18% w/w ZnO nanoparticles
enriched with the stable isotopes of Zn as shown in Fig. 1. Scanning elec-
tron microscopy (SEM) analysis showed a relatively even distribution of
the nanoparticles on the skin (Fig. 3). When applied to the back, the for-
mulation appeared transparent on the skin with repeated applications
(Fig. 4).
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Fig. 1. Isotope abundances for Zn comparing the natural abundance (clear) with those
present in the ZnO incorporated into sunscreens and used in studies described in this
pilot study (52% enrichment in ®8Zn, black fill) and for the larger outdoor trial (>99%
enrichment in ®8Zn, diagonal hatching).
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Fig. 2. SEM image showing the size of tracer ZnO particles prior to generation of nano-
particles used in the sunscreen.

2.2. Subjects and protocols

The trial was undertaken over 5 days in July 2008, winter in the
southern hemisphere. It attempted to simulate a “week at the
beach” in preparation for the outdoor trial described by Gulson et
al. (2010). Volunteers were two males, one from an Asian background
aged 28 and a Caucasian aged 66, plus a South American female aged
48 years. The older male also participated in the outdoor trial.

Approximately 2-3 g (weighed) of enriched sunscreen from indi-
vidual petri dishes was applied to the backs of the subjects to a specif-
ic area (up to 35 cmx 26 cm for the males and less for the female), as
shown in Fig. 4, by a 63-year old female; this female also applied the
sunscreen in the outdoor trial. Sunscreen was applied twice daily,
over 5 days, in the morning and after 3 h. Blood was sampled before
the first and second sunscreen applications, and 3 h after the second
sunscreen application. Urine was collected in the morning and then
whenever available (at least 3 times each treatment day). Blood and
urine samples were collected for up to 50 days post-trial. Collection
of blood and urine samples prior to any application of these sun-
screens meant that each subject acted as his or her own control.
This obviated the necessity of having a control group to which we
would have applied equivalent sunscreen except with naturally oc-
curring zinc.

Blood samples (~3 mL) were taken by venipuncture; approxi-
mately 1 mL was transferred to a preweighed and precleaned PFA
Teflon Savillex beaker and the other 2 mL transferred to a Vacutainer
tube. Urine was collected when available on days 1 to 5 and at the
same time as blood sampling on the post-trial days. During the day,
MilliQ™ water was consumed when required and a mid-day vegetar-
ian meal was supplied. Blood and urine samples were collected from
the sunscreen applicator before the first application and urine on day
5 and also thereafter when the other subjects were sampled.

Table 1
Sunscreen formulation.

Water phase (~50 wt.%) Oil phase

Glycerine Polyglyceryl-3 diisostearate
Guar gum Glyceryl diisostearate
Water Ethylhexylpalmitate
Benzoic acid Olive oil

Hyaluronic acid Grapeseed oil

Di-C12-15 alkyl fumarate

Macadamia oil

Zinc oxide (~18 wt.% of 52% enriched 58Zn)
Dicapryl maleate

Chloroacetamide

Approximate density =1.2 g/mL
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Fig. 3. Appearance of the sunscreen formulation on skin. A fixed amount of sunscreen
(~ 12 mg) of the near commercial sunscreen containing ~18 wt.% stable isotope ZnO
(particle diameters ~30 nm determined by XRD Rietveld refinement and confirmed
by SAX) was applied to the a marked area of skin on the volar forearm with an area
~6 cm? (1.5x4 cm) providing equivalent to the recommended dose of 2 mg/cm? of
sunscreen. The sunscreen was gently spread across the area by a gloved forefinger (dis-
posable nitrile glove) to effect even coverage and mimic in situ application. Backscat-
tered images of the contact side of the tape show relatively well dispersed coverage
of nano ZnO sunscreen on skin. Back-scattered images were elementally analysed by
EDAX to confirm that the white areas were ZnO.

As it was winter, the subjects experienced limited UV exposure by
standing with their backs to glass windows for 30-90 min after each
sunscreen application; glass windows are known to filter out the
shorter wavelengths but allow partial transmission of UVA. The tem-
perature at the surface of the backs reached 38 °C.

2.3. Laboratory procedures

Details of the laboratory procedures to process samples and deter-
mine levels of Zn isotopes are provided in Appendix 1.

2.4. Data evaluation
To determine whether Zn from sunscreens was absorbed through

the skin, we evaluated the change of the ratio of %8Zn/5Zn over
time. The data can also be presented in delta notation (denoted

A®Zn%) which is the percentage difference in %8Zn with sunscreen
application, defined as:

68 68 64 68 64 68 64
AZn¥ :[( Zn/ Znexposure_ Z[l/ aneforeexposure)/ Zn/ anefm‘eexpusure] % 100

(1)

where the ®Zn/%Znexposure Tefers to the measurement for samples
taken over the 5 days or post-exposure. The A®®Zn% will be zero if
no %8Zn from the sunscreens enters the blood or urine via dermal ab-
sorption, even if naturally-occurring Zn is introduced to the body from
another source such as ingestion. This is because the 8Zn/%4Zn ratio of
naturally-occurring Zn is essentially constant (e.g., Cloquet et al.,
2008; Gulson et al., 2010) and therefore additional amounts of it
that may enter the body during the trial period will not change the
ratio measured prior to the trial period. In contrast, any increase in
687n/%4Zn ratio or A%®Zn% provides an indication of %3Zn from %8Zn0
in the sunscreens entering the body.

Two subjects with the same value for A®®Zn% may have different
amounts of absorbed ®8Zn from sunscreens if the amount of
naturally-occurring Zn in their blood is different. To minimise the
impact from differences in the natural Zn blood reservoir between
subjects, the measured total blood Zn concentration in the before-
exposure blood sample was multiplied by an estimate of the indivi-
dual's blood volume obtained using the formula of Nadler et al.
(1962). These estimations provide amounts in micrograms (ug) of
the 8Zn tracer in blood for individuals and allow comparisons with
the known amounts of naturally-occurring Zn in other tissues such
as blood or liver.

3. Results

Because of constraints on access time to the multi-collector induc-
tively coupled plasma mass spectrometer (MC-ICP-MS) and limited
funds, Zn isotopic compositions from the 3 subjects were only mea-
sured for critical blood samples (before-exposure, the end of day 5,
and post-exposure days). Urine samples were analysed for days 1 to
5 (Fig. 6). The mean before-exposure (background) ®8Zn/%4Zn values
for the 3 subjects and applicator of the sunscreen is 0.41587 +
0.00030 (n=8 measurements on different aliquots of the same
samples), the same as the mean value for 21 subjects in the outdoor
trial (Gulson et al., 2010). The results are presented as changes in
687n/%4Zn ratios over time in blood and urine in Figs. 5 and 6 respec-
tively. There was a steady increase in %8Zn/%4Zn ratio in blood for the 3
subjects with the highest value observed for samples collected
at 14 days from the first blood sampling (Fig. 5); that is, the amount
of %8Zn in blood continued to increase for 9 days even after cessation of

Fig. 4. Appearance of the sunscreen formulation on the backs of volunteers after 6 applications.
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Fig. 5. Blood data expressed as %8Zn/%*Zn ratio over time for the 3 volunteers on whom
the nanoparticle sunscreen was applied. 1M is a Caucasian male aged 66 years; 2M is
an Asian male aged 28 and 3F is a South American female aged 48. The arrow denotes
the final sunscreen application.

sunscreen application, as observed in the outdoor trial. The %8Zn/%4Zn ra-
tios decreased towards the before-exposure values by day 50 although
the exact ratios for day 50 are constrained by changes in machine condi-
tions mentioned in Appendix 1. The smallest increase in ®Zn/%Zn ratio
observed was for subject 1 (male, aged 66) and this was also the case for
his results from the outdoor trial. The amount of ®¥Zn tracer present in
blood ranged from 12 to 35 pug compared with the total amount of natu-
ral Zn in blood ranging from 17 to 33 mg.

Urine %8Zn/54Zn ratios (Fig. 6) show variations across individuals
with the maximum value at day 5 as observed in the outdoor trial.
As in the outdoor trial, the increase in the female urine ®8Zn/%¥Zn ra-
tios was up to 6 times greater than for the males.

Isotopic data for blood and urine before, and urine at the end of,
the 5 day trial were also obtained for the female who applied the sun-
screen twice daily to the test subjects. Her isotopic results are similar
to those for the test subjects and indicate some absorption through
the hands, as also found in the outdoor trial.

4. Discussion

The results of this pilot study demonstrate that small amounts of
Zn from Zn oxide particles in sunscreens are absorbed through
healthy human skin and are detectable in blood and urine, as ob-
served in the outdoor trial for 21 subjects.
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Fig. 6. Urine data expressed as ®®Zn/%*Zn ratio over time. Subjects 1M, 2M and 3F are as
described in Fig. 5.

The peak value of ®8Zn/%Zn ratio at 14 days rather than at the end
of the 5-day exposure was unexpected and was taken into account
when planning for the outdoor trial. Although longer monitoring for
the outdoor trial would have been advantageous, it was not logistical-
ly feasible. The unexpected increase in ®3Zn after ceasing sunscreen
application may be attributed to: substantivity (the binding and re-
tention of residues in the lower epidermis or dermis potentially act-
ing as a long-term chemical reservoir (Ngo and Maibach, 2010); the
accumulation of the formulation in hair follicles, skin folds or sweat
glands; or sequestration into, and later release from, bodily compart-
ments such as the liver or muscle.

The profiles in °8Zn/%Zn ratio with time (Fig. 5) are similar to
those observed for the 11 volunteers in the outdoor trial on whom
nanoparticle sunscreen was applied. The extra amounts of °Zn tracer
observed in the blood from the 3 volunteers in the pilot trial ranged
from 12 to 35 ug and overlap the range from 6 to 31 pg ®3Zn (mean
15 pg, median 14 pg) measured in 11 volunteers from the outdoor
trial to whom nanoparticles sunscreen was applied. The amounts of
Zn absorbed from the sunscreen and detected in blood were small
when compared to the amounts of natural Zn normally present in
the human body. In this pilot trial the extra amounts of %Zn in
blood are miniscule compared with the minimal blood Zn reservoir
of 17 mg. The amount of 8Zn tracer detected in blood post-
exposure and after elimination of some of the ®3Zn through urine
thus represents less than 0.01% of the applied dose. There are, howev-
er, major reservoirs of Zn in the body other than blood, such as mus-
cle and liver, that we have not measured, and these could continue to
exchange with, and add to, blood after cessation of sunscreen applica-
tion. The tracer contribution from muscle and bone may be limited
because the exchange of Zn between these compartments and plas-
ma/blood is slow (Wastney et al., 1986; Wastney et al., 1991; Miller
et al., 2000). The ®8Zn contribution from the liver and other easily ex-
changeable compartments may be significant as the liver/red blood
cell ratio is of the order of 5 (Wastney et al., 1986; Wastney et al.,
1991; Miller et al., 2000). However, even if %8Zn from the liver and
easily exchangeable compartments is 5 times that found in blood, it
is still minimal after 5 days of sunscreen application compared with
the amount of natural Zn in blood.

The increase in %8Zn tracer in whole blood for 9 days after cessa-
tion of sunscreen application and ongoing maintenance of these ele-
vated levels needs to be considered in the context of life-time use
of sunscreens especially for occupational users. This may or may not
be of concern but is contingent on the species of retained Zn. If the
Zn is still present as nanoparticles there may be cause for concern
but if it is as soluble Zn ions there should be less concern, especially
given the homeostatic control of Zn in the body. Whether the Zn is
present as particles or soluble Zn ions is unknown at this stage and,
especially for the low levels observed in blood, would be a challenge
to characterise. For those working in the cosmetics industry, there
is little doubt that some of the ZnO is soluble and may be absorbed
through the skin (M. Nearn, personal communication, 2010). This
is also demonstrated by studies with larger ZnO particles. For
example, Agren (1990) measured the penetration of Zn for 48 h
through normal skin on the flexor side of the lower arm of 15
healthy volunteers using occlusive dressings containing Zn oxide
(25% w/w). The particle size was approximately 1um (M. Agren,
email communication, 2009). After 48 h, suction blisters were raised.
The Zn concentration of the epidermis, blister fluid and dermis
was increased beneath the Zn dressing compared with control-
treated skin. The estimated mean release rate of Zn to the skin was
5 pg/cm?/h.

As mentioned earlier, concern has been expressed that the results
of the outdoor trial are at odds with all other investigations involving
nanoparticles. There could be several reasons for this apparent dis-
crepancy apart from the fact that our trials are the first to use the
highly sensitive stable isotope method. Other reasons could be the
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short time of the investigations with many being less than 48 h; the
limited number of applications of the formulation; the limited num-
ber of subjects or animals; in vitro methods with excised skin; lack
of measurement of blood and urine; no skin flexing; and lack of UV
exposure. For example, apart from the trial of Sadrieh et al. (2010)
with swine over a 4 week period (but with no UV exposure), other
exposure times were short, commonly for only 24 h; in the outdoor
trial, Gulson et al. (2010) did not detect any of the %8Zn tracer in
blood until the end of the second day, after 4 applications of
sunscreen.

We have identified numerous limitations and problems in this
study which were taken into account when planning for the later out-
door trial, or that need to be considered by others using the stable iso-
tope approach. Some of the limitations include: limited numbers of
subjects and expense of both the tracer and the analyses, although
we think this is compensated for by the sensitivity of the method;
the short 5-day period of the trial, equivalent to a week “at the
beach” or holiday, but longer studies using humans are very expen-
sive, inconvenient to volunteers and the tracer is non-recyclable;
the low UV exposure as the study was carried out in winter in prepa-
ration for the outdoor trial; and complexities arising from using a less
enriched tracer, as described in the appendix. For the outdoor trial,
the tracer was >99% enriched °8Zn and, even though expensive, min-
imises complications that we found with the 52% enriched tracer.
Where investigators are seeking small changes in isotopic composi-
tion it is recommended the highly enriched tracer is used, rather
than the cheaper alternative.

5. Conclusions

It is worth repeating the conclusion of Hostynek (2003) about per-
cutaneous absorption of Zn: “Mechanisms which regulate Zn absorp-
tion via the skin are not understood and measurements of the rate of
Zn penetration have been contradictory. Apparently its absorption
does not take place by simple diffusion, but it seems to be regulated
by homeostasis, uptake inversely related to the body's actual load of
the metal.” Furthermore, the dynamics of homeostasis are important
as there is a rapid exchange between skin-applied Zn and the large
pool of endogenous metal. The stable isotope approach at least offers
the possibility of distinguishing between the applied Zn and the en-
dogenous pool. The results of both trials using different sunscreen
formulations and different UV exposures demonstrate that small
amounts of Zn from ZnO particles in sunscreen are absorbed through
the skin in healthy subjects and can be detected in blood and urine.
However, the amounts of extra Zn added to blood over a 5 day period
are minimal compared to the body burden of Zn.
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Appendix 1

Laboratory procedures. Zn separations were carried out in a Class
350 laboratory. Zinc was purified from blood (0.2 ml) and urine

(2-6 ml) samples by ion exchange through Bioradmacroporous
resin following digestion with ultraclean nitric acid and hydrogen
peroxide. Total Zn levels in blank controls processed by these proce-
dures were routinely less than 3 ng, which is insignificant compared
with the total amounts of Zn in the blood and urine samples. Changes
in the isotopic abundance of ®8Zn of the purified samples were mea-
sured by multi-collector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) at the Research School of Earth Sciences,
Australian National University, and used to evaluate the dermal ab-
sorption of Zn from the sunscreens. A Zn solution of concentration
400 pg/L Zn with naturally-occurring (normal) isotopic ratios was
measured several times during each analytical session to obtain an
estimate of the precision of the isotopic ratios. In addition to mea-
surements of the Zn standard solution, a composited sample of
blood from the Australian Red Cross Blood Bank and urine collected
from one of the volunteers prior to sunscreen application were also
processed as “standards” along with the unknown samples. The rela-
tively low enrichment of the ®8Zn0 tracer (52%) necessitated complex
deconvolution of the isotopic measurements, brief details of which
are provided in the following section. The total Zn concentrations in
all samples analysed for their Zn isotopic ratios were determined by
ICP-MS.

Isotopic measures. Isotopic ratios were measured on a Neptune
MC-ICP-MS (ThermoElectron Corporation, Bremen, Germany) in
autosampling mode. The isotopes were measured simultaneously
for ®4Zn, ®6Zn, 7Zn, ®8Zn and 7°Zn along with %2Ni, %3Cu, %°Cu and
71Ga. 52Ni was monitored in order to correct for isobaric interferences
of ®¥Ni with %¥Zn. Incorporating an efficient ion-exchange separation
procedure minimises isobaric interference from most metals. The
measuring procedure involved a 10 second “wash” with clean 2%
HNOs, a 2 minute aspiration with “Triton X100” solution, a 2 minute
wash with clean 2% HNOs, a 2 minute “blank” measurement with
clean 2% HNOs, and 400 pg/L Zn standard solution or unknown sam-
ple. Integration time on each peak was 4 s, and for blanks, standards
and samples a delay of 90 second aspiration was implemented before
data collection began. Blood and urine samples were initially mea-
sured with standard bracketing, i.e., the 400 ng/L Zn standard solution
was measured before and after the unknown samples along with the
“washing” procedures. However, there were differences in the “raw”
(as measured) isotopic ratios for the 400 pg/L Zn standard solution
and the blood and urine solutions which we attribute to matrix ef-
fects and so it was not feasible to use the standard bracketing proce-
dure to correct the isotopic ratios for mass fractionation effects in the
unknown samples (e.g., Mason et al., 2004). The quality of the isoto-
pic measurements is constrained by mass spectrometer effects. Raw
isotope ratios measured by plasma-source mass spectrometry typi-
cally deviate from their true values by up to 10% per atomic mass
unit (Mason et al., 2004). These deviations arise from potential inter-
ference with the Zn isotopes from other elements, and mass discrim-
ination, which refers to fractionation or changes in the amount of
isotopes during measurement whereby the heavier isotope (in this
case 7°Zn) is transmitted more rapidly into the mass spectrometer
section. On scatter plots of isotope ratios (e.g. %8Zn/®¥Zn versus
667n/%4Zn) the fractionated data lie along well-defined linear trends
when samples and standards are measured in one session. If, howev-
er, the session is interrupted for any number of reasons, the data will
often lie along a line of similar slope to the earlier analyses but show a
“shift” in isotope ratios, requiring a correction to be applied to the
data. Approaches to correct for mass bias and nonspectral mass dis-
crimination are outlined in Mason et al. (2004) and include adding
an ultrapure solution of copper to the separated Zn solution or to
measure a Zn standard solution between each unknown sample. As
described above, the latter approach was found to be unsatisfactory,
and we encountered difficulties in using the copper method.

If dermal penetration occurs then a sample of blood or urine will
contain a mixture of natural Zn and tracer Zn with the isotopic
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compositions shown in Fig. 1. For simple two component mixing of
the natural and tracer Zn, scatter plots of isotope ratios as mentioned
above will also lie on well-defined linear arrays. Hence the measured
data can lie on two linear arrays, one arising from isotopic fraction
within the mass spectrometer and the other from mixing of natural
and tracer Zn. To derive the amount of tracer Zn in a sample, the iso-
topic measurements are deconvoluted or unmixed using convention-
al methods from mass spectrometry. Normally, this would be a
straightforward process but in the present study because of the low
enrichment of 52% of the tracer compared with 18.8% in naturally-
occurring Zn, the lines for fractionation and mixing almost coincide,
complicating the unmixing calculations.

Nevertheless, it is possible to obtain satisfactory data but not to
the same degree of certainty that can be obtained with a high purity
tracer such as the >99% enriched ®Zn0 used in the subsequent out-
door trial.
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