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ABSTRACT

A method development pilot study examining citizen science tools for assessing lead in childcare settings
identified plastic food toys as an unexpected potential source of lead and arsenic. Collaborating researchers at
three universities sought to develop a low cost, replicable approach for use in childcare centers to identify lead.
Through graduate Environmental Health courses at Northeastern and Boston Universities, 197 Plastic Food Toys
(PFTs) used in a childcare center were tested for lead using a portable X-Ray fluorescence (XRF) instrument and a
colorimetric wipe method for detecting surface lead. The XRF identified concerning levels of lead and co-
occurring arsenic in PFTs. The XRF analysis found 8.63% (17/197) of PFTs from the childcare center con-
tained more than 100.00 ppm of lead, the U.S. Consumer Protection Safety Commission’s (CPSC) upper regu-
latory threshold for lead in childrens’ products. However, wipes did not detect removable surface lead. Lead
concentrations ranged from 6.14 ppm to 11,999.00 ppm with a median of 40.00 ppm. Additionally, 7.10% of all
PFTs tested had detectable levels of arsenic which ranged from 9.30 ppm to 1134.42 ppm and had a median
value of 113.20 ppm. Arsenic concentrations in 6.60% of PFTs’ exceeded the US voluntary standard for arsenic in
children’s products of 25.00 ppm (adopted from the EU standard). These findings prompted further sampling of
similar newly-purchased PFTs. None of the newly-purchased PFTs tested positive for lead or arsenic (0/87).
Several other elements were also identified, particularly in the used PFTs. Because these food-like toys are
frequently put in children’s mouths, we recommend further investigation of PFTs in circulation via citizen sci-
ence combining the wipe and XRF method as they provide immediate data to participants. Additionally, CPSC
should consider a systematic recall of some used PFTs to prevent exposure disparities by socio-economic status
and increased surveillance for other toxic metals in new PFTs.

1. Introduction and background

Childcare centers are potential understudied sites of lead exposure,
as both lead in playground materials and lead in toys serve as potent
exposure sources (Kim et al., 2012; Sanders et al., 2013). Additionally,
there are no reliable citizen science methods for childcare centers to
rapidly and visually assess sources of lead. As part of Environmental
Health courses in Masters of Public Health programs at Northeastern
University and Boston University, we analyzed sources of lead in a
childcare setting using SKC Full Disclosure® Lead Detection

colorimetric wipes and a portable x-ray fluorescence spectroscopy (XRF)
instrument. The initial aim of this pilot study was to explore the utility of
low cost, colorimetric wipes to identify lead on surfaces in order to
develop citizen science tools that childcare centers might use indepen-
dently to assess lead on surfaces. As we developed study questions, the
center’s director noted that children frequently put plastic food toys in
their mouths as they pretend to eat and prepare food. Given the litera-
ture on lead in plastic toys, a student group in the class sampled a small
subset of the center’s plastic food toys (PFTs) along with other toys that
the literature suggests might contain lead in particular toy made from
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yellow and red PVC plastic, metallic and metallic painted toys and lower
priced toys (Greenway and Gerstenberger, 2010; Hillyer et al., 2014;
Miller and Harris, 2015; Sanders et al., 2013; Shen et al., 2018).

High levels of lead and arsenic in the popular PFTs at the center
prompted the center’s request to assess other plastic food toys. This
paper reports on findings from the XRF analysis of plastic food toys and
reflects on the utility of portable XRF and SKC Full Disclosure® Lead
Detection colorimetric wipes in a childcare setting. The goal of this
paper is to alert environmental health researchers, clinicians, and
childcare centers to PFTs as a route of lead and arsenic exposure.

1.1. Sources of lead exposures and the need for studies in childcare
settings

Lead is a well-documented neurotoxicant that delays and reduces
cognitive development in children (Toxicological Profile for Lead, n.d.;
Cory-Slechta, 2012; Flora et al., 2012). There is no safe level of lead
exposure and it is estimated that half of the United States (US) popula-
tion is exposed to harmful levels of lead in childhood (McFarland et al.,
2022). Sources of lead exposure in the US are numerous and nearly
ubiquitous from the use of lead in gasoline and paint for the majority of
the 20th century (Dignam et al., 2019).

Traditionally, the sources of lead exposure have been identified as
soil, water, air, paint, and dust (O’Flaherty, 1998; Swaringen et al.,
2022). Lead in air has dissipated proportionally with the decrease in lead
in gasoline (Dignam et al., 2019). Paint in older homes can still be
problematic but can be avoided by local regulations for protection of
children. As lead in air and paint become more regulated, other sources
of novel origin become more serious threats to environmental health.
Oftentimes, these sources of exposure can be community dependent. A
previous environmental health study of lead poisoned children in China
identified alternative medicines as a major source of exposure (Specht
et al., 2016). Communities with occupational exposures have significant
childhood lead exposures from take-home lead (Rinsky et al., 2018).
Finally, a study in Massachusetts indicated that firearms may serve as an
additional source of lead exposure (Hoover et al., 2021). As the tradi-
tional environmental toxicants, like lead, become more scarce, com-
munity specific sources become a significant contributor to the
underlying lead exposure burden. One previously overlooked source of
exposure, namely childcare centers, could serve as a unique source of
community exposure to children through toys.

1.2. Lead and arsenic in toys and the need for citizen science

Lead contamination in toys is a well-documented problem, and some
work has been done identifying characteristics of toys that have higher
likelihoods of containing lead. For instance, in polyvinyl chloride (PVC)
plastic toys, yellow and red toys are more likely to contain lead added to
improve the brightness and fastness of dyes (Greenway and Ger-
stenberger, 2010; Hillyer et al., 2014; Kang and Zhu, 2015; Miller and
Harris, 2015; Sanders et al., 2013; Shen et al., 2018). Metallic and
metallic-painted toys are also more likely to contain lead to increase
their weight, particularly in lower priced toys (Hillyer et al., 2014). Lead
is also added to increase the weight and authentic feel of plastic jewelry
in particular (Hillyer et al., 2014; Mateus-Garcia and Ramos-Bonilla,
2014). The literature on lead and arsenic in non-metallic children’s
toys is not extensive, though there is some literature on the presence of
lead in plastic metallic costume jewelry (Guney and Zagury, 2012; Yost
and Weidenhamer, 2008). There are a few studies on lead in toys in
childcare centers (Greenway and Gerstenberger, 2010; Kumar and
Pastore, 2007; Sanders et al., 2013; Turner, 2018). However, we are not
aware of available literature on the presence of lead or arsenic in PFTs
specifically. Evaluating this exposure route is particularly important as
PFTs are frequently mouthed by children as they mimic preparing and
eating food (Juberg et al., 2001; Tulve et al., 2002).

Arsenic, a carcinogen and potent toxicant, has historically also been
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identified in certain children’s toys, but has become less prevalent with
increased regulation of toy manufacturing. Arsenic has been added to
PVC toys to add sheen and luster to translucent elements and is still
commonly detected using XRF methods in vintage toys (Miller and
Harris, 2015). More broadly, exposure science is beginning to question
whether plastics should be used to manufacture toys at all: a recent study
found contaminant exposure from 126 chemicals in plastic toys through
dermal, gastrointestinal, and respiratory routes poses a “non-negligible
health risk to children” (Aurisano et al., 2021).

Recent attention to the problem of lead in toys has led to improved
US sampling and regulations. The 2008 Consumer Product Safety
Improvement Act (CPSIA), which incorporated Henry Waxman'’s “Lead-
Free Toy Bill” (H.R. 2840), sought to drastically reduce lead in children’s
products by setting a threshold of 90 ppm of lead in paint and painted
items, effective from 2009, as well as a reduction in acceptable lead
concentrations in childrens’ products of 100pm, as of 2014 (Lead
Contamination Control Act Amendments of 1991 (1991 - H.R. 2840), n.
d.; Rush, 2008). Although toys with lead paint are banned in the US, toys
containing lead can still be found in the US, especially if they are older
toys produced before the ban or have been imported from countries that
do not have the same lead regulations. Additionally, CPSIA amended the
Consumer Product Safety Act of 1972 and made the American Society of
Testing and Materials Toy Safety Standard (ASTM F963) mandatory
(ASTM F 963-17 Requirements, n.d.). This requires that all US children’s
products be tested by accredited third-party laboratories. Nonetheless,
not all US state governments have adopted legislation that bans lead in
children’s products. Despite CPSIA, more than twenty million toys have
been recalled globally in the last decade due to chemical safety standard
breaches (Guney and Zagury, 2013). The widespread problem of toxic
contaminants in toys make it practically impossible to sample all toys,
and there is no testing of toys that are already in circulation.

1.3. Citizen science in childcare settings

Citizen science methods may help fill that testing gap, particularly in
childcare settings (Walls et al., 2022). Citizen or community science is a
growing field of work attempting to bridge large gaps in environmental
monitoring and assessment by engaging non-professional scientists in
research (Kimura and Kinchy, 2016; Strasser et al., 2019). The field is
debating use of the term citizen or community science to describe the
degree and kind of public engagement in research (Shirk, 2022). We use
both terms in this article as we are attempting to develop tools that can
be used in a community setting (childcare centers) by non-professional
researchers (characteristics of community science) but we also find
the methods require support from professional scientists and university
infrastructures (characteristic of citizen science). Typically, citizen sci-
ence projects involve image analysis, water sample collection, or air
sampling, not toys (Bonney et al., 2014). To date, there are no published
reports of citizen science projects that analyze toy contamination.
However, several citizen science projects have developed kits for testing
lead exposures in other contexts: the Filippelli group in Indianapolis uses
an XRF-based citizen science methodology to test lead in soil (Tighe
et al.,, 2020). The LeadCheck Swab produced by Hybrivet has been
widely available for domestic semi-qualitative lead dust testing for
almost 20 years, but studies have questioned the low detection and lack
of accuracy and reliability of this method under non-laboratory condi-
tions (Korfmacher and Dixon, 2007). In North Carolina, citizen science
methodologies tested more than 1000 drinking water samples from
childcare centers for lead (Redmon et al., 2020). To date, only one other
published citizen science project has been conducted in a childcare
setting but not on toys (Redmon et al., 2020).

A limitation of some citizen science projects is their reliance on
“citizen-science sampling + laboratory testing.” When non-professionals
only participate in sample gathering, they can be excluded from the full
process of research which includes defining research questions, study
design, data analysis, and data interpretation. Building on Community-
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based Participatory Research and Participatory Action Research where
academic and non-academics collaborate as co-producers of research,
researchers advocate for shifting from citizen to community science
where none professionals do more than just gather samples (Hendricks
et al., 2022; Minkler and Wallerstein, 2011). The potential for collabo-
rative community science is improved if expensive laboratory analysis is
not required as results can be immediately available to all participants.
Therefore, this study tests two methods that provide immediate data to
participants.

In Massachusetts, childcare centers are required to undergo lead
paint inspections, however there is no requirement for environmental
arsenic testing. Childcare centers’ furnishing, materials and equipment
are also required to be free of lead paint and “other hazards that may be
dangerous to children” (606 CMR 7.00, n.d.). However, toys and
furnishing are not tested as part of lead paint inspections and there are
few affordable, easy-to-use, and accurate kits available for childcare
centers to analyze potential sources of lead or other hazards in fur-
nishings, materials, or equipment. To close that gap, the SKC Full
Disclosure® Lead Detection wipes used in industrial workplaces could
be used in identifying surface lead on walls, toys, and playground ma-
terials in settings such as childcare centers (NIOSH Manual of Analytical
Methods (NMAM), 2021; Ashley et al., 2011; Beaucham et al., 2017).
This method has been widely used by the National Institute for Occu-
pational Safety and Health (NIOSH) for workplace assessments, is sen-
sitive to low levels of lead, is affordable, and provides easy to interpret
colorimetric results (see Fig. 2). We combine the wipes with portable
XRF analysis to explore the utility of both tools for identifying lead in a
childcare setting.

2. Study design and methods

Paint, tiles, metallic features, play surfaces, and objects (including
toys) inside and outside a childcare center in Boston were tested for lead
using portable XRF and SKC Full Disclosure® colorimetric wipes. Re-
searchers examined 33 toys from the childcare center, 24 were plastic
including 12 that were plastic toys imitating foods (Plastic Food Toys, or
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PFTs). As 6 of the PFTs contained lead, arsenic, and other toxicants, we
further investigated this kind of toy.

This study consisted of three chronological stages of PFT sampling
(with the initial exposure study counting as Stage 1), between March
2020 and September 2020 (Fig. 1). A non-randomized multistage sam-
pling method was used. In Stages 1 and 2, a large, stratified sample of
childcare center toys was tested using XRF. Stratification was deter-
mined using hypotheses found through examination of the literature
with input from the childcare center director on toy use, specifically we
selected PVC toys with a balance of painted vs non-painted, a range of
colors with representation of red and yellow colors, and a range of
masses.

High co-occurring lead and arsenic XRF concentration findings in the
Stage 1 (n = 12 PFTs) prompted the testing of all PFTs in the childcare
center in Stage 2, during June 2020. In this paper, “positive results”
refers to any XRF reading above the limit of detection (LOD). In Stage 2
an additional 185 PFTs were taken from the childcare center, digitally
cataloged (Table 1), and sampled using XRF. Based on further positive
results in Stage 2, we pursued a third round of sampling in Stage 3 with
newly purchased PFTs for comparison (Table 1).

Unfortunately, as the child care center’s PFTs were purchased over
the span of 20 years from different retailers and manufacturers and the
PFTs have no branding, it was impossible to determine the manufacturer
or retailers for PFTs in Stages 1 and 2. As origins and manufacturers of
the used toys were unknown, in Stage 3 we analyzed whether newly
purchased similar PFTs also contained lead and arsenic. The used
childcare center toys from Stage 1 and 2 are referred to as “Batch A”.

Stage 3 of testing was conducted on 87 newly purchased PFTs. The
87 toys were non-randomly selected from 5 sets of PFTs (Batches B-F
from herein). The non-random selection was based on the characteristics
of PFTs which tested positive in Stages 1 and 2. Stage 3 toys all shared
one or more characteristics of toys which tested positive in Stages 1 and
2, such as color and food type. The toys in Stage 3 were purchased from
four major retailers (Walmart, Target, Amazon, and Discount School
Supplies). We chose five popular manufacturers (Step2, Kaplan Early
Learning Company, KidKraft, Mommy Please, and Discount School

March 2019 September 2019

I I

May 2020

l

k Stage 1 /’ ‘\\
Ve N

Selection of 33 toys from
childcare center
12 of these were PFTs

> °

from childcare center

A\ J

0 Lead Positive PFTs tested with
wipes

\ /

wipes

Testing the 185 remaining PFTs

0 Lead Positive PFTs tested with

J \ Stage 3 )

Purchasing and testing 87
matching new PFTs from online

retailers

Batch Retailer Manufacturer Price per toy ($)
B -

Discount School Supply® | Step 2 0.40
Cc

Discount School Supply® | NA 1.90
D Kaplan Early Learning

Target Company 1.10
= 5

Walmart KidKraft 0.30
F Mommy Please -

Amazon Fantasy Foods 0.20

0 Lead Positive PFTs tested with
wipes

Fig. 1. Study design and timeline showing sampling approach, naming and sources and costs of PFTs.
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Negative Testing Sample
eg. Plastic pretzel play food

Unopened,

clean wipe Wipe after wiping surface

of sample and application
of disclosure spray 1

Positive Control
Lead solder
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20+ seconds
after spraying with
disclosure spray 2

1-3 seconds
after spraying with
disclosure spray 2

20+ seconds
after spraying with
disclosure spray 2

5-10 seconds
after spraying with
disclosure spray 2

1-3 seconds
after spraying with
disclosure spray 2

Fig. 2. Images of SKC Full Disclosure® Lead Detection wipes showing a negative sample test (a plastic pretzel) compared to a positive control (lead solder). The
positive control is red confirming the presence of lead and the negative sample is yellow suggesting no lead. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Table 1
Descriptive categorization of all PFTs tested in the Study.
Mean
Number of Weigh Color New/
Stage Batch toys tested Painted t(g) BRGORY* Used Source
1 A 12 6/12 (50.00%) NA 3/3/0/1/4 0/12 childcare center
A 185 54 /185 (29.19%) 20.31 33/19/19/28/28 0/185 childcare center
B-F 87 20/87 (22.99%)  15.65 24/14/18/14/16 87/0 online Retailers

Supplies). The 5 sets were manufactured by 4 different manufacturers,
and contained 504 toys in total, with price points ranging from $23.99 to
$72.99 per set, or $0.19 to $1.92 per PFT. The 87 selected toys were
cataloged and sampled using XRF, following the identical procedure
followed in Stage 2. The XRF results for all three stages were compared
across stages, colors, paintedness, and mass categories (Table 1).

Table 1: provides details on the PFTs tested in this study including
whether they are new or used, as well as their color, weight and source. *
(Br) Brown, (G) green, (O) orange, (R) red, (Y) yellow.

2.1. XRF methods

X-ray fluorescence spectroscopy (XRF) was conducted using a
portable Thermo Niton XL3T XRF (Thermo Fisher Billerica, MA). XRF
can determine elemental composition non-destructively using radiation
from an x-ray tube. The x-rays from the device interact with the sample
on an atom-by-atom basis. XRF relies on the photoelectric interaction,
ejecting an inner-shell electron from the atom and exciting the atom in
the process. The de-excitation releases an energy characteristic of the
element, and collection of these characteristic x-rays allows for broad-
scale elemental quantification. The precision and reproducibility of XRF
analysis is very high.

Measurements were made with the toys sitting directly on the top of
the XRF with the XRF secured in a vertical orientation and operated from

a nearby computer. We used a 30-s measurement on each PFT, which
was optimized for primarily heavy metal quantification, but would
determine up to 30 elements if they were present within the detectable
range. The detection limit for most measurable elements in the PFTs was
in the part per million (ppm) range.

2.1.1. XRF calibration

A blank control (silicon powder) was used to ensure the XRF was
calibrated before use in the field and the XRF device is calibrated
annually to assure result integrity. The XRF was calibrated using a set of
National Institute of Standards and Technology (NIST) standards (NIST
2709a and NIST 2579) and plastics with known concentrations of
metals. The calibration was set to attempt to correct for thickness dif-
ferences between samples to allow for the variations in sampling pa-
rameters experienced during toy measurements (paint, plastic, wood,
etc). The calibration normalization to the Compton scattering peak of
the silver (Ag) anode characteristic x-ray production should account for
most variations in thickness between a few millimeters and infinitely
thick as seen by the XRF, which would correspond with 1-2 cm of
thickness in most plastics. We used a 50 kV max energy with our Ag
anode which optimized the energy for measurements in elements with
emissions in the 8-15 keV range.

Our fitting deconvolution algorithm utilized alpha and beta peaks for
most elements with K, L, and M shell measures in the appropriate energy
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ranges. The detection limits depend on parameters from each mea-
surement. The XRF measures about 1 cm? area of the sample, but with
the calibration and normalization procedure, units are given in parts per
million and comparable to microgram per gram. The detection limit
does depend on the thickness of the samples themselves, as more sam-
ples will produce more elemental signals. As arsenic and lead can
interfere with each other in XRF measurement, we utilized a measure-
ment of the lead beta peak at 12.6 keV to ensure correct fitting of the
lead alpha at 10.55 keV while in the presence of arsenic. The arsenic
alpha peak is at 10.54 keV, which for many fitting algorithms can pre-
sent a problem when disentangling from lead. We used epoxy standard
phantoms to test our fitting of lead in the presence of arsenic and
without arsenic to demonstrate its abilities in this regard.

2.2. Colorimetric wipe method

SKC Full Disclosure® Lead Detection kits (model number 550-002,
SKC Inc.) were used as a semi-quantitative colorimetric test for lead on
the surface of sampled toys. Colorimetric surface wipe sampling is a
technique widely used in the occupational environment to determine
sources of lead in workplaces, but to our knowledge application of this
method in other environments outside the workplace is limited (Ashley
et al.,, 2011; Beaucham et al., 2017). A pre-cleaned wipe is used to
sample 10 cmX10cm surfaces for metal contamination. The wipes are
then sprayed with potassium rhodizonate solution, and then 5% acetic
acid to develop an immediate colorimetric reading (reddish orange for
lead over 18 pg, yellow for no lead or <18 pg). Color intensity is pro-
portional to the amount of lead in the wipe, and color calibrations (from
intensity of 0-3) have been done in a controlled laboratory for skin
wipes (Ashley et al., 2011) and during field sampling in work environ-
ments (Beaucham et al., 2017).

Preparation of materials and sampling of the surfaces was conducted

Table 2
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as per instructions included in the testing kit with the modification of
taking photos of the labeled wipes for record keeping (Full Disclosure
Kit, n.d.). We did not record an area since the samples were irregularly
shaped, however, wipes were used to sample all outer surfaces of the
sample for at least 10 s. Positive and negative controls were also sampled
and documented photographically. The wipe test has a lower limit of
detection of 18 pg of lead per em?® (Full Disclosure Kit, n.d.). A positive
sample for lead means that the sample was above 18 pg and appears
reddish orange when sprayed with the disclosure sprays, while a nega-
tive result remains yellow (Fig. 2). Wipe-testing was conducted by one
researcher for consistency, avoiding contamination of samples through
the use of a designated pair of “clean hands” and “dirty hands” per test
and changing disposable gloves between samples. Samples were not sent
to a lab for further analysis due to funding constraints. All potentially
hazardous waste was appropriately disposed of through Northeastern
University’s Environmental Health and Safety Department.

2.3. Data analysis methods

Data collected from XRF sampling was transferred to a computer as a
comma separated values (csv) input in Microsoft Excel. Data was
cleaned by deleting readings for elements which had no occurrence in
any toys tested and their corresponding error ranges. The CSV sheet was
checked manually for consistency of correspondence between “reading
number” and the “sample number” physically registered on each sam-
ple. The mean, standard deviation, mode, range, and proportion of
samples testing above the Level of Detection (LOD) for each element
were calculated and recorded (in Supplemental tables S1 and S2 - except
for lead (Pb), where descriptive statistics were estimated using algo-
rithmically synthesized point estimates). One-sided Z Score tests were
used to determine if there was a significant difference in the proportion
of “>threshold” between new and old toys (Table 2).The Z score test

Rate of XRF PFTs concentrations measured above CPSIA upper threshold for lead or the US Voluntary Standard for arsenic.
“Used” refers to samples from the childcare center, “New” refers to newly purchased samples.

*** indicates significance at the alpha=0.05 level.

Lead

Arsenic

Rate of PFTs above CPSIA threshold
for lead in new and used toys per
color, paint, and mass category

Fisher Exact for arsenic in new and used toys per color,

Rate of PFTs above US voluntary threshold
Fisher Exact

Category (number/total (%)) test (p value) paint, and mass category (number/total (%)) test (p value)
Used (n=197) New (n=87) Used (n=197) New (n=87)

Orange (n=37) 4/19 (21.05%) 0/18 (0.00%)  0.020*** 2/19 (10.53%) 0/18 (0.00%) 0.078
Red (n=44) 3/29 (10.34%) 0/15 (0.00%)  0.099 2/29 (6.90%) 0/15 (0.00%)  0.149
Brown (n=60)  7/36 (19.44%) 0/24 (0.00%)  0.011*** 6/36 (16.67%) 0/24 (0.00%)  0.011***
Green (n=36) 2/22 (9.09%) 0/14 (0.00%)  0.123 1/22 (4.55%) 0/14 (0.00%)  0.046***
Yellow (n=48)  2/32 (6.25%) 0/16 (0.00%)  0.154 2/32 (6.25%) 0/16 (0.00%)  0.104
Silver (n=7) 0/7 (0.00%) 0/0 (0.00%) NA 0/ (0.00%) 0/0 (0.00%) NA
White (n=16)  0/16 (0.00%) 0/0 (0.00%) NA 0/ (0.00%) 0/0 (0.00%) NA
Black, blue,
purple (and
other) (n=36)  0/36 (0.00%) 0/0 (0.00%) NA 0/32 (0.00%) 0/0 (0.00%) NA
Painted (n=80) 11/60 (18.33%) 0/20 (0.00%)  0.020*** 9/60 (15.00%) 0/20 (0.00%)  0.026***
Not-painted
(n=204) 7/137 (5.11%) 0/67 (0.00%)  0.030*** 4/137 (5.11%) 0/67 (0.00%)  0.047***
>20g (n=95) 10/73 (13.70%) 0/22 (0.00%)  0.033*** 7173 (9.59%) 0/22 (0.00%) 0.066
<20g (n=189)  8/124 (6.45%) 0/65 (0.00%)  0.018*** 6/124 (4.84%) 0/65 (0.00%)  0.003***
Total (n=284)  17/197 (9.14%) 0/87 (0.00%)  0.002*** 13/197 (6.60%) 0/87 (0.00%)  0.002***
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assumes the proportion of concentrations in each sample follows a
normal distribution, however we do not know if lead is normally
distributed in all PFTs. However the XRF measurements do roughly fit a
normal distribution centered ~700.00 ppm, well over the CSPIA
threshold of 100.00 ppm. Therefore, running a one-sided z-score test
seems valid, and results are useful particularly when p-values are below
p = 0.05. The Fisher Exact test was used to determine whether there was
a true difference in proportion of readings “>threshold” between
childcare toys and the new toys and “other elements: XRF”. In modeling
analyses, we used binomial approaches with positive and negative XRF
results, and in an additional model we were able to represent < LOD
readings as a quantified result using error propagation along with the
point estimate concentration typical of XRF readings. Basic descriptive
statistics were generated for the total sample, as well as each subset of
the sample, stratified by color, material, batch, how damaged they were
(usedness), whether they were painted (paintedness), and mass
(Table 1). Cumulative frequencies were calculated using the same strata
(Table 2). Color intensity from the wipes was summarized to be
compared with the XRF data. Color intensity was labeled zero (0 — yel-
low — no lead on surfaces) up to three (3 - red - high lead on surfaces).

Both linear regression and logistic regression modeling were used to
investigate the relationship between weight, paintedness, mass, and
color with lead, arsenic, and uranium concentrations. Three models
were assessed, one replacing “<LOD” lead readings with 0.00, one cat-
egorical model using “<LOD” vs “>LOD” as a dummy variable, and one
using point estimates for “<LOD” lead readings. The point estimate
model was most preferable, due to the very high proportion of “<LOD”
readings in the sample (11% of readings were >LOD).

3. Results

In total, 35 PFTs tested above the XRF LOD for lead, 14 of which also
tested above the LOD for arsenic. We describe the XRF findings
exceeding the CPSIA lead threshold (100 ppm) and the US voluntary
arsenic threshold (25 ppm) for new and used PFTs by color, paintedness,
and weight (Table 2). No new PFTs tested positive for lead or arsenic. Of
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the used PFTs, orange, red, brown, green, and yellow PFTs tested posi-
tive for lead and arsenic. Additionally, 1 silver and 3 white PFTs tested
positive for lead only. No black, blue, or purple toys tested positive for
lead or arsenic. Brown, orange, and red PFTs in our Stage 1 and 2
samples were most likely to test positive for lead. Brown toys were most
likely to test positive for arsenic. Painted toys were mostly likely to test
positive for lead and arsenic, and heavier toys were more likely to test
positive for lead but not for arsenic.

Models determined that paintedness (binary) and mass (continuous)
were significantly (p < 0.05) associated with both lead and arsenic
concentration measured by XRF (details in Appendix 1). No other var-
iables were found to be explanatory.

Table 2: Percentage of PFTs with lead and arsenic concentration over
CPSIA upper threshold for lead (100 ppm) and US Voluntary Standard
for Arsenic (25 ppm) respectively.

Table 2: Rate of XRF PFTs concentrations measured above CPSIA
upper threshold for lead or the US Voluntary Standard for arsenic.
“Used” refers to samples from the childcare center, “New” refers to
newly purchased samples.

*** indicates significance at the alpha = 0.05 level.

3.1. Lead: XRF and colorimetric wipes

In Stages 1 and 2, 197 PFTs were tested using the portable XRF in-
strument. The US maximum threshold for lead in paint is 90 ppm, and
the CPSIA’s threshold limit for lead in childrens’ products is 100.00 ppm
as of 2014. In Stage 1, 6/12 toys tested positive for lead in Stagel (range:
38.02 ppm - 11,999pm). 5/6 of those readings were above 100.00 ppm.
In Stage 2, 29/185 PFTs tested positive for lead (range: 6.14 ppm -
3203.43 ppm); 12/29 positives were above 100 ppm (Fig. 3). Colori-
metric wipe testing was conducted on all 35 samples which tested pos-
itive using XRF from Stages 1 and 2. All colorimetric wipe tests showed
no detectable levels of lead. While 17.77% of used toy samples had
readings > LOD for lead, no new toys had levels of lead above the LOD.

Lead Concentrations in Childcare Center Plastic Food Toys

11099.02

= 90 ppm - 100 ppm

90 ppm: CSPIA threshold
for lead in paint

100 ppm: CSPIA threshold
for lead in children's
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Fig. 3. Lead XRF concentration results for PFT samples above limits of detection (n = 35) across Stages 1 and 2 (Batch A). The red threshold line indicates the range
from the CPSIA maximum concentration limit for lead in paint of 90 ppm-100 ppm, the CPSIA limit for lead in toys. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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3.2. Arsenic and its occurrence with lead: XRF

In Stages 1 and 2, 14 PFTs tested positive for arsenic
(9.30 ppm-1134.42 ppm, median: 113.21 ppm). All of these PFTs also
tested positive for lead (See “XRF methods” for how we accounted for
possible lead arsenic interference). 13 of the 14 PFTs positive for arsenic
exceeded 25.00 ppm, the US voluntary threshold for arsenic levels in
toys (Fig. 4). Orange, red, and brown toys were most likely to contain
arsenic, while no silver, white, black, blue, and purple PFTs contained
arsenic above LOD.

Of the 17 PFTs which tested above 100.00 ppm for lead, 14 also
tested above the voluntary safety limit of 25.00 ppm for arsenic (Fig. 4).
The concentration of lead and the concentration of arsenic in these PFTs
was weakly correlated (Pearson Coefficient = 0.31, R? = 0.09).
Expanding the range of samples included in the Pearson correlation
calculation to include all PFTs that tested positive for lead (n = 35), lead
and arsenic concentrations were moderately positively correlated
(Pearson Coefficient = 0.52, R? = 0.27), suggesting that there is a ten-
dency for high lead concentration to co-occur with a high arsenic
concentration.

3.3. Other contaminants of concern: XRF

Although concentrations of 30 elements were measured by XRF
(Supplement 1 and 2), those that are typically of concern in children
(beyond lead and arsenic) products are cadmium, selenium, chromium,
and mercury. In general, the used PFTs had more contaminants of
concern than the new PFTs. Cadmium, selenium, chromium, and mer-
cury were only identified in a small number of the used PFTs and not in
the new PFTs.

Selenium was identified in none of the used PFT and in none of the
new PFTs, and cadmium in 1.28% of used toys and none of the new

25ppm Arsenic Concentrations in Ch
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PFTs. Chromium was identified in slightly more of the used PFTs
(3.51%) but in none of the new PFTs. No used or new toys were positive
for mercury. Perhaps because of the small sample size of new toys,
however, there was no statistical difference (using the Fischer exact test)
at the 5.00% level in rates of cadmium, selenium, chromium, and
mercury detection between used and new PFTs.

Regarding outliers, three toys tested between 300.00ppm and
400.00 ppm of cadmium - an orange, a pear, and an apple. All three toys
were different colors. Within the overall sample of PFTs there was a
visually identical twin of both the orange and the apple, both of which
tested below the LOD for cadmium. Five toys tested between 700.00ppm
and 1800.00 ppm for chromium - a pear, a potato, a chicken leg, a red
apple, and an orange. The five toys which showed high concentrations of
chromium all belonged on the red-brown range color spectrum.

Other less toxic elements were also found in a great portion of used
toys including copper, zinc, and iron. Of the used toys, 70.29% had
copper levels > LOD, with a mean of 217.70 ppm. There was only one
outlier, a red watermelon with green paint, that had higher levels of
copper (16,294 ppm). In the used toys 69.33% tested > LOD for zinc,
with a mean concentration of 395.20 ppm. The only outlier with regards
to zinc was a non-painted orange (which also had high levels for lead
and arsenic) which had 6074.00 ppm of zinc. In the used toys 57.83%
tested > LOD for iron, with the mean concentration of 386.00 ppm. The
one outlier with regards to iron was a yellow unpainted pear, which had
14,580.00 ppm of iron.

Notably, the XRF analysis of new and old toys identified 31 samples
with detectable levels of Uranium (range LOD - 8.83 ppm). Stages 1-2
identified uranium in 10 PFTs (5.08% of all PFTs tested) and 14 toy
plates and utensils for use with PFTs (Supplement 3). Stage 3 identified
seven new PFTs with Uranium concentrations above LOD. All samples
tested within the sampling error range of uranium in soils (3.00 ppm);
there are no comparable standards for uranium in toys or foods thus soil

ildcare Center Plastic Food Toys
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is the closest solid media.

4. Discussion

4.1. SKC Full Disclosure® Lead Detection wipes

The wipes were easy to use. All student groups and the childcare
center director correctly used the wipes with minimal training as indi-
cated by the correct results with positive and negative controls. It is
encouraging that the colorimetric wipe tests did not detect lead on the
toys’ surfaces even though this method has a low limit of detection of
18 pg of lead per cm®. This suggests that lead was not freely available on
the toys’ surfaces, even though the toys had been used for many years.
However, even though the toys were used, they were all in good con-
dition i.e. they were not flaking paint or visibly worn. Had the toys been
more damaged, lead may have been more readily available. Finally, the
wipes’ results may not adequately assess oral exposures.

The lack of positive wipe results limits our ability to compare the
wipes to XRF results. Further testing of the wipes with known positives is
required to assess the correlation between XRF and wipe results.

4.2. Plastic food toys’ lead XRF findings

While no new toys had detectable levels of lead, 17.77% of used toys
had detectable concentrations of lead. Of the used toys, 8.63% contained
lead above the 100 ppm CPSIA threshold for children’s products. Used
painted toys were 3.6 times more likely to contain more than 90.00 ppm
of lead than used non-painted toys (18.33% compared to 5.11%) and
used toys of more than 20.00 g were 2.1 times more likely to contain
more than 100.00 ppm of lead than those lighter than 20 g (13.70%
compared to 6.45%). This suggested that paint may be a source of lead in
the PFTs rather than plastic. Although more than 9.50% of the used red,
brown, orange, white, yellow, silver, and green toys samples tested
positive for lead, there is more than a two-fold difference between the
color with the lowest rate of lead positivity (yellow, 4.17%) and the
color with highest rate of lead positivity (brown, 11.67%). Because we
do not know the origin, and therefore the price, of the used toys from the
childcare center, we are not able to test for any correlations between the
price of PFTs and the presence or concentration of metals in them.

4.3. Plastic food toys’ arsenic XRF findings

XRF data shows 7.12% of used toys contained arsenic. However,
none of the new toys contained arsenic. Arsenic levels did not vary
significantly by mass in the used toys (9.56% for toys greater than 20 g
compared to 4.84% for toys less than 20 g). However, used painted toys
were 3.7 times more likely to contain arsenic than used non-painted
toys, and orange and brown toys were almost more than twice as
likely to test positive for arsenic than other colors (10.53% and 16.67%
respectively). While there are semi-qualitative colorimetric wipe tests
for detecting arsenic available for purchase and use by the public, the
measurement of arsenic on the surface of PFTs was beyond the scope of
this study and warrants further investigation in the future (S. Middleton
et al., 2018).

In sum, consumers and childcare centers concerned about lead or
arsenic exposure through PFTs should consider replacing older PFTs,
particularly painted and red, brown, orange, green and yellow PFTs,
with new toys. Risk can be mitigated by purchasing from reputable
online retailers, and by manufacturers with a good track record of CPSIA
compliance.

4.4. Lead and arsenic XRF co-occurrence
XRF measurements of lead and arsenic have known problems with

interference due to overlap of their primary detection peak (lead L-alpha
peak 10.55 keV and Arsenic L-alpha 10.54 keV) (X-Ray Data Booklet, n.
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d.). This interference increases as the concentration of lead increases,
particularly for measurements over 5000.00 ppm of lead. Only 1 sample
contained lead over that 5000.00 ppm threshold, a plastic banana (11,
999.00 ppm), so we regard the arsenic concentrations for all other
samples to be reliable. Additionally, as discussed in the methods section,
current XRF fitting modalities disentangle these peaks more effectively,
as lead contains a secondary peak isolated from interferences (lead
L-beta 12.6 keV).

4.5. Plastic food toys’ uranium XRF findings

Uranium is spotlighted here because it is the only neurotoxic element
which was present in both the used and new toys sampled, though
uranium was present in a smaller proportion of samples. Only 25/197
used toys contained detectable levels of uranium, while 7/87 new toys
contained detectable levels of uranium. We are unsure of the sources of
uranium in these PFTs. Further attention to uranium in toys may be
warranted, particularly since the positive-testing PFTs came from the
two sets which represented the lower end of the price spectrum sampled:
3 samples came from the 101-piece Step2 Toddler Pretend Play food set
from Discount School Supply (Batch B $0.19 per PFT), 4 samples came
from the 115-piece KidKraft Deluxe Tasty Treats Pretend Play-Food set
from Walmart (Batch E $0.37 per PFT). Comparatively, the more
expensive brands cost up to $1.92 per PFT. Further study is also needed
to assess whether uranium is present in other PFTs, and what the
bioavailability of such uranium is.

Radioactive materials are not uncommon in certain consumer
products, and are present in very small quantities in food, which is
considered safe (US EPA, 2019b, 2019a). However, the danger posed by
consumable uranium is not its radioactivity, but its renal toxicity and
neurotoxicity (Dinocourt et al., 2015). The sale of child products con-
taining hazardous substances, including uranium, was banned in the U.
S. through the 1966 Child Protection Act by the U.S. Secretary of Health,
Education, and Welfare and strengthened by the 1969 Child Protection
and Toy Safety Act and the Toxic Substances Control Act of 1976 (TOPN,
n.d.).

4.6. Limitations

The 87 newly purchased PFTs from 5 different retailers represent a
tiny fraction of PFTs available to consumers. A larger sample from a
larger variety of manufacturers and price-points is needed to assess the
absence of lead and arsenic more reliably in new PFTs. The categori-
zation of toys by color was made without a calibrated or standardized
scale; this means categorization of similar toys in other studies may not
be readily replicable.

The wipes and XRF cannot directly assess exposure from mouthing,
ingestion or respiration of dust and cannot assess bioavailability. Further
validation of the wipe method with a focus on the bioavailability of lead
within materials, as conducted in Kang et al.’s study of plastic toys
bought on the Beijing market (Kang and Zhu, 2015), is needed to assess
bioavailability of lead, arsenic and uranium from PFTs. However, since
all toys will eventually break down, focusing on only protecting im-
mediate consumers is insufficient.

Although painted toys were more likely to test lead positive than
unpainted toys, the methods in this study are insufficient to conclude
whether lead is present in the plastic or the paint of painted toys without
employing destructive sampling methods - this is problematic given the
two different allowed upper limits for paint and children’s toys.

Cadmium is a neurotoxicant that is studied in conjunction with lead
and arsenic in consumer goods (Kumar and Pastore, 2007). Although we
included the results of our findings for transparency, the XRF optimi-
zation utilized in this study has poor performance with respect to
detecting cadmium. Only 3 samples showed cadmium levels above
detectable levels, however there are likely to be more than 3 in our
sample. Consequently, further study of cadmium in PFTs by different
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methods is warranted. Further study should also explore any undis-
covered explanatory factors or determinants leading to excess heavy
metals, beyond those determined in this study.

4.7. Opportunities for citizen science

“Who knew there was lead in plastic toys?! Thanks to this study we
were able to identify and immediately remove contaminated toys and
replace them with wooden play foods. As these kinds of toys are still
being used elsewhere and these toys are frequently put in kids’ mouths,
it’s important to get the word out to other childcare centers.” ~Child-
care center director.

While environmental health researchers may know lead can occur in
plastic toys, it is not common knowledge even among those who work
professionally with children and are alert to dangers of lead exposures.
Studies like this one that directly engage with concerned communities
and investigate their research questions, such as the director’s inquiry
about the plastic food toys, can help bridge the gap between academic
knowledge and concerned communities. In this context it is particularly
important to use methods that rapidly provide participants with
actionable data. If this had been a lab-based study it might have taken
months before results were reported back to the childcare center and
toys were removed. Thanks to the rapid XRF results we were able to
quickly identify and remove the PFTs and replace them with wooden
toys. Additionally, the immediate lead wipe results showing that lead
was not readily removable from the toys surfaces helped ameliorate the
staff’s pressing concerns about the severity of possible exposures due to
mouthing of the toys. The combination of the two methods provided
compelling and complementary forms of evidence that identified a risk
and helped contextualize its severity (Vera et al., 2020; Offenhuber,
2019).

However, we find the wipes are insufficient as a community science
tool (where research is conducted independently by non-professionals)
for analyzing toys, as contaminants were only positively identified via
portable XRF. Additionally, the use of the wipes is limited by the need
for appropriate waste disposal. As the wipes require nitric acid and
rhodizonic acid, mild skin irritants, we disposed of the waste through the
university environmental health and safety division. Thus, the method is
appropriate for use where access to safe waste disposal is possible, such
as universities. This suggests a need for more consumer-oriented tools
for community science.

The difference between the XRF and wipe findings highlights the
importance of small-scale validation studies, like this one, to assess
citizen science methods’ strengths and limitations and assure data
quality in community science work (Walls et al., 2022). Indeed, that this
tool testing project inadvertently identified a novel and reportable
source of environmental toxicants based on the childcare center’s di-
rector’s request to look at PFTs, suggests that small-scale, low-cost
studies guided by community members’ questions can become impor-
tant avenues to developing further academic and policy work.

We suggest universities support curriculum-based, student-led
Community Based Participatory Research projects like this, to offer
services to regional childcare centers for XRF analysis of PFTs. Valuable
scientific and public knowledge could be generated if this type of citizen
science were commonly carried out by students in environmental health
courses (Kenny et al., 2019).

4.8. Recall and disposal of plastic food toys

Regardless of lead and arsenic’s immediate bioavailability, these
products will eventually degrade and release lead, arsenic, uranium, and
other toxic metals and plastic into the environment. As CPSIA requires,
“Any children’s product on the market that does not comply with the
new lead standards will be considered a banned hazardous substance”
(CFA, 2013) to further investigate and test PFTs in circulation, we sug-
gest a broad recall of used PFTs and systematic testing of recalled
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products (Rush, 2008; Freedman et al., 2012). A systematic approach to
this environmental health issue is important because if left to consumer
choice, higher income consumers and childcare centers are more likely
to learn about these concerns and to replace PFTs with safer
higher-priced alternatives. Low-income consumers and childcare cen-
ters are less likely to learn of risk from PFTs and have less resources to
buy higher-priced alternatives. Under-served minority and low-income
communities are already disproportionately burdened by lead expo-
sure and lead related health disparities (LeBron et al., 2019). It would be
irresponsible from an environmental public health perspective to further
exacerbate these disparities through toxic toy exposure. Additionally, an
uncoordinated removal of PFTs may result in those toys being donated
to charity organizations, leading to hazardous PFTs circulating in the
second-hand market, which could also disproportionately expose chil-
dren of low socio-economic status. Additionally, hazardous PFTs would
likely be sent to landfills which are not authorized to manage hazardous
materials.

Another interesting question raised in this study and others is how to
properly dispose of hazardous toys. Currently, the US EPA recommends
that toys testing positive for lead be returned to the manufacturer. This is
not possible in the context of this study as the manufacturers are un-
known. Households are exempt from current hazardous waste laws; but
consumers are responsible for determining if this complies with state
and local laws (EPA HHW, 2022). That consumers bear the burdens of
incorrectly disposing of contaminated goods disincentivizes consumers
from identifying contaminants in toys and other goods. Consumers are
not to blame for toxic contaminants in PFTs and they should not bear the
burden of managing this exposure route. Instead, we recommend
contaminated toy disposal be integrated into cities’ and states’ estab-
lished lead e-waste collection and disposal systems. Alternatively, to
properly adjudicate responsibility, manufacturers of PFTs could receive
recalled toys based on their historical market share, as per the Market
Share liability doctrine first established in Sindell vs Abbot Laboratories
(Murray, 1981).

Our study highlights the need to further strengthen the oversight and
accountability of manufacturers by requiring branding on all toys.
Additionally, to incentivize rather than disincentivize citizen science
around consumer products, public sample collection systems could be
established, such as public collection sites for potentially contaminated
toys, so they do not end up in municipal landfills. Additionally, public
data repositories could be established where citizen scientists can share
their results with regulatory agencies such as the Consumer Product
Safety Division.

5. Conclusions

While findings from this study present reasons to be cautiously
optimistic about the unlikelihood of lead exposure from new PFTs, their
uranium content is worth further investigation. Regulatory agencies
should also consider the general toxicity of plastic-based toys, as
Rochman et al.’s scoping review and current research suggests that
plastic itself should be considered hazardous given the human and
ecological health risks posed by plastic during decomposition (Rochman
et al., 2013). Additionally, many used PFTs could contain levels of lead
and arsenic that exceed current regulatory thresholds; our study iden-
tified 35 (17.77%) older PFTs that had detectable levels of lead and 14
with arsenic. Given that there is no safe level of lead, policymakers
should further reduce the acceptable level of lead in all consumer
products, but especially children’s toys. We also recommend establish-
ing policy pertaining to limits on arsenic and uranium in children’s
products (Schmidt, 2008). We recommend that individuals and those
running childcare centers replace used PFTs or of unknown manufacture
date, with new PFTs made by reputable manufacturers unless they can
get them tested.

Although this study shows potential sources of heavy metals in
childcare facilities, the findings should also alert consumers and
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researchers and clinicians in the environmental health and consumer-
products fields. Future work needs to be done to investigate the
mouthing behaviors of children with regards to PFTs specifically. The
methods and mindset characterizing this study are important to
expanding citizen science into investigation of product safety. The lim-
itations of the low-cost citizen science methods illustrate the need to
improve citizen science tools so consumers and classrooms might readily
assist in analyzing product safety. With the support of universities and
regulatory agencies, given their position to act as data repositories,
citizen science could augment the public’s ability to analyze and assess
the safety of commercial products. It is important for universities and
research institutions to further support the citizen science research of
consumer products and environmental pollution through coursework,
analytics, and proper waste removal services.
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