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Titanium dioxide (TiO,) and zinc oxide (ZnO) engineered nanoparticles (NPs) are used in mineral-based
sunscreens due to their excellent ultraviolet light protection abilities. Over time, surface water can become
contaminated with these particles because of human recreational activities such as bathing, swimming, and
other water sports. Thus, there is a need to measure these engineered particles present in surface waters
to gain better understanding of anthropogenic inputs. In this study, we measure natural stream water
spiked with mineral sunscreen along with naturally occurring NPs and microparticles (uPs) at the single-
particle level using single-particle inductively coupled plasma time-of-flight mass spectrometry (splCP-
TOFMS). We use two-stage hierarchical clustering analysis (HCA) to identify distinct multi-elemental
compositions that are characteristic of sunscreen-derived particles. Specifically, sunscreen NPs can be
isolated from naturally occurring NPs and puPs based on elevated Ti and Zn mass fractions in individual
particles compared to natural particles that are rich in Fe, A, Mn, Ti, Mg, Zn, Ce, La, and/or Pb. Based on
clusters assigned by HCA, we demonstrate classification of sunscreen-derived Ti and Zn NPs across more
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than two orders of magnitude and at number concentrations up to 50 times lower than those of naturally
occurring Ti- and Zn-containing particles. This study demonstrates the accurate class assignment of
sunscreen released and naturally occurring particles in river water.
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Environmental significance

The measurement of anthropogenic TiO, and ZnO nanoparticles (NPs) from mineral sunscreens at environmentally relevant concentrations in real samples
is a major analytical challenge and a limiting factor in assessing accuracy of nano-pollutant modelling and nano-toxicological effects of these particle types.
We report a high-throughput single-particle inductively coupled plasma time-of-flight mass spectrometry (spICP-TOFMS) approach for the analysis of
mineral sunscreen NPs in a background of naturally occurring NPs from river water. Our spICP-TOFMS and hierarchical clustering analysis (HCA) method
offers a new strategy to separate and classify natural and mineral-sunscreen particles at number concentrations down to hundreds of particles per
milliliter.
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Introduction cosmetics.® Due to their efficient photocatalytic activity, in
recent years TiO, and ZnO have also been extensively used in
environmental and energy applications such as solar panels,
water treatment, air purification, and self-cleaning surfaces.®™
TiO, and ZnO are often encountered by humans through
consumables like food additives, drugs, clothing, and
cosmetics.*'*™* These engineered particles can ultimately find
their way into environmental compartments such as water, soil,
and air. Engineered particles present in personal care and
consumer products often enter wastewater treatment plants
(WWTPs) through household discharges and sewages.'> WWTPs

Titanium dioxide (TiO,) and zinc oxide (ZnO) are among the
most produced types of engineered nanoparticles due to their
extensive use in personal care and consumer products. The
current production of TiO, particles is estimated to be 9.4 million
tons and that of nano-ZnO is predicted to be up to 58000 tons
per year."® The majority of produced TiO, and ZnO particles are
used as bright white pigment in plastics, paints, papers, and
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can remove the majority of larger-sized NPs; however, these
plants are less efficient for retention of NPs below 50 nm, which
are then released into surface waters.'® Increased concentrations

This journal is © The Royal Society of Chemistry 2024
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of Ti and Zn engineered particles in surface waters such as lakes
and rivers are also due to bathing and other recreational activities
especially during summer."”

Sunscreens are widely used as UV radiation filters and to
enhance aesthetics. Both organic (oxybenzone, octinoxate, etc.)
and mineral (TiO, and ZnO) based filters provide protection;
however, organic UV filters tend to exhibit potential adverse
effects on human and environmental health.'® Thus, the US Food
and Drug Administration (FDA) has called for additional safety
evaluations of twelve commonly used organic filters."” As an
alternative, mineral UV filters are increasingly used in
sunscreens. TiO, NPs are more effective in the UVB range (290-
320 nm) and ZnO NPs in UVA range (320-400 nm); the
combination of these particles broadband UV
protection.”® The European Commission's Scientific Committee
on Consumer Safety (SCCS) also recommends usage of TiO, and
ZnO NPs in cosmetic products up to 25% for UV protection.*
There have been studies that show that these metal oxides act as
UV filters with limited penetration into the skin and do not
produce sensitization to skin. However, at very small sizes these
particles can penetrate the skin and other tissues, and when
exposed to UV radiation they may generate reactive oxygen
species (ROS) and may induce cytotoxicity and genotoxicity.>**">*
The International Agency for Research on Cancer (IARC) has
listed TiO, as a Group 2B carcinogen.> To limit the generation of
ROS the less photocatalytic rutile TiO, is preferred to highly
photocatalytic anatase.*® Additionally, to limit the photocatalytic
activity, particles can be coated by an inert mineral layer of Al,O;
or SiO,. These coatings also provide hydrophobic or hydrophilic
properties that manufacturers use to produce the desired texture
and water resistance.”®*” The safety of cosmetic products
containing TiO, and ZnO NPs, particularly in sunscreens, has
been a frequent topic of discussion.”®?°

Identification and quantification of engineered NPs and pPs
in complex environmental systems is a challenge due to low
concentrations of engineered particles compared to high
background concentrations of natural particles.’* The use of
electron microscopy (EM) methods, such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM),
allows for the determination of the morphology, crystal structure
and size of individual particles at the nanometer scale.'”*"**
When paired with energy dispersive X-ray spectroscopy (EDX),
they also offer insight into the elemental composition. Although
electron or X-ray-based microscopy techniques can be used to
differentiate  naturally = occurring  from  anthropogenic
particles,®™° it is challenging to detect low particle number
concentrations (PNCs) due to limited throughput, particularly in
situations with high particle backgrounds."”?' To overcome
throughput limitations, several researchers have employed single-
particle inductively coupled plasma mass spectrometry (spICP-
MS) to measure Ti or Zn NP signatures in environmental
samples.***° However, the inability to quantitatively measure
multiple elements in individual particles with spICP-MS with
quadrupole or sector-field mass analyzers limits the applicability
of the approach to confidently classify anthropogenic Ti- of Zn-
bearing particle types.*!
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In recent years, spICP-TOFMS has become a method of
choice for single-particle analysis.** It offers quasi-simultaneous
analysis of ions across almost the entire atomic mass range—
from °Li to **®U—with sufficient time resolution to detect
particle-produced transient events.**** Single-particle ICP-
TOFMS analysis requires minimal sample preparation, is high
throughput, and provides simultaneous determination of
elemental composition, element mass amounts in particles,
and PNCs. It also allows for quantitative untargeted multi-
element measurements from individual particles, which can be
used to differentiate natural from  anthropogenic
particles.’>**%™*° with spICP-TOFMS, the critical mass (i.e. the
amount of an element needed to be detected in an individual
particle) for most elements is in the tens to hundreds of
attograms.”® However, there are some naturally abundant
elements, including carbon, nitrogen, oxygen, fluorine, and
sulfur, that are not readily detectable at the single-particle level
due to low sensitivities and/or high natural backgrounds.
Several researchers have explored the specific detection of Ti-
and Zn-containing anthropogenic and natural nanoparticles
and their multi-element associations with  spICP-
TOFMS.**#%%1733 I particular, associations of Ti with Al, V, Mn,
Y, and Nb have been discussed as routes to classify the presence
of anthropogenic particles.**”"

In spICP-TOFMS, a large amount of data is generated
because thousands of particles can be measured per minute. To
extract information from such large data files, automated and
robust data processing and investigation strategies are required.
In the past, researchers have used various machine learning
(ML) methods for distinguishing between anthropogenic and
natural Ce-containing NPs,*®* linear classification models for
identifying engineered Ti-particles in soil,>>*® and clustering
analysis as a data reduction and analysis technique.’’
Hierarchical clustering analysis (HCA) is a technique for
separating data in groups based on measure of similarity
between the data points. HCA analysis was first used in
combination with spICP-TOFMS for the analysis of NPs
measured from wastewater treatment plants.”’ Since then,
several research groups have adopted the approach and applied
it for the analysis of NPs recorded by spICP-TOFMS from soil
samples,*® urban rain and run-off,>*®® mineral dust aerosols,”!
and artificial mixtures of engineered NPs (Au, Ag, FeCoNi and
FeCoZn) and natural clay nanominerals (kaolinite and
montmorillonite).®* In this study, we explore the ability to use
spICP-TOFMS analysis to characterize and classify sunscreen-
derived TiO, and ZnO NPs against NPs and puPs found in a
natural river sample by means of two-stage unsupervised HCA.
Our study is the first to explore the use of HCA to classify and
then quantify varying concentrations of anthropogenic particle
types from a complex particle matrix.

Materials and methods
Sample preparation for spICP-TOFMS measurements

River water was collected from Clear Creek (Golden, Colorado)
in a 500 mL high density polyethylene (HDPE) bottle. Analysis
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of mineral sunscreen particles and organic sunscreen agents in
Clear Creek has been previously reported,*™® with no
conclusive measurements regarding the detection of mineral
sunscreen particles. The water used here was collected on
September 6, 2022 at a remote location upstream of Golden,
and so likely has little-to-no anthropogenic input, and thus can
be considered a pristine natural sample with regard to mineral
sunscreen (SS) particulates. The water sample was processed
with a previously established method.*® First, the sample was
shaken vigorously for 30 seconds, and 1.5 mL of water was
transferred into a 2 mL microcentrifuge tube. The sample was
then ultrasonicated (VialTweeter, Hielscher UP200st, Germany)
for 60 seconds (10 seconds on and 5 seconds off) at 100 W.
Ultrasonication has been shown to be an effective sample
preparation method for the analysis of mineral sunscreen-
derived NPs.** After ultrasonication, the samples were
centrifuged for two minutes at 4000 rpm using a mini-
centrifuge (Costar, USA). The estimated size cutoff from this
centrifugation was 400 nm based on Stoke's law and a particle
density of 4.2 g cm™. After centrifugation, 900 pL of
supernatant was transferred to a 2 mL microcentrifuge tube
and the river water sample was further diluted in ultrapure
water containing 5 ng mL " dissolved Cs. spICP-TOFMS analysis
was used to determine the background particle content of river
water.

Commercially available sunscreen (Cetaphil: Sheer
Mineral Sunscreen Broad Spectrum SPF 50, United States)
that, according to the label, contains 9% TiO, and 7% ZnO
as active ingredients was purchased from a local store and
used as a source of Ti and Zn sunscreen particles. To prepare
the sunscreen suspension, 0.2 g of sunscreen was placed in a
50 mL centrifuge tube, diluted with 20 mL of ultrapure water,
and vigorously shaken for 30 seconds to disperse the
sunscreen. The dispersed sample was then water-bath
sonicated (VWR Ultrasonic Cleaner, VWR, PA, USA) for 30
minutes, vortexed for 30 seconds, and allowed to settle for 10
minutes. After settling, 1 mL of supernatant suspension was
diluted in ultrapure water containing 5 ng mL™" dissolved Cs
and spICP-TOFMS analysis was used to determine PNCs from
this suspension. Based on this initial spICP-TOFMS analysis,
a stock sunscreen particle suspension containing ~1 x 10°
particles per mL was prepared and subsequently used to
spike sunscreen particles into the river water sample at
varying concentrations.

Mineral specimens of rutile, ilmenite, and biotite were
obtained from the Colorado School of Mines Earth Science
Museum. The mineral samples were processed with a
previously established method.**® Ti-minerals were hand
ground in a porcelain mortar and pestle, and neat
suspensions were prepared by dispersing ~5 mg of the
ground minerals into 15 mL of ultrapure water (18.2 MQ cm
PURELAB flex, Elga LabWater, UK). Each of these samples
were then water-bath sonicated (VWR Ultrasonic Cleaner,
VWR, PA, USA) for 10 minutes, vortexed for 30 seconds, and
allowed to settle for 10 minutes. A supernatant suspension of
each sample was diluted in ultrapure water containing 5 ng
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mL™ dissolved Cs and spICP-TOFMS analysis was used to
estimate PNCs. Separate stock suspensions of each Ti-
mineral containing ~1 x 10° particles per mL were prepared.

River water samples containing 5 ng mL™" dissolved Cs
were spiked with a sunscreen suspension at varying number
concentrations; the dilution scheme is provided in Table S1.f
In another set of experiments, river water was first spiked
with Ti-mineral particles, and then spiked with a sunscreen
suspension at varying number concentrations. The dilution
scheme for this experiment is provided in Table S2.}

Preparation of the microdroplet calibration solution

Online microdroplet experiments were performed using a
multi-element calibration solution that was prepared using
eighteen single-element standards (High-Purity Standards,
SC, USA): Mg, Al, Ti, V, Mn, Fe, Co, Zn, Y, Zr, Nb, Cs, La, Ce,
Nd, Ta, W and Pb. Concentrations of these elements in the
microdroplet calibration solution are provided in Table S3.f
Cesium (Cs) was used as the plasma uptake standard for
online microdroplet calibration. All dilutions were made in
2% sub-boiled trace metal grade nitric acid (Fisher Scientific,
Fair Lawn, NJ, USA) gravimetrically (ML204T/A00, Mettler-
Toledo, Greifensee, Switzerland).

spICP-TOFMS measurements and data processing

An icpTOF-S2 instrument (TOFWERK AG, Thun, Switzerland)
was used for all measurements. The operating parameters of
the instrument are given in Table S4.f Online microdroplet
calibration, which is described in detail elsewhere,*®%®
used to determine element masses per particle and PNCs.

TofDAQ Recorder (TOFWERK AG, Thun, Switzerland) was
used for data collection and TOF Single-Particle Investigator
(TOF-SPI) was used for data processing.®” TOF-SPI is an in-
house developed LabVIEW program (LabVIEW 2018, National
Instruments Corp., TX, USA) for batch analysis of online
microdroplet calibration spICP-TOFMS data. The program is
used to calculate element-specific background signals and
single-particle critical values, determine absolute sensitivities,
background subtract data, correct split-particle events,®®
quantify element masses in single particles, and determine
PNCs. With TOF-SPI, single-particle critical values (Lcy,) are
determined for each element based on the known compound
Poisson distribution of icpTOF data.®”’® These L, values are
used as thresholds to separate particle-derived signals from
steady-state background signals. Critical values can also be
expressed in terms of mass, i.e. “critical mass” Xcqp, by dividing
the Lo, of a given element by the absolute sensitivity for that
element.

was

Hierarchical clustering

Two-stage hierarchical clustering analysis (HCA) was
performed using the hierarchical clustering library in
MATLAB (verR2022 MathWorks, MA, USA). The script used in
this work was adapted from the work of Mehrabi et al.>” HCA
is an unsupervised data analysis approach that can be used

This journal is © The Royal Society of Chemistry 2024
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to cluster/group particles of similar elemental composition
and to identify their mean elemental composition.

In our two-stage HCA approach, first, intra-sample HCA is
performed on mass-quantified spICP-TOFMS data using the
correlation distance and a distance cutoff of 0.6 to separate
the major clusters. For all found clusters composed of 5 or
more particle events, the average mass of each element in the
particles in the cluster is determined and then multiplied by
the number of times the element is recorded among all
particles in the cluster (i.e., the occurrence frequency). For all
elements with occurrence frequency >0.2, their occurrence
normalized average masses are compiled to create a
representative particle-class proxy (PCP) for each cluster. All
PCPs found from the initial intra-sample clusters are then
used as data for the second, inter-sample, HCA analysis. In
this second HCA, the correlation distance is again used and
the distance cutoff for determining the major inter-sample
clusters is reduced to 0.3. For both the first and second stage
of HCA, we determined the cluster cutoff distance empirically
through inspecting the resultant dendrograms from each
clustering. The MATLAB script and data used to generate the
two-dimensional cluster maps are available on GitHub:
https://github.com/orgs/TOFMS-GG-Group in the “Two-Stage-
HCA-sunscreen” repository. For all intra-sample clusters, the
occurrence-normalized average mass of elements within each
cluster and the PNCs are reported along with the dendrogram
from the second inter-sample clustering. All particle-resolved
spICP-TOFMS data are available from any cluster or sample.
In this way, two-stage HCA can be used as a tool to explore
similarities of particle composition within and between
samples, and then as a means to sort data for deeper
exploration of single-particle results. A graphical illustration
of the two-stage HCA approach is provided in the ESI of
Mehrabi et al.>”

Results and discussion
Characterization of particles from sunscreen and river water

To obtain baseline particle numbers and elemental
compositions from both the sunscreen (SS) and river water
(RW), we first analyzed neat suspensions of both via spICP-
TOFMS. According to the manufacturer label, the sunscreen
(SS) product we analyzed consists of 9% TiO, and 7% ZnO
particles. The critical masses (Xcsp;) for all analyte elements, i,
in these analyses are provided in Table S5.f For the SS sample,

cepori = 42 ag and X557, = 319 ag. For the RW sample, Xcopri
=212 ag and Xcopzn = 731 ag. Based on these critical masses
and assuming spherical particle geometry and bulk densities,
the critical diameters for TiO, and ZnO are 32 and 54 nm, and
51 and 63 nm, for the SS and RW samples, respectively.
Different critical masses are the result of different tuning
parameters and background signal levels. In Fig. 1a, we provide
boxplots of the mass distributions of Ti detected as single-metal
(sm) particles and multi-metal (mm) particles with various
secondary and tertiary elements from both the SS and the RW

samples. Similar plots of Zn mass and Al mass are provided in
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Fig. S2.f Since spICP-TOFMS analysis is more sensitive for Ti
than Zn, it is unsurprising that more Ti-containing than Zn-
containing particles are measured from the SS and RW samples.
With spICP-TOFMS, 80% of measured SS particles contain Ti,
whereas only 20% of particles contain measurable amounts of
Zn. As seen in Fig. 1a, as the number of elements measured in
SS particles increases, so does the Ti mass. Two percent of the
SS particles measured by spICP-TOFMS contain detectable
amounts of Al. The higher Ti mass in AlTi and AlTiZn particles
compared to sm-Ti particles suggests that Al is only detectable
in larger particles, which supports the hypothesis that Al,O; is
used as a coating for these particles.>*®” SEM-EDS
measurements (see Fig. S11) also show the presence of Al, Ti
and Zn in sunscreen particles.

In Fig. 1b, we plot the ratio of Ti and Al in SS particles as
a function of Ti mass. As seen, Ti and Al are well correlated
with a mass ratio that converges to ~27:1 Ti:Al, and the
scatter in the measured element mass ratio matches
predicted confidence bands based on Poisson statistics.
Though Ti and Al are correlated in the SS particles, Al is only
consistently detectable in large Ti particles (25000 ag Ti, 150
nm diameter TiO,), and so Al is not well suited as a
fingerprint element to identify TiO, NPs from SS. On the
other hand, nearly half of all Zn particles from the SS are
measured as ZnTi particles. There is poor mass correlation
between Ti and Zn in these particles. It is likely that TiO,
and ZnO particles in the sunscreen form nanocomposite
structures that are then recorded by spICP-TOFMS. To verify
that the TiZn mmNP signals were real—and not the result of
coincident particle detection or loose particle agglomerations
—the SS samples were analyzed with various ultrasonic pre-
treatment steps and at several dilutions. We observed no
difference in the number of TiZn mmNPs across these
measurements; results are provided in Fig. S3.f

Unlike the SS sample, in which particles are composed
mostly of Ti, Zn, and Al (as measured by spICP-TOFMS), the
RW sample has a much more diverse particle population.
River water contains a blend of naturally occurring minerals
and other colloids. In Fig. 2, we provide the PNCs of several
elements detected as both single-metal (sm) and multi-metal
(mm) particle types from the neat RW sample. The critical
masses of all elements for this analysis are provided in Table
S5.f As seen in Fig. 2, Fe is the most commonly measured
element in single particles, with 68% of all particles
containing Fe. Al is the next most common element with
21% of all particles containing Al. The high abundance of Fe
and Al particles is expected because the crustal abundances
of these elements are much higher compared to other
metals.”> Manganese is the third most often detected element
in RW particles, with 7% of particles having detectable
amounts of Mn. Apart from the major elements (Fe, Al, and
Mn), Ti, Ce, and Pb are detected in ~1% of the particles from
the RW sample. As described earlier, quantification of SS
particles against a natural particle background relies on the
measurement of the Ti- and Zn-containing particles. In the
RW, 10-15% of Ti particles are detected as single-metal and

Environ. Sci.: Nano, 2024, 11, 4162-4173 | 4165
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Fig. 2 Multi-metal and single-metal particle number concentrations (PNCs) for each element from the river water sample diluted 50x. Average
PNCs and standard deviations are based on triplicate measurements. The average number of particles recorded per spICP-TOFMS measurement is

provided in parentheses.

85-90% are detected as multi-metal particles, with the most
common associated elements being Fe and Al. Zn-containing
particles are infrequently detected (in ~0.15% of all particles)
in the RW sample, and most of the Zn-containing particles
(>95%) are multi-metal, with most common associations
with Fe and Al. Other elements detected in particles from the
RW sample along with their percent abundances are Mg
(0.40%), V (0.03%), Co (0.11%), Zr (0.06%), Nb (0.03%), La
(0.20%) and Nd (0.02%).

Hierarchical clustering analysis of sunscreen spiked into
river water

There are clear differences between particles measured from the
SS and RW samples. The SS sample consists mostly of particles
detected with elemental signatures of Ti, Zn, TiZn, and TiZnAlL
On the other hand, the most commonly detected element
signatures in RW particles are Fe, Al, Mn, FeAl, FeMn, and
FeAlMn. Ti is detected infrequently in particles from the RW
sample; however, as seen in Fig. 1, the mass of Ti is in the same
range as that measured in the SS sample, and so separation of
SS-derived and RW-derived Ti-containing particles in a mixture
can be best achieved via multi-element signatures. Likewise, the
multi-element signature of Zn-containing RW particles differs

4166 | Environ. Sci.: Nano, 2024, 11, 4162-4173

from that found in the SS particles. To explore the multi-
elemental signature differences and ability of spICP-TOFMS to
separate anthropogenic SS particles from naturally occurring
RW particles, we analyzed spICP-TOFMS data from neat
suspensions and mixtures of SS and RW via unsupervised two-
stage hierarchical clustering analysis (HCA).

Results from two-stage analysis HCA are presented in
Fig. 3. As seen, following the second stage (inter-sample) HCA,
the clusters from the first-stage (intra-sample) HCA are
grouped into nine major clusters, numbered 1-9. At the left of
the heatmap in Fig. 3, we provide the names of each found
intra-sample cluster (1st HCA stage), which we refer to as a
“particle-class proxy” (PCP). Each PCP is identified according
to the sample (i.e., SS, RW, S1-S6) and the elements that occur
most often in the given cluster. The element symbols in the
names of each PCP are those elements detected at 20% or
greater occurrence frequency and ordered in terms of
frequency with a maximum of three elements per name. The
name of a PCP does not indicate all the elements present in
that cluster; all elements are used in the creation of the PCP
clusters. In Fig. 3, the occurrence-normalized mean elemental
masses of each PCP are plotted on a false-color scale and the
number concentration of each of these clusters is reported on
the bar graph at the right. While the apparent elemental

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Dendrogram resulting from the two-stage unsupervised hierarchical clustering analysis (HCA). The heat map indicates the occurrence-
normalized mean mass of each element in the found particle-class proxy (PCP) from the 1st-stage (intra-sample) clustering and the PNCs (particles

per mL) of each PCP are provided as bars on the right.

composition of each PCP is dominated by the primary
element(s) in that PCP, less frequently occurring elements in a
given particle class are accessible from the spICP-TOFMS data.
In fact, a major benefit of two-stage HCA is the reduction of
SspICP-TOFMS data based on major element signatures and

This journal is © The Royal Society of Chemistry 2024

the subsequent investigation of minor or trace elements
within found major clusters. For clarity, the arrangements of
PCPs in clusters 4 and 5 (Zn-rich and Ti-rich clusters) are
sorted according to PNCs of the PCPs rather than optimum
dendrogram linkage distances.
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As seen in Fig. 3, two-stage HCA reveals nine distinct
major clusters across the eight samples (i.e., SS, RW, S1-S6).
Samples S1-S6 are mixtures of SS and RW with increasing
concentrations of SS particles. Importantly, the major
clusters found from two-stage HCA allow the separation of
SS-derived and RW-derived particle types. Specifically,
clusters 1, 2, 3, 6, 7, and 8 have mixed samples (i.e., S1-S6)
grouped with data from the neat RW sample and are thus
attributable solely to natural RW particles. The consistent
PNCs recorded for these natural PCPs (yellow bars in Fig. 3)
across all the mixed samples and the RW sample also
support the natural origin of these particle types because the
RW sample was prepared at the same concentration for all
samples. Cluster 9, which is rich in Ce and La, can also be
considered a natural RW cluster, since no SS-originating
PCPs are found in this cluster and the number concentration
is consistent across all mixed samples. The natural RW
clusters are rich in Fe, Al, and Mn, with lower mass amounts
and number concentrations of Ce, La, Co, and Pb. While Fe,
Al, Mn, Ce, and La are expected in natural RW samples, we
did not anticipate detection of the Pb-rich and Co-rich PCPs.
These PCPs are low-abundance, with PNCs of less than 1000
mL™", and identification of these low-abundance unique
particle types demonstrates utility of the unsupervised two-
stage HCA approach.

The PCPs from the neat SS sample are found in two major
clusters of the two-stage HCA: clusters 4 and 5, which we
name the “Zn-rich” and “Ti-rich” clusters, respectively. As
seen from the increase in PNCs from S1-S6, both clusters
contain SS particles. In the Ti-rich cluster, there is also a RW-
originating PCP (i.e., “RW-TiFe”), which indicates that some
fraction of particles in the Ti-rich cluster are natural and
cannot be distinguished from the Ti-rich SS particles based
on HCA. This background of natural Ti-rich particles is also
evident in the PNCs from the Ti-rich cluster, in which the
PNC from the most dilute mixed sample (S1) is elevated
compared to the expected value. On the other hand, the Zn-
rich cluster is solely associated with SS particles. No RW PCP
is found in the Zn-rich cluster and the PNC of the found
particles increases linearly from S1 to S6. As seen from the
heatmap, the PCPs in the Zn-rich cluster contain both Zn
and Ti as commonly occurring elements, which indicates that
particles with measurable amounts of both Zn and Ti are (for
the samples presented here) useful in discriminating between
SS and RW particle types.

The natural RW sample used here for SS + RW mixed
samples had a low (<1%) number fraction of particles detected
with Ti or Zn. In our experience, this number fraction is typical
of the particle composition of freshwater streams.*® However, to
test our method in a more challenging matrix, we spiked Ti-
containing nanominerals (i.e. rutile, ilmenite, and biotite) into
the RW sample and then analyzed this Ti-enriched RW sample
with various SS particle concentrations. Results from this
analysis are presented in Fig. S4,f and a discussion of this
analysis is provided in the ESL} In summary, we found similar
major clusters from two-stage HCA as in the RW + SS mixture
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samples. However, a fraction of particles from the Ti-containing
nanominerals were also grouped with the Ti-rich cluster. Even
with elevated concentrations of common Ti-containing
nanominerals, two-stage HCA demonstrated that particles
assigned to the Zn-rich cluster were almost solely from the SS
sample. Thus, we conclude that separation of anthropogenic SS
particles from RW/Ti-nanomineral mixtures is possible at the
single-particle level based on the presence of Zn and Ti in the
SS particle. While Al is well correlated with Ti (¢f. Fig. 1) because
of its use as a coating for TiO, particles in sunscreen, this
element is not useful in the classification of anthropogenic SS
particles in real matrices because of the low abundances of Al
in the SS particles and the high abundance of Al in the natural
background.

Correlation of the Zn and Ti mass in sunscreen particles

Our two-stage HCA suggests that the Zn-rich cluster is highly
characteristic of SS particles. In this Zn-rich cluster, Ti and Zn
are both detected in more than 20% of the particles and are
often measured as mm-TiZn particles. We did not anticipate the
detection of TiZn-containing particles from sunscreen; however,
some reports of nanoaggregates of TiO, and ZnO particles in
sunscreen are consistent with our results.”>””> Following HCA,
all particle data from 2nd-stage major clusters or the 1st-stage
PCP clusters can be further analyzed. HCA allows us to perform
targeted more detailed analysis of our spICP-TOFMS data. In
Fig. 4, we plot the mass correlation of Zn and Ti in particles
from the neat SS sample that are grouped into the Zn-rich and
Ti-rich clusters. Plotting the mass correlation of Zn and Ti from
the Zn-rich and Ti-rich clusters provides insight into how the
unsupervised HCA separates particle masses into distinct
clusters. Specifically, we find that the Zn-rich cluster is
composed of sm-Zn particles and TiZn particles with a Zn:Ti
mass ratio greater than of 1.1:1. The Tirich cluster is
composed predominately of sm-Ti particles and TiZn particles

® Zn-rich cluster
® Ti-rich cluster
= Zn:Ti=1.1

B 25%~75%
T 5%~95%

—— Median Line
O Mean

4 Outliers

Zn mass (ag)

10 10* 10° 10°

Ti mass (ag)

102

Fig. 4 TiZn particles present in Zn-rich and Ti-rich clusters of the neat
sunscreen particle suspension, which has the highest concentration of
SS particles. Boxplot on the y-axis shows the single-metal Zn-mass
distribution in the Zn-rich cluster and the x-axis shows the single-
metal Ti-mass distribution in the Ti-rich cluster.
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with a Zn:Ti mass ratio less than of 1.1:1. The Zn-rich cluster
has the majority of the TiZn-containing particles. The mass
ratio cutoff for TiZn particle class assignment is established by
the HCA protocol and depends on the cutoff distances used to
define clusters in both the intra-sample and inter-sample
clustering. Importantly, since all elements are used for the HCA
analysis, these mass-ratio cutoffs may not be identical for all
samples and may not be the defining characteristics for major
cluster assignment. From Fig. 4, it is also apparent that, while
Zn and Ti are measured together in many individual particles,
they are not well correlated (R*> = 0.4). The lack of correlation
between Zn and Ti further suggests that these particles are
nanocomposites and not purposely created with a defined mass
ratio.

Quantification of Ti and Zn particles released from
sunscreen against Ti and Zn particles present in river water

In Fig. 3, we plotted results from two-stage HCA of neat and
mixed samples and showed that particles from clusters 4 and
5 (Zn-rich and Ti-rich) are predominately SS particles based
on increasing PNCs in these clusters as a function of SS
particle concentration. However, in addition to overall PNCs
in each cluster, single-particle data from each cluster can be
extracted to classify the Ti- and Zn-bearing particles as
originating from spiked sunscreen or the river water matrix.
In Fig. 5, we present the PNCs of Ti-bearing particles (Fig. 5a)
and Zn-bearing particles (Fig. 5b) that are present in the Ti-
rich cluster, the Zn-rich cluster, the AlFe-rich cluster (cluster
3), and the Fe-rich cluster (cluster 1) from the spiked samples
(S1-S6). Here, we consider the Ti-rich and Zn-rich clusters to
be characteristic of SS and the AlFe-rich and Fe-rich clusters
to be characteristic of RW (i.e., natural background particles).

Fig. 5 does not include Ti- and Zn-bearing particles from
other clusters because such particles are either absent or
occur at very low PNCs. Comparing the slopes and linearities
of the curves in Fig. 5 allows us to assess the accuracy of
classification and susceptibility for false-positive SS-particle

6_ ® Ti PNCs (Ti-rich cluster)
a) 10 ® Ti PNCs (Zn-rich cluster)
® TiPNCs (AlFe-rich cluster) .
B ® Ti PNCs (Fe-rich cluster)
10° 3
2
o 10%4
Q0
0
h=
s 10° !
o
[
102+
y = 0.80x + 5.51, R?=0.97
10" y = 1,05x + 4.60, R2= 0.99

0.01 0.1 1
Sunscreen dilution

0.001
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classifications. On a log-log plot, a slope of 1 indicates
perfect linearity,. When we consider the most common
particle types in each cluster, i.e., Ti particles in the Ti-rich
cluster (Fig. 5a) and Zn particles in the Zn-rich cluster
(Fig. 5b), we find that, while both particle types increase with
sunscreen concentration, both curves have slopes less than 1.
This non-linearity is likely due to non-negligible numbers of
natural Ti- and Zn-containing particles in the RW at low SS
concentrations (i.e., in samples S1 and S2). On average, 1%
of measured RW particles contain Ti and 0.1% contain Zn,
which corresponds to the measurement of 213 and 28 total
Ti- and Zn-containing particles, respectively, from the RW
sample. Of the RW particles assigned to cluster 5 (Ti-rich
cluster), 49 contain Ti, which corresponds to a false-positive
rate of 0.3% of RW particles classified as sunscreen and a
PNC of ~2000 mL™". This low number of false positives
interferes with the detection of very dilute SS particles, from
which less than ~50 SS particles are expected to be
measured. Because there are very few Zn particles in the Ti-
rich cluster, these particles are not suited for SS particle
quantification.

Based on HCA analysis, we find that that classification of Ti-
containing particles in the Zn-rich cluster enables the fewest
false-positive classifications. In this case, the linearity of
recorded PNC vs. dilution amount is excellent, with slope =
1.05. In the Zn-rich cluster, from sample S2 to sample S6 (100-
fold concentration range), the total number of recorded Ti-
containing particles spans from 6 to 779. The very low natural
background of Ti particles in the Zn-rich cluster enables low
false positive SS classifications and improved linearity. In fact,
based on our measurements of over 25000 RW particles per
sample, we cannot establish a false positive rate of the RW
water particles; in this case, the false-positive rate is simply too
low. Linearity at the low concentration end of SS dilution is
limited by low SS particle numbers. As seen in Fig. 5a, we
demonstrate that Ti-bearing SS particles from the Zn-rich
cluster can be measured at PNCs at least ~50x lower than
background Ti-containing particles.

b) 106 N ® Zn PNCs (Zn-rich cluster)
® Zn PNCs (Ti-rich cluster)
® Zn PNCs (AlFe-rich cluster)
5 ® Zn PNCs (Fe-rich cluster)
10° 5
E 4
» o
8 10
Q
5 103
& 10
N
1 02 E
y = 0.83x + 4.73, R? = 0.99
o Y=0.30x + 2.82, R?=0.72 .

0.001 0.01 0.1 1

Sunscreen dilution

Fig. 5 Quantification of Ti-bearing particles (a) and Zn-bearing particles (b) spiked from sunscreen into river water. Data points plotted are based
on particles per mL present in merged (triplicate measurements merged for HCA) data files. Error bars plotted are the predicted standard deviation
based on Poisson-Normal statistics, in which the RSD is calculated at 1/v/N and N is the number of particle events recorded.
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In the Fig. S5,f we report the quantification of SS particles
in a river water matrix supplemented with Ti-nanominerals
(i.e., rutile, ilmenite, and biotite). A detailed description of
these results is provided in the ESI{ In this Ti-particle-
supplemented matrix, it is significantly more challenging to
separate SS particles from background particles because the
concentration of Ti-containing particles in this matrix is
around 5-times higher than that in the RW alone. Moreover,
as expected, many of the Ti-nanominerals tend to cluster
along with the SS particles in the Ti-rich cluster. Nonetheless,
we found that classification of Ti-containing particles from
the Zn-rich cluster as SS particles produced accurate results
with a PNC vs. dilution amount slope of 0.93 on a log-log
plot and measurement of SS particles even when present at
number concentrations 70x lower than those of background
Ti-containing particles.

Conclusions

In this study, we demonstrated how spICP-TOFMS analysis can
be wused to separate anthropogenic sunscreen-derived
nanoparticles (NPs) from naturally occurring NPs from a river
water sample at the single-particle level. River water is a
complex matrix that contains a large amount of Fe-, Al-, and
Mn-bearing particles (97% of total particle number), and also
significant amounts (~1%) of Ti-, Ce- and Pb-bearing particles.
With  spICP-TOFMS, mineral sunscreen particles are
characterized mostly as Ti, Zn, or TiZn particles. Through the
use of two-stage hierarchical clustering analysis (HCA), we were
able to group particle types according to multi-elemental
signatures and develop distinct clusters linked to sunscreen
and river water samples. Unlike previous measurements,”®”®
we found that the measurement of Ti or Zn alone by spICP-MS
is insufficient to classify measured particles as sunscreen
derived because such classification results in many false
positive results from naturally occurring particles and so is only
relevant if SS PNCs are greater than that of the natural
background. Here, we demonstrate that data reduction by
2-stage HCA and subsequent selection of Ti-containing particles
from the Zn-rich -cluster provides excellent SS-particle
classification accuracy. To our knowledge, this is the first study
to explore the use of 2-stage HCA data reduction as a tool for
classification and quantitative analysis of minor anthropogenic
particle type against a natural background. With this approach,
we demonstrated measurement of sunscreen-derived PNCs
across more than two orders of magnitude and at PNCs 50x
lower than those of natural background Ti-containing particles.

While our results suggest that simultaneous detection of
Ti and Zn from single particles may enable more definitive
measurement of anthropogenic sunscreen particles in natural
samples, these results are meant to demonstrate proof-of-
principle. To more completely understand the limitations
and potential utility of the method for real-world analyses,
more sunscreen types, other anthropogenic Ti-containing
NPs (e.g. from paint or cosmetics), and more background
matrices should be explored. Through the analysis of
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sunscreen particles spiked into river water supplemented
with common Ti-nanominerals (i.e. rutile, ilmenite, and
biotite), we also demonstrated that our sunscreen-particle-
classification approach is effective in complex, mineral-rich
matrices. Our study emphasizes the advantage of using
unsupervised HCA to group spICP-TOFMS data and enable
targeted extraction of spICP-TOFMS data for classification
and quantification. This strategy proved effective for the
analysis of sunscreen particles in river water and could be
extended to classify and quantify sunscreen (and other
anthropogenic particle types) released into various surface
waters such as river, ponds, and lakes or into other complex
samples like soil, sewage sludge, and so on.

Data availability

The two-stage HCA code and spICP-TOFMS data are available at
https://github.com/TOFMS-GG-Group/Two-Stage-HCA-
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