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Aloha Chair and Maui County Council,
Mahalo Nui Loa for inviting us to provide testimony before your committee. It was an honor and privilege.

We are submitting the attached studies to you, as requested by the Infrastructure and Environmental
Management committee after our presentations on Oxybenzone and Octinoxate’s effects on marine life and
human health. After reviewing the attached studies, we are confident that you will all feel comfortable with your
vote to support the legislation to ban the sale of SPF Sunscreen products containing Oxybenzone and/or
Octinoxate.

Mahalo,
Craig Downs - Executive Director — Haereticus Environmental Laboratory
Joe DiNardo — Retired Personal Care Industry Toxicologist & Formulator

Notes:

- Because of the size of the files there will be several Emails sent per topic; all will be numbered appropriately.

- The first Email on the topic will contain the main article (Dermatology Paper — Oxybenzone Review, Oxybenzone
HEL Monograph or Octinoxate HEL Monograph) and the references used to support the main article will be
included.

- Chemical names used in the attached research papers may vary — please feel free to ask us to clarify any
concerns you may have associated with terminology:

1) Oxybenzone = Benzophenone-3 (BP-3) and metabolites maybe noted as Benzophenone-1 and
4-Methylbenzophenone

2) Octinoxate = Ethylhexyl Methoxycinnamate (EHMC) = Octyl Methoxycinnamate (OMC)
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Oxybenzone

Chemical Abstract Service (CAS) Registry Number: 131-57-7

Molecular Weight (MW) — 228.25

United Nations Global Harmonized System (GHS) — Hazard Statements: H413 - May cause long lasting
harmful effects to aquatic life [Hazardous to the aquatic environment, long-term hazard]

~

IUPAC Name: (2-hydroxy-4-methoxyphenyl)-phenylmethanone

Trade Names/Supplier: AEC Benzophenone-3 (A & E Connock (Perfumery & Cosmetics) Ltd.); CSS-ll Sun
Screening Agent (Spec-Chem Industry Inc.); Custom B-3 (Custom Ingredients, Inc.); Escalol 567 (Ashland
inc.); Eusolex 4360 (Merck KGaA /EMD Chemicals); Eusolex 4360 (EMD Performance Materials Corp.);
EUSORB 228 (Aceto Corporation); Jeescreen Benzophenone 3 (Jeen International Corporation; Neo
Heliopan BB (Symrise); OriStar BP3 (Orient Stars LLC); Protaphenone-3 (Protameen Chemicals); Uvasorb
MET/C (3V Sigma USA Inc.); Uvinul M 40 (BASF Corporation); UVSOB 350 (LC United Chemical Corp.).

FDA Voluntart Cosmetic Registration Program (VCRP): Use as of 01/2015 = 912
Use Level: Up to 6.0% in Sunscreens in the United States; Up to 10% in other countries.

Reported Product Categories: Aftershave Lotions; Baby Shampoos; Basecoats and Undercoats; Bath
Capsules: Bath Oils, Tablets, and Salts; Bath Preparations, Misc.; Bath Soaps and Detergents; Blushers (All
types); Body and Hand Preparations (Excluding Shaving Preparations); Bubble Baths; Cleansing Products
{Cold Creams, Cleansing Lotions, Liquids and Pads); Colognes and Toilet Waters; Eye Lotions; Eye Makeup




Preparations, Misc.; Eye Shadows; Eyebrow Pencils; Eyeliners; Face Powders; Face and Neck Preparations
(Excluding Shaving Preparations); Feminine Hygiene Deodorants; Foot Powders and Sprays; Foundations;
Fragrance Preparations, Misc.; Hair Coloring Preparations, Misc.; Hair Conditioners; Hair Dyes and Colors
(All Types Requiring Caution Statements and Patch Tests); Hair Preparations {(Non-coloring), Misc.; Hair
Shampoos (Coloring); Hair Sprays (Aerosol Fixatives); Hair Wave Sets; Indoor Tanning Preparations;
Lipsticks; Makeup Bases; Makeup Preparations (Not eye), Misc.; Manicuring Preparations, Misc.; Moisturizing
Preparations; Nail Creams and Lotions; Nail Polish and Enamel Removers; Nail Polish and Enamels; Night
Skin Care Preparations; Perfumes; Personal Cleanliness Products, Misc.; Shampoos (Non-coloring); Shaving
Preparations, Misc.; Skin Care Preparations, Misc.; Skin Fresheners; Suntan Gels, Creams, and Liquids;
Suntan Preparations, Misc.; Tonics, Dressings, and Other Hair Grooming Aids

Oxybenzone Contamination in the Environment and the Public

Oxybenzone is a ubiquitous environmental contaminant ~ it is found in streams, rivers, lakes, and in marine
environments from the Arctic Circle (Barrow, Alaska) to the beaches and coral reefs along the equator

1234 1 is considered an environmental hazard in many locations 5_ It is found in very high concentrations
in swimming pools and hot tubs 6 and even in our drinking water (municipal treated and desalinated

sources) 7.8 swimmers directly contaminate water sources, but point and non-point sewage and treated
waste-water effluent discharges are the largest source of contamination.

Oxybenzone can be absorbed directly through the skin, either from application of sunscreen product onto

the skin, or by absorption from swimming in either swimming pools or along beaches 21011, Oxybenzone
in a commercial sunscreen formulation can transfer from the lotion or spray into the body, and be detected

in urine within 30 minutes to several hours of application 12,13 Oxybenzone body-contamination is widely

prevalent in the general human population, with some nationalities having higher levels than others 14 One
study found that 96.8% of participants’ urine was contaminated with oxybenzone, indicating the almost-
universal prevalence of exposure in the human population 15.16 Oxybenzone can contaminate semen 17,
placenta and breast milk of marine mammals and humans 18,19,20.21 Oxybenzone can both bioaccumulate,
and can be biomagnified 22 Oxybenzone has been found in bird eggs, fish, coral, humans, and other marine

mammals 232425

Oxybenone is found in many aquatic environments. It is found in parts per trillion concentrations off the
coast of Barrow, Alaska, U.S.A, to parts per billion on coral reefs in the Caribbean, Pacific, and Red Seal i
One of the highest concentrations measured in the marine environment was in Trunk Bay in the U.S. Virgin
Islands National Park, in St. John Island, U.S. Virgin Islands. This beach can get between 2,000 to 5,000
people in a day.




How much Sunscreen Product and Oxybenzone
are at Trunk Bay, U.S. Virgin Islands?

In Hawaii. on the island of Maui, the oxybenzone contamination of the west coast is extensive. Honolua Bay
on the northern end of Maui saw 1.9 parts per billion oxybenzone. In the Ahihi Kina'u Nature Reserve,
oxybenzone levels are increasing from 2015-2017. The near-shore reef and corals in the Fish Cove area is
highly degraded.

How much Sunscreen Product and Oxybenzone Pollution
are in Maui, Hawaii and Ahihi Kina’u Nature Reserve?

881 ppt Oxybenzone Oxybenzone Contanjination N :
607 pp?.. #1904 ppt, Honolua Bay # 2 =
125 ppte Contamination : \

& ppt § Duly 2015) « 888 pptrillion s
4,252 ppt 136ppt (Baby Beach) ! Y

b -

. *438 pptrillion

1,096 ppt o
340 ppt
Ahihi-Kina uSike 868 ppt *

* La Perouse Bay
0 ppt

ppt = parts per trillion

Oxybenzone and many of its metabolites are documented mutagens, especially when exposed to
sunlight 26.27.28.29.30 They can cause genotoxicity either from induction of photo-oxidative stress or

adduction to DNA directly through bio-activation by cytochrome P450 enzymes 31,3233 Oxybenzone and
other benzophenones can induce pro-carcinogenic activities by inducing cell proliferation in cancer cells

lines that are receptive to estrogenic compounds 343536 Recent studies have also documented that
oxybenzone increases metastasis potential (cellular proliferation and migration) via a non-estrogenic
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Oxybenzone is a photo-toxicant, especially in the presence of ultraviolent light. This means that the greater
the light intensity, especially in the UV and near-UV spectrum, new forms of toxicity manifest, and usually in
a dose-dependent manner of both oxybenzone and light.

In mammals, especially humans, oxybenzone has been shown to induce photo-allergic contact dermatitis in

~n -7 . . 39 «:C! “-?" ! = . . %
16%-25% of the population >Z*%*%. Oxybenzone causes toxicity to sperm development and sperm

2,43

viability, reduced prostate weight in mature males, and reduced uterine weight in juvenile females 42483 In

rodents. it reduced fecundity and induced idiopathic sudden death in lactating mothers 44 Several recent
studies have shown a strong association between urinary and seminal oxybenzone concentrations and
& ] . - { - 45 46 - . = - F 4
increased reproductive diseases and reduced fecundity 45,46 There is a building body of evidence of the

» . . . . . . - A7 4R
estrogenic and anti-androgenic endocrine disrupting mechanisms of oxybenzone in mammals ™ 48 One
study indicated an increased occurrence of endometriosis in women exposed to concentrations of
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oxybenzone, while another study showed a positive association with uterine leiomyoma “¥>%. Oxybenzone
L . . . . . . 51
has also been associated with altered timing of breast development in girls °-.

Oxybenzone is a notorious estrogenic endocrine disruptor, causing male fish to become feminized and
inducing egg protein production in males and juveniles 52.53.54  Oxybenzone causes a reduction in the
number of eggs a female fish will produce 55.56,57 |n fish, oxybenzone is metabolized into benzophenone-
1, a much more potent estrogenic disruptor 58 Oxybenzone will also cause radical behavioral changes in

1 b

ish, causing them to lose “territorial” behavior .
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Oxybenzone and BP-1 act like estrogen, causing egg protein to be produce in fish embryos. This egg protein should only
be produced by a sexually mature females.

Oxybenzone is metabolized into BP-1. BP-1 Sx more potent than Oxybenzone to pathologically induce egg protein.

Oxybenzone can have devastating effects on invertebrates, especially on juvenile developmental stages‘i. In
coral. it can cause coral bleaching, DNA damage, planula deformity, mortality, and skeletal endocrine
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disruption®. For coral planula, gross toxicological effects were seen as low as 6.5 ppbillion in a 24-hour period,
and cellular effects were seen as low as 72 pptrillion in a 4-hour period. In bivalves, growth inhibition occurred

R - 111 . ] - R
around 2-3 ppmillion'*!. In shrimp larvae, growth inhibition was seen around 421 ppbnllion‘i"-'.




Oxybenzone and Coral Bleaching
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Oxybenzone is even toxic to microalgae, such as Isochrysis galbana, at levels comparable to coral, such as 4
ppbillion49. A study in 2017 examined the toxicity on mortality, cell growth, and photosynthetic pigments of

two important algal species, Chlamydomonas reinhardtii and Microcystis aeruginosa 1 Changes in the amount

urred in response to oxybenzone concentrations as low as 10 parts per trillion.
b in marine and aquatic

of chlorophyll in these algae occ
This toxic response to oxybenzone suggests that the autrophic level of the food we

systems could be severely challenged.
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Oxybenzone can cause developmental deformities and diseases. In coral, it causes severe deformities in
larvae, expanding the mouth (oral pore) more than 10x its normal size, exposing the yolk. In fish embryo,
depending on the concentration, it can cause deformities in the eye, heart, and spine, and even severely lethal

changes where no development occurs at all.
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Humans can also exhibit developmental pathologies, especially fetal-development diseases associated with

prenatal exposure to oxybenzone 1.2 Hirschsprung's disease, a development abnormality thought to afflict
every 1 in 3,000 births, has been linked to maternal exposure to oxybenzone, by interfering with the migration

neural crest cells during embryonic development 3. Environmentally relevant concentrations of oxybenzone
induced a number of cellular pathologies to brain cells, especially neurons in the developing fetus and infant 4.

Oxybenzone can contaminate hot-tubs and swimming pools with concentrations in the parts per

ogps 5 . . . . .
billion®. If these pools use chlorine or bromine as a disinfectant, the oxybenzone undergoes a chemical
reaction and can become “chlorinated” or “brominated — meaning a chlorine or bromine is conjugated to the

oxybenzone, changing its chemical structure and chemistryl-z. Very recent studies show that the

chlorinated forms of oxybenzone are significantly more toxic than normal oxybenzone, acting as significant

DNA damage agent557-58-3. A by-product of this oxybenzone chlorination is chloroform 4

1. Tsui et al (2014) Occurrence, distribution and ecological risk assessment of multiple classes of UV filters in surface
waters from different countries. Water Res 15:55-65.
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ABSTRACT

Organic UV filters are common ingredients of personal care products (PCPs), but little is
known about their distribution in and potential impacts to the marine environment. This
study reports the occurrence and risk assessment of twelve widely used organic UV filters
in surface water collected in eight cities in four countries (China, the United States, Japan,
and Thailand) and the North American Arctic. The number of compounds detected, Hong
Kong (12), Tokyo (9), Bangkok (9), New York (8), Los Angeles (8), Arctic (6), Shantou (5) and
Chaozhou (5), generally increased with population density. Median concentrations of all
detectable UV filters were <250 ng/L. The presence of these compounds in the Arctic is
likely due to a combination of inadequate wastewater treatment and long-range oceanic
transport. Principal component analysis (PCA) and two-way analysis of variance (ANOVA)
were conducted to explore spatiotemporal patterns and difference in organic UV filter
levels in Hong Kong. In general, spatial patterns varied with sampling month and all
compounds showed higher concentrations in the wet season except benzophenone-4 (BP-
4). Probabilistic risk assessment showed that 4-methylbenzylidene camphor (4-MBC) posed
greater risk to algae, while benzophenone-3 (BP-3) and ethylhexyl methoxycinnamate
(EHMC) were more likely to pose a risk to fishes and also posed high risk of bleaching in
hard corals in aquatic recreational areas in Hong Kong. This study is the first to report the
occurrence of organic UV filters in the Arctic and provides a wider assessment of their
potential negative impacts in the marine environment.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic ultraviolet (UV) filters are widely used as UV
radiation-absorbing substances in personal care products
(PCPs) to protect human skin from the negative effects of
sunlight as well as in materials and paints to prevent product
photodegradation. Authorized contents of organic UV filters in
PCPs vary according to regulations in the countries/regions of
their manufacture, where they may comprise up to 20% of
product mass (Chisvert and Salvador, 2007). Owing to their
large annual production quantities and widespread usage,
particularly because of greater awareness of skin cancer risks
in recent decades, organic UV filters can enter the aquatic
environment (i) indirectly from wastewater treatment plants
(WWTPs) after entering sewage systems following bathing or
from industrial discharge due to incomplete removal as well
as surface runoff and (ii) directly from recreational activities
(e.g. swimming) (Giokas et al., 2007).

As a result of their extensive application and continuous
release into aquatic systems, organic UV filters are regarded as
pseudo-persistent environmental contaminants, and their
ubiquity has raised concerns about their potential environ-
mental impacts (Giokas et al., 2007). They have been found in
various environmental samples including surface water,
wastewater and sediment (e.g. Tsui et al., 2014; Kameda et al.,
2011) generally at ng/L to sub-ug/L levels for aqueous matrices
and sub-ng/g levels for solid matrices. However, only a few
studies have reported the occurrence of UV filters in the ma-
rine environment, and only a limited number of globally
authorized compounds have been investigated; for example,
benzophenone-3 and -4 (BP-3 and BP-4), ethylhexyl methox-
ycinnamate (EHMC) and octocrylene (OC) were detected in
surface waters in some European countries and Japan (Tashiro
and Kameda, 2013; Tovar-Sanchez et al., 2013; Rodil et al.,
2008).

Many organic UV filters have high lipophilicity, with
octanol-water partition coefficients (log Koy,) values generally
greater than 3. They have been detected in various aquatic
organisms such as brown trout (Salmo trutta fario) up to
1800 ng/g (4-methylbenzylidene camphor, 4-MBC) and
2400 ng/g (OC) lipid weight (Iw) in Swiss rivers (Buser et al.,
2006) and in marine mussels (Mytilus edulis) up to 256 ng/g
(EHMC) and 7112 ng/g (OC) dry weight (dw) along the French
Atlantic and Mediterranean coasts (Bachelot et al., 2012).
Moreover, Fent et al. (2010b) suggested food chain accumula-
tion of EHMC, reporting its concentrations in fish and cor-
morants (Phalacrocorax sp.) from six Swiss rivers up to 337 and
701 ng/g Iw, respectively. Accumulation of these compounds
in organisms is a concern because organic UV filters and their
metabolites have been shown to interfere with endocrine
function by acting as environmental estrogens both in vitro
and in vivo (Schlumpf et al, 2001; Kunz and Fent, 2006).
Moreover, they have been shown to induce bleaching in corals
by promoting viral infections (Danovaro et al., 2008).

Data on the occurrence of organic UV filters in fresh surface
waters are available for several developed countries (e.g.
Kameda et al.,, 2011; Fent et al., 2010b), but relevant informa-
tion is lacking for the marine environment in countries
outside of Europe or Japan for certain uniformly approved and

widely consumed UV filters (e.g. butyl methoxydibenzoyl-
methane (BMDM) and homosalate (HMS)). Moreover, previous
studies have reported the occurrence of UV filters at beaches,
but little information is known about coastal waters. In
contrast to other organic contaminants (e.g. perfluoroalkyl
substances (PFAS) and pharmaceuticals) which have been
studied in detail (Richardson and Ternes, 2014), information
on the occurrence, distribution, transport pathways and risks
of organic UV filters in the aquatic environment is lacking.
Therefore, it is of crucial importance to study the environ-
mental distribution and concentrations of these emerging
contaminants in order to evaluate their ecological risks.

In light of these considerations, the objectives of this study
were to (i) determine the concentrations and spatial occur-
rence of twelve commonly consumed UV filters, including
benzophenone-1, -3, -4 and -8 (BP-1, -3, -4 and -8), ethylhexyl
salicylate (EHS), isoamyl p-methoxycinnamate (IAMC), octyl
dimethyl-p-aminobenzoic acid (ODPABA), BMDM, EHMC,
HMS, 4-MBC and OC in surface water samples collected from
different countries including China (Hong Kong, Shantou and
Chaozhoul), the United States (New York City and Los Angeles),
Japan (Tokyo Bay), Thailand (Bangkok) and the Arctic region,
as well as their seasonal variation in Hong Kong over the
course of one year; and (ii) conduct an ecological risk assess-
ment by using the measured environmental concentrations
and available toxicity data.

2. Materials and methods
2.1. Chemicals and materials

Information on chemical standards and preparation of stan-
dard solutions can be found in the Supplementary material.
Standard purities were all >97%. Detailed information on the
targeted UV filters is shown in Table A1.

2.2. Sampling

Surface water samples were collected from eight locations
(HongKong, n = 60; Tokyo, n = 8; New York, n = 6; Los Angeles,
n = 4; Shantou, n = 4; Chaozhou, n = 3; Bangkok, n = 2) and the
Arctic (n = 14) from 2012 to 2013 using plastic or stainless steel
buckets or glass bottles which were pre-cleaned by rinsing (in
sequence) with methanol, Milli-Q water, and water from the
specific location. All samples were marine surface water
samples except those collected from Bangkok which were
freshwater samples. Most of the selected cities are metro-
politan areas featuring both commercial and industrial
development. Temporal and spatial samples were collected in
Hong Kong in both the wet and dry seasons; spatial samples
were collected from Tokyo Bay, Los Angeles, New York City
and the Arctic, while only a single location was sampled in
Bangkok. Detailed information on the sampling locations is
shown in Supplementary material Table A2 and Figs A1-5.
Surface water samples were collected from 20 points in
Hong Kong in August 2012, February and June 2013; June and
August samples represented the wet season, while the
February samples represented the dry season. The sampled
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points were expected to reflect WWTPs, beaches and aquatic
recreational activities (further details are given in the
Supplementary material). The Tokyo samples were collected
in Tokyo Bay, while the New York samples were collected in
Jamaica Bay, Upper New York Bay and the East River near
WWTP discharge points. In Los Angeles, Shantou and
Chaozhou, surface water samples were collected at beaches
and near WWTP discharge points while only river water
receiving municipal wastewater was collected in Bangkok.
Arctic samples were collected in the Arctic Ocean and Chukchi
Sea between 65 and 75 °N.

Water samples were stored in glass bottles pre-rinsed with
Milli-Q water and methanol. All glass bottles were wrapped
with aluminum foil to avoid contamination and photo-
degradation of the target compounds. Samples were stored
in the dark at 4 °C prior to analysis.

2.3.  Analytical procedures

Chemical analysis of the 12 target compounds was modified
from a previously reported method (Tsui et al., 2014). Briefly,
the analytical procedures consisted of addition of 5% (w/v)
Na,EDTA to each sample, solid phase extraction (SPE) with
Bond Elut C18 cartridges, elution by 3 x 4 mL of 50:50 v/v
methanol: ethyl acetate (MeOH: EA), concentration under ni-
trogen flow to less than 0.5 mlL, reconstitution to 0.5 mL by
MeOH and analysis by high-performance liquid
chromatography-electrospray ionization-tandem mass spec-
trometry (HPLC-ESI-MS/MS). Detailed analytical procedures
and optimal parameters of HPLC-MS/MS for quantification are
shown in the Supplementary material.

2.4. Method validation

Details on method validation are given in Table A4 in the
Supplementary material. Recoveries ranged from 63% to
106%, while the relative standard deviations (RSD) of target
compounds ranged from 1.5% to 7.9%. The results presented
in this study were not corrected by recoveries. The method
limit of detection (MLOD) was defined as three times the
standard deviation of procedural blank peak areas plus their
mean value and then corrected by a matrix-induced interfer-
ence factor which was the slope difference (ratio) of two
calibration curves separately constructed in methanol and in
water sample extracts (Leung et al., 2012). MLODs ranged from
0.03 to 1.38 ng/L. Field and procedural blanks were analyzed
for each sampling trip and for each batch of samples in the
laboratory by using Milli-Q water. All of the target compounds
were below MLODs in both field and procedural blanks.

2.5. Statistical analyses

Normality tests (Kolmogorov—Smirnov) were performed
before statistical analyses. Parametric Pearson correlation
analysis was used for the examination of significant correla-
tions among concentrations of different UV filters in surface
water from different sampling cities/regions. Logjo-trans-
formed values were used to perform the Pearson correlations
in all locations except Hong Kong, for which principal
component analysis (PCA) and permutational analysis of

variance (PERMANOVA) were conducted to explore spatio-
temporal patterns in organic UV filter levels because of the
larger sample size for this city. Two-way analysis of variance
(ANOVA) and post hoc Student-Newman-Keuls (SNK) tests
were carried out to test spatiotemporal differences in com-
pound concentrations in Hong Kong samples. Samples with
concentrations < LOD were treated as zero in the analysis. The
significance level was set at « = 0.05. Univariate statistical
analyses were carried out using SigmasStat 3.5 (Systat Software
Inc, Chicago, USA) or SPSS 17 (SPSS Inc.). Multivariate analyses
were carried out using PRIMER 6 & PERMANOVA+ (PRIMER-E
Ltd, Plymouth, UK).

2.6. Environmental risk assessment (ERA)

Hazard quotients (HQs) for individual UV filters were obtained
by dividing measured environmental concentrations (MECs)
obtained in this study by predicted-no-effect concentrations
(PNECs) calculated by dividing the effect concentrations (ECs)
by a standard assessment factor, 1000, to account for intra-
(factor = 10) and inter-species variability (10) and chronic
exposure conditions (10) (European Commission, 2003).
Toxicity data were obtained from the literature focusing on
aquatic organisms at different trophic levels including pro-
tozoa, algae, crustaceans, invertebrates and fishes. Because of
the lack of toxicological literature on many organic UV filters,
the risk assessment was only conducted for six compounds:
BP-1, BP-3, BP-4, EHMC, 4-MBC and ODPABA.

Preliminary screening of the potential ecological risks of
organic UV filters was carried out using the worst-case sce-
nario, HQworst, in which the maximum MECs of each com-
pound and minimum PNECs were applied in the hazard
assessment (Table 1 and A5). The risk classification was based
on risk ranking criteria in which HQ < 0.01: “Unlikely to pose
risk”; 0.01 < HQ < 0.1: “Low risk”; 0.1 < HQ < 1: “Medium risk”
and HQ > 1: “High risk” (Hernando et al., 2006). Probabilistic
risk assessment was conducted if the HQgyorst of UV filters
exceeded 1 by plotting cumulative probability on a log scale.
Risk probabilities (p) were calculated by substituting the log
PNECs of each species in the linear equations for each
sampled city, in which (100-p)% would be the percentage of
samples containing concentrations of that compound
exceeding the PNEC of a particular species and thus posing
risk based on the assessed endpoint.

3. Results and discussion
3.1. Occurrence and composition of UV filters in surface
waters

A total of 101 surface water samples collected from August
2012 to October 2013 were analyzed, and median concentra-
tions in the samples ranged from <LOD to 230 ng/L (Table 1).
The number of compounds detected was Hong Kong (12),
Tokyo (9), Bangkok (9), New York, Los Angeles (8), Arctic (6),
Shantou (5) and Chaozhou (5).

BP-3, EHMC and OC were detected in all cities and in the
Arctic with detection frequencies >30% in each location
(calculated by dividing the number of positive detections by
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the total number of samples in each place), showing their
widespread distribution in the marine environment. Among
these three frequently detected UV filters, the highest median
concentrations were found in Los Angeles (227 ng/L; BP-3),
New York (100 ng/L; EHMC) and Bangkok (153 ng/L; OC),
while the lowest median concentrations were found in the
Arctic (16.6, 25.4 and 25.8 ng/L for BP-3, EHMC and OC,
respectively). The concentrations of five compounds including
BP-3, EHMC, EHS, HMS and OC exceeded 1000 ng/L in surface
water samples collected on hot summer days with strong UV
radiation in June and August 2013 at a popular beach in Hong
Kong. Apart from recreational activities and surface runoff,
the incomplete removal of organic UV filters in WWTPs is a
major contributor to their ubiquitous occurrence in the envi-
ronment; in Hong Kong, their environmental loading can
reach 200 g/day (Tsui et al., 2014). BP-4, with median concen-
trations lower than 100 ng/L at all locations, was only detected
in indirect sources (i.e. through WWTP discharge) because itis
used primarily in PCPs such as hand washes/soaps, shower
gels and shampoo rather than sunscreen products and it is
poorly removed in WWTPs (Tsui et al., 2014). In contrast, 4-
MBC (173-378 ng/L), IAMC (62.7-173 ng/L) and ODPABA
(95.1—-182 ng/L) were only detected at snorkeling hot spots and
other recreational beaches in Hong Kong, indicating that
recreational activities would be the main sources of these
three compounds instead of wastewater effluent discharge.
The low detection frequencies of these compounds in WWTP-
influenced samples are likely due to their relatively lower use
(used in less than 2% of commercially available PCPs in Swiss
and British markets; Manova et al., 2013; Kerr, 2011) together
with the stronger dilution effects of ocean currents in Victoria
Harbour.

Generally, the occurrence of individual UV filters at each
location (calculated by dividing the total concentration of each
UV filter by the total concentration of UV filters at that loca-
tion) was <30%, except for EHS in Chaozhou which was >40%
(Fig. A6). The composition profiles of UV filters in surface
waters from Hong Kong, Tokyo, New York, Los Angeles and
Bangkok were similar while those in samples from Shantou,
Chaozhou and the Arctic showed higher percentages of each
detectable compound due to the relatively lower number of
positive detections. BP-3, EHMC and OC were the dominant
compounds detected in all samples. Hong Kong imports a
wide variety of PCPs from several countries/regions and has
no local regulations for organic UV filter content in products,
and therefore more compounds from several chemical classes
were detected in these samples. The number of compounds
detected in Shantou and Chaozhou were the lowest among all
sampled cities, likely because of their lower population den-
sities (2655/km? and 849/km? respectively; Shantou and
Chaozhou Government, 2010) and development level. Liao
and Kannan (2014) reported overall geometric mean levels of
BP-3in PCPs purchased in China and the United States, which
were 20.1 and 1200 ng/g, respectively. Moreover, the
maximum authorized concentrations of some of the targeted
compounds in China are lower than those in other countries
(e.g. up to 20% of product mass can consist of EHMC in Japan,
but only 10% of product mass is permitted in China) (MoH,
2007), indicating comparatively lower application of these
UV filters in PCPs in China. Sediments with high organic
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carbon content are an environmental sink for contaminants
with high log K.y and UV filters can also be detected in sedi-
ment (e.g. Kameda et al., 2011).

3.2. Distribution and source determination of UV filters
in surface water

Correlation analyses were performed among individual UV
filters from Tokyo, the Arctic and the United States for source
determination (Table A6). Significant positive correlations
(p < 0.05) were observed between BP-3 and BP-8 (r = 0.879) and
BP-3 and EHMC (r = 0.774) in the Arctic samples. Higher
detection frequencies of UV filters were found in samples
collected near Alaska (<72°N) than in those from the open
ocean (>72°N). The overall detection frequencies of BMDM, BP-
3 and EHMC were >50%, while concentrations of all detectable
compounds were <70 ng/L (Table 1). This is the first report of
the occurrence and distribution of organic UV filters in the
Arctic, for which there are two possible pathways: (i) oceanic
transport via ocean currents or (i) atmospheric transport;
these pathways may be either long-range or short-range.
Inadequate wastewater treatment facilities could result in
the direct release of untreated or undertreated wastewater to
the marine environment via oceanic currents (Gunnarsdottir
et al,, 2013) and thus wastewater runoff could be one of the
local contamination sources of UV filters as some of the
sampling points are located offshore of Point Hope and Point
Barrow in Alaska (population: 674 and 4212, respectively;
United States Census, 2010), both of which employ sewage
lagoons as the major wastewater treatment method (BUECI
and URS Corporation, 2005). Some compounds such as BP-3
and OC have been reported to be highly photostable towards
UV irradiation (half-lives >72 h; Rodil et al., 2009), and they
may undergo long-range or local transport via oceanic cur-
rents. However, information about the environmental half-
lives of organic UV filters is limited. Though some of these
compounds have similar Henry's Law constants (ranging from
107> to 10 ™ atm-m?®/mol, Table A1) as other organic con-
taminants known to undergo long-range atmospheric trans-
port such as PFAS and endosulfan (Butt et al., 2010; Weber
et al, 2010), there is currently not enough evidence to
conclude that they partition into the gas phase as no studies
have reported the occurrence of UV filters in air samples or
wet or dry deposition, and their atmospheric half-lives are
also unknown. More work should be conducted to investigate
the fate on these compounds in order to understand their
occurrence in aquatic environments.

In Tokyo Bay, significant positive correlations (p < 0.05)
were observed between EHMC and OC (r = 0.957); EHS and
HMS (r = 0.795) and BP-1 and BP-8 (r = 0.885), suggesting that
these compounds likely share contamination sources such as
wastewater effluents from urban and industrial areas in
Tokyo. Moreover, Tokyo Bay receives fresh water from the
Tama, Arakawa and Edo Rivers, which flow through densely
populated areas with WWTPs at different treatment levels. All
wastewater collected from public sewers in Japan is treated
with secondary treatment, while 15% is further treated with
tertiary methods, including sewage discharged to Tokyo Bay
(Ueda and Benouahi, 2009). Chemicals used in PCPs (e.g. UV
filters and synthetic musks) were detected in these rivers in

previous studies (Kameda et al., 2011; Yamagishi et al., 1983).
Kameda (2007) reported the occurrence of EHMC in sediment
core samples collected in Tokyo Bay (1977—1997) showing the
long history of the occurrence of this compound in the Bay,
and the present study showed its wide distribution in surface
water in Tokyo Bay as well.

Significant positive correlations were observed between
BMDM and OC (r = 0.971), BP-3 and BP-4 (r = 0.903) as well as
HMS and BP-8 (r = 0.985) in the samples from New York City,
suggesting that they shared similar contamination sources
(WWTP effluents). There are 14 WWTPs in New York City
serving 7.8 million people (New York City Department of
Environmental Protection), and wastewater is treated by sec-
ondary treatment and chlorination disinfection, neither of
which completely remove organic UV filters from effluents
(Tsuietal., 2014). In Los Angeles, the highest concentrations of
UV filters were detected at a popular beach, Huntington
Beach.

No significant correlations were observed among UV filters
in surface water from the two Chinese cities, suggesting that
UV filters in the marine environment in these locations have
distinct contamination sources such as both municipal and
industrial wastewater discharge.

3.3. Seasonal variation of UV filter concentrations in
surface waters in Hong Kong

The occurrence of organic UV filters in the Hong Kong samples
was investigated in greater depth using PCA. Significant sea-
sonal and zone differences (all p < 0.0001, PERMANOVA) were
observed. The sample patterns were considered in monthly
chronological order without considering the sampling year,
and monthly data are presented individually to illustrate
spatial patterns (Fig. 1la—c). In all sampling months, the con-
centrations measured at the sampled points largely con-
formed to expectations about the major sources of organic UV
filters in each zone. February is the end of the dry season,
when water temperatures are colder (Table A7) and there is
little marine or coastal recreational activity, and thus it was
assumed that there would be no or small inputs of organic UV
filters at sites representing direct sources and at beaches;
these sites cluster together in the PCA (Fig. 1a, I and III) and
apart from sites representing indirect sources (WWTPs;
Fig. 1a, IV). In contrast, samples collected at the beginning of
the wet summer season in June from indirect and direct
sources showed less separation, likely due to marine recrea-
tional activities increasing with warmer temperatures (Fig. 1b,
V and VII), while beach samples (Fig. 1b, VI) were dissimilar to
both of these groups. The collected samples were most similar
to one another in August, when temperatures were highest
(Fig. 1c), and increased usage of organic UV filters at the
sampled beaches (Fig. 1c, IX) was evident. Surface water
samples collected from Point-16 and -17 were dissimilar to the
other beach sampling locations, grouping apart from all other
points in February (Fig. 1a, II) and grouping with samples
representing direct sources in June and August (Fig. 1b, V and
1c, VIII, respectively). These two points were located on a
small beach adjacent to a village community where snor-
keling and diving are the major recreational activities, and
where there may also be some local wastewater release by
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Fig. 1 — Principal Component Analysis (PCA) plots for surface water samples collected in (a) February 2013, (b) June 2013, and
(c) August 2012 from Hong Kong (In: Indirect sources (WWTPs), Di: Direct sources (water sports & marine recreational

activities), B: Beaches).

residents or tourists. These points therefore showed a distinct
pattern compared to the other locations.

Concentrations of all the tested compounds varied ac-
cording to season and/or sampling zone (ANOVA, Tables A8a
& b). The results of post hoc SNK tests illustrated that all
compounds showed significantly higher concentrations in the
wet season in atleast one sampling zone with the exception of
BP-4, generally reflecting greater usage of PCPs containing
organic UV filters during the sunnier and hotter wet season
(Tables A7 and A8). BP-4 concentrations were greater in the
dry season perhaps because it is increasingly used as a pho-
todegradation retardant and shelf life extension ingredient in
many types of PCPs (Hughes and Stone, 2007) that are not used
seasonally. Moreover, it is the most hydrophilic of the target
compounds (log Koy 0.89), and therefore this disparity may
also be due to differences in precipitation in the dry and wet
seasons. IAMC, 4-MBC and ODPABA were mainly detected in
the wet season and at locations reflecting direct sources and
beaches. This finding is consistent with our previous study of
wastewater in Hong Kong which reported low detection fre-
quencies of these compounds in effluent (Tsui et al., 2014).

The detected levels of EHMC showed no significant spatial
differences in both seasons and its high detection frequency
indicated continuous release of this compound to the marine
environment throughout the year. On the other hand, the
significantly higher concentration of BP-4 found in locations
representing indirect sources in both seasons confirmed that
WWTP effluent is a major source of this compound in the
aquatic environment. However, the lack of information on
product composition/formulations and usage by consumers
in Hong Kong makes it difficult to understand how the
occurrence patterns of organic UV filters in the environment
are related to their use and release.

3.4. Global comparison of UV filters in surface water
3.4.1. Marine environment

To date, few studies have reported the occurrence of UV
filters in the marine environment, and published reports
have focused primarily on European countries and reported
levels of a small number of compounds. One recent study
reported that the maximum concentration of UV filters
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detected at coral reef sites in Okinawa Island, Japan was
8.1 ng/L (OC) (Tashiro and Kameda, 2013), which was 28
times less than that detected in coral reef areas in Hong
Kong (OC, 231 ng/L). A global comparison of median-to-
maximum levels of the target compounds in the present
study is shown in Fig. 2. This study is the first report of
BMDM, BP-8 and IAMC in the marine environment.
Maximum concentrations of BMDM were <200 ng/L in all
sampled locations except Hong Kong (BMDM: 721 ng/L),
while detection frequencies for BMDM and BP-8 were >60%
and IAMC was only detected in Hong Kong. The maximum
concentrations of OC, BP-3 and EHMC found in this study
were 6810, 5420 and 4040 ng/L, respectively, which were
comparable, 1.5 and 10 times higher than those detected in
Norway and Spain (7300, 3300 and 390 ng/L, respectively;
Langford and Thomas, 2008; Tarazona et al.,, 2010). The
maximum concentration of BP-4 (574 ng/L) was found in a
sampling point near the effluent discharge of a WWTP in
Jamaica Bay in New York, but it was <LOD in all samples
from beaches in this study; in contrast, BP-4 was detected at
a Spanish beach at a maximum concentration of 138 ng/L
(Rodil et al., 2008). 4-MBC is not permitted for use as a
cosmetic ingredient in Japan and the United States, and thus
it was not detected in seawater there, but it was detected in
Europe and Hong Kong at maximum concentrations of 799
(Langford and Thomas, 2008) and 379 ng/L (present study),
respectively.
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3.4.2. Freshwater environment

The organic UV filter concentrations reported for river surface
water samples from Bangkok in the present study are the first
reported in Southeast Asia. The maximum concentration of
BP-4 detected in Bangkok was 95 ng/L, which was 1.5 and 9
times lower than that in rivers in the United Kingdom and
Spain (Kasprzyk-Hordern et al., 2008; Rodil et al., 2008), sug-
gesting lower consumption of BP-4 in Bangkok. The median
concentration of EHMC (88 ng/L) in Bangkok falls between
those measured in heavily and moderately polluted rivers in
Japan (266 and 26 ng/L, respectively) receiving industrial and
domestic wastewater discharge (Kameda et al., 2011). Only
23% of wastewater in Bangkok is treated in WWTPs using
conventional secondary treatment with activated sludge, and
thus a high percentage of untreated wastewater is discharged
directly to rivers (Tsuzuki et al., 2009), which likely explains
the high number of UV filters detected in these samples.
Moreover, incomplete removal of UV filters by secondary
treatment with activated sludge in WWTPs may also
contribute to their high detection (Tsui et al., 2014).

3.5. Ecological risk assessment

A preliminary screening of the worst-case scenario was con-
ducted to assess the potential hazards of UV filters to the
aquatic environment (Table A9). In the worst case scenario,
BP-1 and BP-4 posed low to medium risk to crustaceans based
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Fig. 2 — Global comparison of UV filters concentration (median-maximum, ng/L) in marine surface waters (*: this study; 1:
Langford and Thomas, 2008; 2: Tashiro and Kameda, 2013; 3: Giokas et al., 2005; 4: Tovar-Sanchez et al., 2013; 5: Tarazona

et al., 2010; 6: Rodil et al., 2008).
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on the endpoints of immobilization and lethality in Daphnia
magna, as well as in fish based on changes in the expression of
endocrine genes in fathead minnow (Pimephales promelas) and
zebrafish (Danio rerio) with HQyorst ranging from 0.001 to 0.06
for BP-1 and 0.001 to 0.19 for BP-4 (Sieratowicz et al., 2011; Fent
etal.,, 2010a; Zucchiet al., 2011). The medium risk posed by BP-
4 for zebrafish occurred in Hong Kong and New York, with
HQuorst 2t 0.13 and 0.19, respectively. ODPABA posed medium
risk (HQworst: 0.18) to invertebrates based on changes in
endocrine-related genes in Chironomus riparius as the endpoint
(Ozaez et al., 2013).

As some of the HQyorst Values for BP-3, EHMC and 4-MBC

exceeded 1, probabilistic plots were constructed for their
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concentrations in surface water samples (Fig. 3a and b, A7).
Because of the small number of sampling points in Bangkok,
Shantou and Chaozhou, probabilistic risk assessment was not
performed for these cities. As a distinct pattern was observed
for the concentrations of UV filters in the samples collected at
beaches in Hong Kong, these data were considered separately.
Detailed information on regression coefficients is shown in
Table A10. Multiple threshold values were available for
freshwater fish, and all of these were used for the risk
assessment to include a range of sensitivities among species
(shown as thresholds F;—F,4 on Fig. 3a and b). The probabilities
of 4-MBC causing growth inhibition in algae (based on the
inhibitory concentration-10% (IC;0) for Desmodesmus
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Fig. 3 — a. Probabilistic risk assessment of EHMC in marine surface waters from different locations. “F” thresholds are those
derived from toxicity data for different fish species (F1: Zebrafish; F,: Fathead minnow; A: Algae; Cr: Crustacean; In: Insect;
Co: Coral; F5: Japanese medaka). Toxicity thresholds and endpoints are given in Table A5. 3b. Probabilistic risk assessment
of BP-3 in marine surface water from different locations. “F” thresholds are those derived from toxicity data for different fish
species (Fi: Japanese medaka; F,: Zebrafish; A: Algae; F,: Rainbow trout; Cr: Crustacean; Co: Coral). Toxicity thresholds and

endpoints are given in Table AS.
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subspicatus), altering endocrine genes in mosquito larvae (C.
riparius) and inducing oxidative stress in a protozoan (Tetra-
hymena thermophila) were 34%, 68% and 99.9%, respectively
(Gao et al., 2013; Ozaez et al., 2013; Sieratowicz et al., 2011).
This result showed that organisms at lower trophic levels
were more susceptible to 4-MBC. The probability of risk to fish
based on transcriptional changes of endocrine genes in
zebrafish was 99.9% for EHMC for all samples with positive
detections in all locations, while that based on toxicity in
fathead minnow was over 75% in all places except the Arctic,
for which the risk was 31%. Moreover, EHMC posed high risk to
both cladocerans and algae based on immobilization and
growth inhibition as the endpoints (24 and 29%, respectively).
For BP-3, the probability of effects on induction of vitellogenin
in fish based on data from rainbow trout (Oncorhynchus
mykiss), egg development in fish based on data from Japanese
medaka (Oryzias latipes) and induction of oxidative stress in
protozoans were over 34%, 50% and 99.9% in all locations,
respectively (Coronado et al., 2008; Gao et al., 2013).

It should be noted that the majority of the toxicity values
used for the assessment were derived from tests using
freshwater organisms, as little information is available in the
literature for marine species. The sensitivities of freshwater
and saltwater species to different organic contaminants (e.g.
pesticides, trace elements) are known to vary, and species
sensitivity distributions have been used to understand
whether freshwater datasets are protective enough; in some
cases, saltwater species have been found to be less sensitive to
contaminant effects than freshwater species, though the in-
formation available, both in terms of number of species and
number of chemicals, is far from comprehensive (Wheeler
et al., 2002). Because of the scarcity of information for ma-
rine species for UV filters, an inter-species safety factor of 10
was used in this study. Both BP-3 and EHMC posed 21% and
11% risk, respectively, of causing bleaching of hard corals
(Acropora sp. and A. pulchra) at some beaches in Hong Kong
located near snorkeling hotspots. It should be noted that these
two compounds were detected widely and frequently at high
concentrations at the majority of the sampled locations, and
therefore their ecological risks and negative impacts should
be investigated further.

4, Conclusions

Data on the international distribution and possible negative
impacts of organic UV filters in the aquatic environment and
the first report of their occurrence in the Arctic have been
presented in this study. BP-3 and EHMC showed high detec-
tion frequencies at all sampled locations as well as high con-
centrations in recreational probabilistic  risk
assessment indicated that these compounds posed various
ecological risks to marine ecosystems, including causing coral
bleaching and affecting reproduction in fish, though toxicity
data for several compounds were not available. The pathways
by which organic UV filters are transported to remote Arctic
areas remain to be elucidated. These findings indicate that
there is a need for greater understanding of the toxicities of
these chemicals, both singly and in mixtures, and to consider

areas;

the current extent of their use, particularly in potentially
sensitive ecosystems such as coral reefs.
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2) Occurrence of Some Organic UV Filters in Wastewater, in Surface Waters, and in
Fish from Swiss Lakes
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Environ. Sci. Technol., 2005, 39 (4), pp 953-962

Abstract

Organic UV filters are used in personal care products such as sunscreen products, and
in cosmetics, beauty creams, skin lotions, lipsticks, hair sprays, hair dyes, shampoos,
and so forth. The compounds enter the aquatic environment from showering, wash-
off, washing (laundering), and so forth via wastewater treatment plants (WWTPs)
(“indirect inputs”) and from recreational activities such as swimming and bathing in
lakes and rivers (“direct inputs”). In this study, we investigated the occurrence of four
important organic UV filter compounds (benzophenone-3, BP-3; 4-methylbenzylidene
camphor, 4-MBC; ethylhexyl methoxy cinnamate, EHMC; octocrylene, OC) in
wastewater, and in water and fish from various Swiss lakes, using gas
chromatographic/mass spectrometric analyses. All four UV filters were present in
untreated wastewater (WWTP influent) with a maximum concentration of 19 pg L-1
for EHMC. The data indicate a seasonal variation with influent loads higher in the
warmer season (June 2002) than in the colder one (April 2002). The influent loads
were in the order EHMC > 4-MBC 0 BP-3 > OC. The concentrations in treated
wastewater (WWTP effluent) were considerably lower, indicating substantial
elimination in the plants. 4-MBC was usually the most prevalent compound
(maximum concentration, 2.7 ug L-1), followed by BP-3, EHMC, and OC. UV filters
were also detected in Swiss midland lakes and a river (Limmat) receiving inputs from
WWTPs and recreational activities. However, all concentrations were low (<2-35 ng
L-1); no UV filters (<2 ng L-1) were detected in a remote mountain lake. Data from
passive sampling using semipermeable membrane devices (SPMDs) supported the
presence of these UV filters in the lakes and the river and suggested some potential for
accumulation of these compounds in biota. SPMD-derived water concentra tions
increased in the order Greifensee < Ziirichsee < Hiittnersee. This order is reversed
from that observed for methyl triclosan, used as a chemical marker for WWTP-derived
lipophilic contaminants in the lakes. This indicated inputs of UV filters from sources
other than WWTPs to the lakes during summer, for example, inputs from recreational
activities. Fish (white fish, Coregonus sp.; roach, Rutilus rutilus; perch, Perca
fluviatilis) from these lakes contained low but detectable concentrations of UV filters,
in particular, 4-MBC (up to 166 ng g-1 on a lipid basis). 4-MBC concentrations relative
to methyl triclosan were lower in fish than in SPMDs exposed in the same lakes,
suggesting that 4-MBC is less bioaccumulated than expected or metabolized in fish.
The lipid-based bioconcentration factor (BCFL) estimated from the fish (roach) data
and SPMD-derived water concentrations was about 1-2.3 x 104 and thus
approximately 1 order of magnitude lower than expected from its Kow value.
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Concentration of organic sun-blocking agents in seawater of beaches and coral
reefs of Okinawa Island, Japan.

Tashiro Y!, Kameda Y.
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Abstract

The concentration of UV filters (UVFs) and UV light stabilizers (UVLSs) were
measured in seawater and river water collected from sites at four beaches, two reefs,
and one river on Okinawa Island, Japan. UVFs and/or UVLSs of 8-10 types were
detected in beaches samples and 6-9 types were detected in reef samples. The total
UVF concentrations at the beach sites were highest either in July or August with a
maximum of 1.4 pg L(-1). The concentrations at the reef sites did not show peaks in
summer and the maximum values were close to 10 ng L(-1). The detected UVF profiles
reflected the ingredients of sunscreens used in each region. The highest UVLS
concentrations at the reefs were observed not only in summer but also in June and
September. The UVLS concentrations at the reefs were similar to or even higher than
that at the beaches or in the river.
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Abstract Benzophenone-3 (BP-3; oxybenzone) is an
ingredient in sunscreen lotions and personal-care products
that protects against the damaging effects of ultraviolet
light. Oxybenzone is an emerging contaminant of concern
in marine environments—produced by swimmers and
municipal, residential, and boat/ship wastewater dis-
charges. We examined the effects of oxybenzone on the
larval form (planula) of the coral Stylophora pistillata, as
well as its toxicity in vitro to coral cells from this and six
other coral species. Oxybenzone is a photo-toxicant;
adverse effects are exacerbated in the light. Whether in
darkness or light, oxybenzone transformed planulae from a
motile state to a deformed, sessile condition. Planulae

Electronic supplementary material The online version of this
article (doi:10.1007/s00244-015-0227-7) contains supplementary
material, which is available to authorized users.
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exhibited an increasing rate of coral bleaching in response
to increasing concentrations of oxybenzone. Oxybenzone is
a genotoxicant to corals, exhibiting a positive relationship
between DNA-AP lesions and increasing oxybenzone
concentrations. Oxybenzone is a skeletal endocrine dis-
ruptor; it induced ossification of the planula, encasing the
entire planula in its own skeleton. The LCs, of planulae
exposed to oxybenzone in the light for an 8- and 24-h
exposure was 3.1 mg/L and 139 pg/L, respectively. The
LCs5gs for oxybenzone in darkness for the same time points
were 16.8 mg/L and 779 pg/L. Deformity EC,, levels
(24 h) of planulae exposed to oxybenzone were 6.5 pg/L in
the light and 10 pg/L in darkness. Coral cell LCsos (4 h, in
the light) for 7 different coral species ranges from 8§ to
340 pg/L, whereas LCyps (4 h, in the light) for the same
species ranges from 0.062 to 8 pg/L. Coral reef
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contamination of oxybenzone in the U.S. Virgin Islands
ranged from 75 pg/L to 1.4 mg/L, whereas Hawaiian sites
were contaminated between 0.8 and 19.2 pg/L. Oxyben-
zone poses a hazard to coral reef conservation and threat-
ens the resiliency of coral reefs to climate change.

Oxybenzone (BP-3; benzophenone-3; 2-hydroxy-4-
methoxphenyl phenylmethanone; CAS No. 131-57-7) often
is used as an active ingredient in sunscreen lotions and
personal-care products, such as body fragrances, hair-sty-
ling products, shampoos and conditioners, anti-aging
creams, lip balms, mascaras, insect repellants, as well as
dishwasher soaps, dish soaps, hand soaps, and bath oils/
salts (CIR 2005; http://www.goodguide.com/ingredients/
184390-oxybenzone). BP-3 and other benzophenone
derivatives often are found as contaminants in boating,
residential, and municipal wastewater effluents and are
considered “emerging environmental contaminants of
concern” by the U.S. Environmental Protection Agency
(Eichenseher 2006; Richardson 2006, 2007; Blitz and
Norton 2008; Gago-Ferrero et al. 2011; Kameda et al.
2011; Rodil et al. 2012; Aquero et al. 2013).

Between 6000 and 14,000 tons of sunscreen lotion, many of
which contain between 1 and 10 % BP-3, are estimated to be
released into coral reef areas each year, putting atleast 10 % of
the global reefs at risk of exposure, and approximately 40 % of
coral reefs located along coastal areas at risk of exposure
(Shaath and Shaath 2005; UNWTO 2007; Danovaro et al.
2008; Wilkinson 2008). In Okinawa, BP-3 levels on coral
reefs that were 300-600 m away from public swimming
beaches ranged from 0.4 to 3.8 pptrillion (Tashiro and
Kameda 2013); in South America, sediments near coral
communities/reefs contained BP-3 concentrations between 54
and 578 pptrillion (Baron et al. 2013). Schlenk et al. (2005)
discovered through a Toxicity Identification Evaluation that
BP-3 was unequivocally identified as the source of estrogenic
activity in marine sediments near wastewater outfalls.
Although the half-life in seawater is several months, BP-3 can
act as a pseudo-persistent pollutant; its contamination of a site
may be constantly renewed, resulting in ecological receptors
experiencing persistent exposure (Vione et al. 2013). Con-
cerns regarding the adverse impacts of exposure to BP-3 on
coral reefs and other marine/aquatic ecosystems have led to
either banning oxybenzone-containing products in marine-
managed areas (e.g. Mexico’s marine ecoparks; Xcaret 2007;
Xel-ha 2007) or public relations campaigns by management
agencies to encourage reduction of environmental contami-
nation of sunscreen lotions by swimmers (e.g. “Protect
Yourself, Protect the Reef” Bulletin U.S. NPS 2012).

BP-3 exhibits a number of toxicological behaviors
ranging from the molecular level to multi-organ system
pathologies (Gilbert et al. 2012). Benzophenones,
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including BP-3, are documented mutagens that increase the
rate of damage to DNA, especially when exposed to sun-
light (Popkin and Prival 1985; Zeiger et al. 1987; Know-
land et al. 1993; NTP 2006). BP-3 produced a positive
mutagenic response by inducing the umu operon (geno-
toxicity assay Nakajima et al. 2006). Benzophenones, and
especially BP-3, either can act directly as genotoxicants or
become genotoxicants by bioactivation via cytochrome
P450 enzymes (Takemoto et al. 2002; Zhao et al. 2013).
The types of damage to genetic material by benzophenones
include oxidative damage to DNA, formation of cyclobu-
tane pyrimidinic dimers, single-strand DNA breaks, cross-
linking of DNA to proteins, and an increase in the forma-
tion of DNA abasic sites (Cuquerella et al. 2012). Ben-
zophenones also exhibit pro-carcinogenic activities
(Kerdivel et al. 2013). BP-3 can generate reactive oxygen
species, which are potential mutagens, when applied topi-
cally to the skin followed by UV light exposure (Hanson
et al. 2006).

BP-3 is a reproductive toxicant whose mechanisms of
action and its pathological effects are poorly characterized
in various model species. In mice studies, BP-3 exposure
significantly affected fecundity, as well as inducing unex-
plained mortality in lactating mothers (Gulati and Mounce
1997). Studies in both mice and rats demonstrated that
generational exposure to BP-3 reduced body weight,
increased liver (>50 %) and kidney weights, induced a
30 % increase in prostate weight, a reduction in immuno-
competence, and significantly increased uterine weight in
juveniles (Gulati and Mounce 1997; French 1992; Sch-
lumpf et al. 2008; Rachon et al. 2006). In mammals, BP-3
is renowned for having estrogenic and anti-androgenic
activities, causing activation of estrogen receptor proteins
and inhibition of androgen receptors (Morohoshi et al.
2005; Suzuki et al. 2005; Kunz et al. 2006; Molina—Molina
et al. 2008; Nashez et al. 2010). Topical application of BP-
3 to the skin has been shown to be absorbed and transferred
to breast milk, creating risk to breast-fed neonates (Hany
and Nagel 1995). In addition, an association between
exposure to benzophenones and an increased occurrence of
endometriosis in women was recently found by Kunisue
et al. (2012).

In fish, BP-3 actions are similar to those in mammals,
causing an endocrine disruption by modulating estrogen
receptor signaling pathways, inducing reproductive
pathologies, and reducing reproductive fitness (Kunz et al.
2006; Coronado et al. 2008; Cosnefroy et al. 2011;
Bluthgen et al. 2012). Chronic exposure to BP-3 in fish
resulted in reduced egg production, induction of vitel-
logenin protein in males, and a significant reduction in egg
hatchings (Nimrod and Benson 1998; Coronado et al.
2008). These findings raise the possibility of “gender
shifts” in fish exposed to BP-3 during the entirety of their
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life history or during “windows of sensitivity” (Coronado
et al. 2008).

A few studies exist that have evaluated the effects of
BP-3 exposure in invertebrates. In insects, BP-3 inhibited
expression of the usp gene (ultraspiracle protein)—a pro-
tein that combines with the EcR protein to form the
ecdysone receptor, which controls aspects of develop-
mental and reproductive processes (Ozaez et al. 2013). Gao
et al. (2013) found that BP-3 exposure resulted in oxidative
injuries, reduced glutathione, and adversely affected cell
viability in the protozoan ciliate, Tetrahymena
thermophila.

Since the 1970s, coral reefs have been devastated on a
global scale. Regional weather and climate events often are
responsible for acute events of mass-mortality of coral
reefs (Carpenter et al. 2008). However, the long-term
causative processes of sustained demise often are locality
specific (Edinger et al. 1998; Rees et al. 1999; Golbuu et al.
2008; Smith et al. 2008; Downs et al. 2011, 2012; Omori
2011). Records of coral recruitment in many areas of the
Caribbean, Persian Gulf, Red Sea, Hawaiian Islands, and
elsewhere have exhibited precipitous declines (Richmond
1993, 1997; Hughes and Tanner 2000; Rogers and Miller
2006; Williams et al. 2008). This is most apparent in the
deterioration of juvenile coral recruitment and survival
rates along coastal areas (Dustan 1977; Miller et al. 2000;
Abelson et al. 2005; Williams et al. 2008). As with other
invertebrate species, coral larvae (i.e., planula) and newly
settled coral (i.e., recruits) are much more sensitive to the
toxicological effects of pollution compared with adults
(Kushmaro et al. 1997). Hence, even small impacts to
larval development and survival can have significant
effects on coral demographics and community structure
(Richmond 1993, 1997). To manage BP-3 pollution and
mitigate its effect on the ecological resilience of coral
reefs, the toxicological effects of BP-3 on larval survival
and development need to be characterized (Fent et al. 2010;
US EPA 2012; NRC 2013).

In this study, we examined the toxicological effects of
exposures to varying concentrations of BP-3 on the larval
form (planula) of the scleractinian coral Stylophora pis-
tillata, the most abundant coral species in the northern
Gulf of Agaba, Red Sea (Loya 1972). Many chemical
pollutants affect organisms differently when exposed to
light, a process known as chemical-associated phototox-
icity (Yu 2002; Platt et al. 2008). Because reef-building
corals are photosynthetic symbiotic organisms, and many
coral species have planulae that are photosynthetically
symbiotic (e.g., S. pistillata), we examined the effects of
BP-3 exposure in planulae subjected to either darkness or
to environmentally-relevant light conditions. Histopathol-
ogy and cellular pathology, planula morphology, coral
bleaching, DNA damage as the formation of DNA abasic

lesions, and planula mortality were measured in response to
BP-3 exposure. Median lethal concentration (LCs), effect
concentration (EC,(), and no observable effect concentra-
tions (NOEC) were determined for coral planulae exposed
to BP-3 in both darkness and in light. Coral planulae are a
relatively difficult resource to procure for toxicological
studies. Therefore, primary coral cell cultures were used in
in vitro toxicological tests of BP-3 to examine their validity
as a surrogate model for coral planulae in generating an
effect characterization as part of an Ecological Risk
Assessment. The confidence in this model was examined
by comparisons of the LCsq results of BP-3-exposed
planulae to the BP-3 LCs of coral cells (calicoblasts) from
adult S. pistillata colonies. Coral-cell toxicity testing was
conducted on six other species that originate from either
the Indo-Pacific or Caribbean Sea/Atlantic Ocean basins to
provide in vitro data on the species’ sensitivity distribution
of BP-3. To determine the environmentally relevant con-
centration of BP-3 in seawater on coral reefs, we measured
BP-3 concentrations at various locations in the U.S. Virgin
Islands and the U.S. Hawaiian Islands.

Materials and Methods
Planula Collection and Toxicity Exposures

Planula collection and planula-toxicity exposures were
conducted at the Inter-University Institute of Marine Sci-
ences (IUD) in Eilat, Israel. Stylophora pistillata (Esper
1797) planulae were collected from the wild within the TUI
designated research area by placing positively buoyant
planula traps over Stylophora colonies measuring more
than 25 cm in diameter. Permit for collection was given to
Y. Loya by the Israel National Park Authority. Traps were
set between 17:00 and 18:00 h, and then retrieved at
06:00 h the next morning. Planulae were inspected and
sorted by 07:15 h, and toxicity exposure experiments
began at 08:00 h.

Experimental design and culture conditions were based
on modified (for coral) guidelines set forth in OECD
(2013) and described in Downs et al. (2014). This experi-
ment for BP-3 was conducted concurrently with the study
conducted in Downs et al. (2014).

All seawater (ASW) was made artificially using Fisher
Scientific Environmental-Grade water (cat#W11-4) and
Sigma-Aldrich sea salts (cat#S9883) to a salinity of 38
parts per thousand at 22 °C. Benzophenone-3 (BP-3;
2-Hydroxy-4-methoxyphenyl-phenylmethanone;  Aldrich
cat#T16403) was solubilized in dimethyl sulfoxide
(DMSO) and then diluted with ASW to generate stock
solutions and exposure solutions. Solutions of BP-3 for
toxicity exposures each contained 5 microliters of DMSO
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per one liter and were of the following concentrations:
I mM BP-3 (228 parts per million), 0.1 mM BP-3
(22.8 mg/L; parts per million), 0.01 mM BP-3 (2.28 mg/L;
parts per million), 0.001 mM BP-3 (228 pg/L; parts per
billion), 0.0001 mM (22.8 pg/L; parts per billion), and
0.00001 mM (2.28 pg/L; parts per billion). For every
exposure time-period, there were two control treatments
with four replicates each: (a) planulae in ASW, and
(b) planulae in ASW with 5 microliters of DMSO per 1 L.
There was no statistical difference between the two con-
trols for any of the assays.

Planulae were exposed to different BP-3 concentrations
during four different time-period scenarios: (a) 8 h in the
light, (b) 8 h in the dark, (c) a full diurnal cycle of 24 h,
beginning at 08:00 in daylight and darkness from 18:00 in
the evening until 08:00 h the next day, and (d) a full 24 h
in darkness. For the 24-h exposure, planulae from all
treatments were transferred to new 24-well microplates
with fresh ASW/BP-3 media at the end of the 8-h daylight
exposure before the beginning of the 16 h dark exposure.

At the end of the 8 and 24-h time points, chlorophyll
fluorescence, morphology, planula ciliary movement, and
mortality were measured, while at least one planula from
each replicate of each treatment was chemically preserved,
and the remaining living planulae were flash frozen in
liquid nitrogen for the DNA apyrimidinic (AP) site assay.

Chlorophyll Fluorescence as an Estimate
of Bleaching

Chlorophyll fluorescence was measured using a Molecular
Dynamics microplate fluorometer with an excitation
wavelength of 445 nm and an emission wavelength of
685 nm. Fluorescence measurements were taken at the end
of the 8-h light and dark periods of BP-3 exposure. All ten
planulae in each replicate well were measured in aggregate.
Each well was measured independently of the other wells.
Justification and caveats for this assay are described in
Downs et al. (2014).

DNA Abasic Lesions

DNA abasic or apurinic/apyrimidinic lesions (DNA AP
sites) were quantified using the Dojindo DNA Damage
Quantification Kit-AP Site Counting (DK-02-10; Dojindo
Molecular Technologies, Inc.) and conducted as described
in Downs et al. (2014). Four individual planulae (one from
each well) from each treatment were individually assayed.
Only planulae that were relatively intact were assayed,
even if scored as dead. Planulae from 228 ppm BP-3 at 8 h
in the light were not collected, because there were no
coherent planulae.
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Transmission Electron Microscopy

Transmission electron microscopy was used for tissue and
cellular pathomorphology assessment on three planulae
from each treatment. Methodology for this technique was
described in Downs et al. (2014). At least three planula
from each treatment were collected and fixed for analysis.

Coral Cell Toxicity Assay

Cultured colonies of S. pistillata (Esper 1797) were
obtained from Exotic Reef Imports (www.exoticreefim
ports.com) and did not need a permit for possession. Cul-
tured colonies of Pocillopora damicornis (Linnaeus 1758)
was provided by the National Aquarium and did not need a
permit for possession. Montastrea annularis, Montastrea
cavernosa (Linnaeus 1766), and Porites astreoides (La-
marck 1816) were obtained from the Florida Keys National
Marine Sanctuary under permit# FKNMS-2011-139. Cul-
tured colonies of Acropora cervicornis (Lamarck 1816)
and Porites divaricata (Lesueur 1821) were provided by
Dr. Cheryl Woodley of the U.S. National Oceanic and
Atmospheric Administration and did not need a permit for
possession. Corals were maintained in glass and Teflon-
plumbed aquaria in 36 ppt salinity artificial seawater (Type
1 water using a Barnstead E-Pure filter system that inclu-
ded activated carbon filters) at a temperature of 24 °C.
Corals were grown under custom LED lighting with a peak
radiance of 288 photosynthetic photon flux density pmol/
m?/s. Light Spectra ranged from 380 to 740 nm. Light was
measured using a Licor 250A light meter and planar inci-
dence sensor. Description of coral cell isolation from each
species is described in Downs et al. (2010, 2014).

Exposure experiments of cells were conducted in PTFE-
Telfon microplates. Cells of all species except Acropora
cervicornis were exposed to BP-3 concentrations in cell
culture media of 570 parts per trillion to 228 parts per
million for 4 h in the light, whereas Stylophora cells also
were exposed for 4 h in the dark. Acropora cervicornis
cells were exposed to BP-3 concentrations in cell culture
media of 570 ng/L (parts per trillion) to 228 mg/L (parts
per million) for 4 h in the light. Lighting was from custom
LED fixtures that had wavelength emissions from 390 to
720 nm with a light intensity of 295 pmol/m%/s of photon
flux density.

Viability was confirmed using the trypan blue exclusion
assay. There were four replicate wells with cells per
treatment. Duplicate aliquots of cells from each replicated
wells were collected into a microcentrifuge tube, cen-
trifuged at 300x g for 5 min, and the supernatant aspirated.
Cells were gently resuspended in culture media that con-
tained 0.5-1.5 % (w/v) of filtered trypan blue (Sigma-
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Aldrich, cat#T6146), and incubated for 5 min. Viable
versus dead cells were counted using a modified Neubauer
hemocytometer (Hausser-Levy Counting Chamber).

Sampling and analysis of benzophenones in seawater
samples via gas chromatography-mass spectrometry (GC—
MS) and liquid chromatography-mass spectrometry (LC—
MS). Dichloromethane, methanol, acetone are pesticide-
grade solvents (Fisher Scientific). Analytical standards were
purchased from Sigma Aldrich and included: Benzophenone
(cat# B9300), Benzhydrol (cat#B4856), 4-hydroxyben-
zophenone (cat#H20202), 2-hydroxy-4-methoxy benzophe-
none (cat#H36200), 2,4-dihydroxy benzophenone (cat#
126217), 2-2'-dihydroxy-4-methoxy benzophenone (cat#
323578), 2,3,4-trihydroxy benzophenone (cat# 260576),
2,2’ 4,4'-tetrahydroxy benzophenone (cat#T16403). Internal
standard solutions (phenanthrene-d10 and chrysene-d12)
were purchased from AccuStandard Inc. (New Haven, CT).

Field personnel collecting samples were subject to an
Alconox Liqui-Nox detergent decontamination immedi-
ately before entering the sampling site and did not apply
any sunscreen lotion or nonorganic personal-care products
to their body for at least 21 days before sampling. Between
100 and 500 mL of seawater were collected approximately
35 cm below the surface of the water into EPA-certified
clean, amber jars. In the field, water samples were
extracted using Phenomenex C18 solid phase extractions
columns that were first activated with methanol. All col-
umns were capped and then shipped and stored frozen at
—80 °C or colder.

Extraction of analytes from seawater samples collected
in the U.S. Virgin Islands (under a U.S. National Park
Service permit, STT-045-08) followed the methodology
described in Jeon et al. (2006). Seawater samples were
collected using precleaned 1-L amber glass bottles with
Teflon lined lids (I-Chem, 300 series, VWR). Seawater
samples were extracted using C-18E cartridges (500 mg,
6 mL Phenomenex Inc.) on a vacuum manifold (Phenom-
enex Inc.). Cartridges were conditioned with 5 mL of
methanol and then 5 mL of water, after which the seawater
samples were then added to the column. Following
extraction, the cartridges were dried for 10 min, capped,
and frozen until processed. The cartridges were eluted with
2 mL of acetone followed by 2 x 5 mL dichloromethane.
The extracts were evaporated to dryness under a gentle
stream of nitrogen. Then, 50 pL of MSTFA (N-Methyl-N-
(trimethylsilyl) trifluoroacetamide, Sigma-Aldrich) was
added, capped, vortexed for 30 s, and heated at 80 °C for
30 min. Extracts were transferred to gas chromatography
vials with a rinse step to a final volume of 1 mL and the
internal standard was added. Percentage recovery for all 8
target analytes using this method with seawater was
>95 %.

Seawater samples from Hawaii were collected using
precleaned one liter amber glass bottles with Teflon lined lids
(I-Chem, 300 series, VWR). Samples were extracted using
C-18E cartridges (500 mg, 6 mL Phenomenex Inc.) on a
vacuum manifold (Phenomenex Inc.). Cartridges were con-
ditioned as indicated in the previous paragraph and eluted
with 5 mL of methanol. For LC-MS analysis, samples were
run on an AB_SCIEX 5500 QTRAP Triple Quadrupole
Hybrid Linear Ion Trap Mass Spectrometer with a Spark
Holland Symbiosis HPLC for analytical separation. The
analytes were measured with MRM (multiple reaction
monitoring) followed by switching to ion trap functionality
(Q3-LIT) to confirm the fragmentation pattern of the MRM:s.
The source was set at 700 °C and the gasses were set to 60
arbitrary units of nitrogen. The curtain gas was set at 45
arbitrary units, and all MRMs were optimized using infusion
based introduction of analytical standards. Analytical sepa-
ration was performed using a Phenomenex Hydro RP
4.6 x 50 2.6 um particle size stationary phase, with the
mobile phase composed of methanol and water with the
addition of 0.1 % formic acid and 5 mM of ammonium
acetate in both phases. The flow rate was set at 0.9 mL per
min, and a ballistic gradient and re-equilibration was run
over 5 min. Percentage recovery for target analytes was
>85 %, Limit of Detection was 100 pptrillion, and Quanti-
tative Limit of Measurement was 5 ppbillion (ng/L).

Statistical Methods

OECD (2006) was used as a guidance document for our
approach in the statistical analysis of the data. To address
different philosophies and regulatory criteria, Effect Con-
centration response (EC,y and ECsy) and median Lethal
Concentration response (LCso) were determined using
three initial methods: PROBIT analysis (Finney 1947),
linear or quadratic regression (Draper and Smith 1966), and
spline fitting (Scholze et al. 2001). Data were analyzed
using linear or quadratic regression and PROBIT methods
individually for each experiment, based on model residuals
being random, normally distributed, and independent of
dosing concentrations (Crawley 1993, Fig. 5.1), as well as
having good fit, statistically significant, and biologically
interpretable regressors (Agresti 2002; Newman 2013).
Spline fitting did not meet these criteria. In several analy-
ses, BP-3 concentrations as log;o(x + 1) were transformed
to conform to model assumptions.

Data were tested for normality (Shapiro—-Wilk test) and
equal variance. When data did not meet the assumption of
normality and homogeneity, the no-observed-effect con-
centration (NOEC) was determined using Kruskal-Wallis
one-way analysis of variance, using Dunnett’s Procedure
(Zar 1996) to identify concentrations whose means differed
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Fig. 1 Stylophora pistillata planulae exposed to various treatments
of benzophenone-3 (BP-3). a Control planula exposed for 8 h in light.
b Planula exposed to 22.8 parts per billion (nug/L) BP-3 for 8 h in the
light. ¢ Planula exposed to 228 parts per billion (ng/L) BP-3 for 8 hin

significantly from the control (Newman 2013). When
variances among treatments were heterogeneous, we veri-
fied these results using a Welch ANOVA. In cases where
responses were homogeneous within the control treatment
(i.e., all planulae survived) or another concentration (i.e.,
all planulae died or were deformed), the Steel Method
(Steel 1959) was substituted, which is the nonparametric
counterpart to Dunnett’s Procedure (Newman 2013). Four
replicates of each experimental concentration provided
good statistical power for parametric analyses, but it is
cautioned that the relatively small sample size for the
nonparametric Steel Method (Steel 1959) made results of
this test less powerful. To facilitate comparisons among
other treatment means, figure legends include results of
Newman—-Keuls Method post hoc test, which compares
each concentration to all others.

Parametric (Pearson’s r) or nonparametric (Spearman’s p)
regression analyses were used to determine the relationship
between mortality of coral planulae and coral cells. Coral
planulae are available only immediately after spawning and a
strong association between these two responses would allow
mortality of coral cells to serve as a surrogate for this repro-
ductive response. JMP version 9.0 or 10.0 (SAS Institute, Inc.,
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the light. d Planula exposed to 2.28 parts per million (mg/L) BP3 for
8 h in the light. e Planula exposed to 28.8 parts per million (mg/L)
BP3 for 8 h in the light. Scale bar is 0.5 mm

Cary, NC), SAS version 9.3 and SigmaPlot 12.5 (Systat
Software, Inc., San Jose, CA) were used for analyses.

Results
Toxicopathology

Planulae under control conditions have an elongated,
“cucumber-like” morphology with organized rows of
zooxanthellae-containing gastrodermal cells running from
the aboral pole to the oral pole (Fig. la; “brown dots” in
the rows are individual zooxanthella cells). Normal plan-
ulae are in near-constant motion, being propelled by cilia
that cover the elongated body. Within the first 4 h of
exposure of planulae to BP-3 in both light and darkness,
planulae showed a significant reduction in ciliary move-
ment and the morphology had significantly changed from
the elongated form to a deformed “dewdrop” (Fig. 1b). At
228 pg/L BP-3, planulae contain noticeably less zooxan-
thellae (brown spots) indicative of “bleaching” (Fig. 1c).
The mouth of the planula at the oral pole began to increase
three- to fivefold in diameter at the end of the 8-h exposure
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Fig. 2 Relative chlorophyll
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(Fig. 1d). By the end of the 8 h of exposure for all BP-3
concentrations, the oral pole was recessed into the body in
deformed planulae (Fig. 1b) and the epidermis of all the
deformed planulae took on a white opaque hue. For plan-
ulae exposed to the higher concentrations of BP-3, it was
apparent that the epidermal layer had lost its typical
transparency and become opaque (Fig. 1, bracket indicates
opaqueness of epidermal layer).

At the end of the 8-h exposure, all planulae exposed to
all of the concentrations of BP-3 became sessile. Addi-
tionally, there was a positive relationship between exposure
to increasing concentrations of BP-3 and planula bleaching
(Figs. la—e, 2). Bleaching is the loss of symbiotic
dinoflagellate zooxanthellae, photosynthetic pigments, or
both. Chlorophyll fluorescence as an indicator of the con-
centration of chlorophyll a pigment corroborated these
visual observations; exposure to BP-3, whether in light or
darkness, caused planulae to bleach (Fig. 2). The Lowest

*
i *
*
0 - : : II

228 pg/L 22.8pg/L 228 pg/L 228 mg/L 22.8 mg/L 228 mg/L

P<0.001

*
I |

Observable Effect Concentration for inducing chlorophyll-
defined bleaching is 2.28 pg/L in the light (P < 0.001,
Dunnett’s Method) and 22.8 pg/L in the dark (P < 0.01,
Dunnett’s Method).

Normal planulae have four layers of organization. At the
surface of the planula is the epidermis (Fig. 3a—c). The
outer aspect of the epidermis has densely packed ciliated
cells (Fig. 3a), spirocysts and nematocysts/blasts (Fig. 3b),
and cells containing chromogenic organelles. Between the
epidermis and the gastrodermal tissue layers is the meso-
glea (Fig. 3c—d). Within the gastrodermal tissue are cells
that contain symbiotic dinoflagellate zooxanthellae within
an intracellular vacuole (Fig. 3e). Figure 3e depicts a
healthy morphology, with the presence of starch granules,
coherent chloroplasts, and the presence of a pyrenoid body
that interfaces with chloroplasts. Figure 3f illustrates the
integrity of chloroplasts (cp) within the dinoflagellate,
especially the structure of the tri-partite rows of the
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Fig. 3 Transmission electron microscopy of Stylophora pistillata
planula control treatment. a Epidermal surface, indicating the
presence of functional cilia (c) and tightly adjoined epidermal cells;
bar indicates 2000 nm. b Epidermal surface indicates intact nema-
tocysts (n) and nuclei (nuc); bar indicates 5000 nm. ¢ Mesoglea
(m) demarks the epidermal tissue (epi) from the gastrodermal tissue
(gd); bar indicates 5000 nm. d Micrograph indicates the interface of
the gastroderm (g), mesoglea (m), and epidermis (epi); bar indicates
5000 nm. e Zooxanthella in the gastrodermal tissue of planula,

thylakoid (t) membranes. Dinoflagellates from control
planulae contained an abundance of starch granules (S), as
well as the absence of vacuolated space between the
dinoflagellate’s thecal plate and the host’s symbiophagic
membrane (indicated by “{”; Fig. 3f).

Transmission electron microscopy of planula exposed to
288 parts per billion BP-3 for 8 h in the light (Fig. 4)
showed that the planulae experienced catastrophic tissue
lysis and cellular degradation in both the epidermis and
gastrodermis, as well as partial collapse of the mesoglea
(Figs. 3 vs. 4). At the surface of the epidermis, there was a
complete loss of ciliated cells (Fig. 4a). The development
and extent of cell death and tissue deterioration was
greatest at the surface of the epidermis and became less
pronounced at the center of the planula. In the middle area
of the epidermal tissue, between the outer surface of the
epidermis and its boundary with the mesoglea, the
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indicating the presence of intact chloroplasts (cp) and pyrenoid body
(p)- Notice the absence of a vacuolar space between the coral vacuolar
membrane and the thecal plates/membrane of the zooxanthella; bar
indicates 2000 nm. f Close-up of cytosolic structure of zooxanthella.
Chloroplasts (cp) exhibit intact chloroplastic membrane and coherent,
parallel rows of thylakoid membranes. Bracket (]) indicates the
absence of vacuolar space between the coral vacuolar membrane and
the zooxanthella’s thecal plate/membrane; bar indicates 500 nm

incidence of autophagic cell death became more pro-
nounced (Fig. 4b; Tsujimoto and Shimizy 2005; Samara
et al. 2008). Individual cells were dense with autophagic
bodies, and many of the nuclei exhibited delamination of
the nuclear bilayer membrane and vacuolization of the
inner nuclear membrane containing chromatin (Fig. 4c;
“}” indicates vacuolization; Eskelinin et al. 2011). None of
the nuclei observed in the micrographs exhibited any signs
of apoptosis, such as condensation of chromatin (Kerr et al.
1972; White and Cinti 2004; Taatjes et al. 2008). Spe-
cialized cells, such as spirocysts, also exhibited deteriora-
tion (Fig. 4d). The mesoglea exhibited structural
deterioration; this vascular space contained an abundance
of debris, including detached cells (Fig. 4e). The gastro-
dermis also exhibited extensive trauma (Fig. 4e—g). Many
gastrodermal cells exhibited considerable dense autophagic
bodies (Fig. 4f), although there were a few instances of
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Fig. 4 Transmission electron microscopy of Stylophora pistillata
planula exposed to 228 parts per billion (pg/L) benzophenone-3 for
8 h in the light. a Surface of the epidermal layer; indicating a lack of
cilia and cells dying either via necrosis or autophagic cell death; bar
indicates 5000 nm. b Epidermal tissue where cells exhibit an
abundance of vacuolated bodies, especially the presence of vacuo-
lated nuclei (nuc); bar indicates 5000 nm. ¢ Magnification of
vacuolated nuclei (nuc) that completely lacks nuclear blebbing (a
sign of apoptosis). “}” indicates vacuolization of delaminated nuclear
double membrane; bar indicates 1000 nm. d Epidermal layer with

nuclear autophagy. Gastrodermal cells containing symbi-
otic zooxanthella exhibited the early stages of symbio-
phagy, with vacuolization occurring around the
zooxanthella (Fig. 4e—g). None of the zooxanthellae
showed “normal” morphologies. They instead displayed
extensive internal vacuolization, homogenization of chro-
matin density, and chloroplast degradation, especially of
the thylakoid membranes (Fig. 4g—h).

Transmission electron microscopy of planulae exposed
to 228 pg/L. BP-3 for 8 h in darkness (Fig. 5) exhibited a
similar gradient of cell death and tissue deterioration from
the surface of the planula to its center as seen in planulae
exposed to BP-3 in the light, although the progression of
cellular deterioration was not as severe (Fig. 5a—h). Along
the surface of the epidermal tissue layer, ciliated cells were
undergoing cellular degradation (Fig. 5a). The cell layer
immediately below the ciliated cells was degraded, char-
acterized by an abundance of vacuolated bodies and loss of
the plasma membrane (Fig. 5b, c). Many of the nuclei
exhibited partial delamination of the bilayer nuclear
membrane, but unlike the nuclei observed in planulae
exposed to BP-3 in the light, vacuolization was not com-
plete and the bilayer was still partially anchored by nuclear
pores (Fig. 5b, c). Deeper into the epidermal layer, along

vacuolated ciliated cells, spirocysts (sp) and nematocysts; bar
indicates 5000 nm. e Micrograph depicts intersection of mesoglea
(m) and gastrodermal tissue containing both zooxanthella (zx)
gastrodermal cells and yolk (y); bar indicates 5000 nm. f Epidermal
tissue adjacent to yolk exhibits extensive autophagic vacuolization;
bar indicates 5000 nm. G Gastrodermal cells containing symbio-
phagic zooxanthellae. Zooxanthellae have undergone extensive
internal vacuolization; bar indicates 5000 nm. h Increased magnifi-
cation focused on vacuolated zooxanthella, (v) indicates symbio-
phagic vacuole; bar indicates 2000 nm

the boundary with the mesoglea, cellular degradation per-
sisted, especially of the spirocysts (Fig. 5d). There is an
extracellular matrix that acts as a barrier between the epi-
dermal tissue and mesoglea, and again between the gas-
trodermal tissue and mesoglea. Under these conditions, the
integrity of the boundary layer between the epidermis and
mesoglea had severely deteriorated, whereas the boundary
layer between the gastrodermis and mesoglea remained
intact (Fig. 5e). Within the gastrodermis, a vast majority of
the cells were alive, but exhibiting signs of massive
autophagy (Fig. 5f; Klionsky et al. 2012). It should be
noted that there were almost no instances of delamination
of the nuclear membrane in the gastrodermal cells; nuclei
looked healthy (Fig. 5f). Many of the cells were dense with
autophagosomic bodies, and most of the zooxanthellae
were undergoing symbiophagy, as indicated by the vac-
uolization around the dinoflagellate cell (Fig. 5f; Downs
et al. 2009). In zooxanthellae that were not significantly
degraded (Fig. 5f vs. h), thylakoids exhibited a pathomor-
phology similar to that found in zooxanthellae of corals
exposed to heat stress (32 °C) in darkness; thylakoid
lamellae were diffuse (Fig. 5g; Downs et al. 2013), sug-
gesting that the zooxanthellae were directly affected by the
BP-3 exposure. In contrast to the findings of Danovaro
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Fig. 5 Transmission electron microscopy of Stylophora pistillata
planula exposed to 228 parts per billion (ng/L) benzophenone-3 for
8 h in the dark. a Surface of the epidermal layer; ciliated cells are
present, but undergoing early stages of autophagic cell death. Cells
beneath the cilia layer exhibiting late stage autophagic cell death and
necrosis. Note scratches in the micrograph; bar indicates 2000 nm.
b Epidermal tissue area between cilia and nematocyst layer showing
extensive vacuolization. Early stages of nuclear vacuolization (nuc).
Note scratches in the micrograph; bar indicates 2000 nm. ¢ Epidermal
tissue in area exhibiting advanced stages of cell death; nucleus
vacuolization (nuc). Note scratches in the micrograph; bar indicates
2000 nm. d Extensive vacuolization of cells surrounding

et al. (2008), viral inclusion bodies were not observed in
our electron microscopy examination.

During the initial examination of the planulae using
transmission electron microscopy, scratches in the micro-
sections under observation were readily apparent (Figs. Sa—
and 6). Scratches to the microsection can arise as a result of
hardened particles from the sample that scrape between the
diamond blade and micro-sectioned sample (Carson 1997,
Crang and Klomparens 1988). This is a common occurrence
in biological samples that contain CaCOj skeleton (coral or
vertebrates). These scratches are preventable if the samples
are first decalcified before embedding in a resin and sec-
tioned (Crang and Klomparens 1988). Coral planula samples
do not normally need to be decalcified, because they should
contain no aragonite skeletal matrix. An Alizarin red stain
confirmed the presence of a CaCO; crystal matrix on the
surface of the planula (data not shown; Barnes 1972).
Decalcifying the fixed coral planulae with EDTA before
embedding the sample in resin alleviated the “scratch”
artifact and the remaining samples that were processed using
a decalcification step were devoid of scratches.
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nematocysts. Note scratches in the micrograph; bar indicates
5000 nm. e Mesoglea (m), gastrodermal and epidermal tissues.
Symbiophagy occurring to zooxanthella (zx) surrounded by extensive
vacuolization in neighboring cells; bar indicates 2000 nm. f Gastro-
dermal tissue and yolk (y). All cells exhibiting extensive vacuoliza-
tion (v), especially within the gastrodermal cell surrounding the
zooxanthella. Coral cells showing increased level of autophagosome
content but no signs of autophagic cell death or necrosis; bar indicates
5000 nm. g Zooxanthella chloroplast with thylakoid dispersion-
pathomorphologies. Chloroplast (cp); bar indicates 1000 nm. h Zoox-
anthella exhibiting extensive pyknosis; symbiophagic vacuole (v); bar
indicates 1000 nm

Increasing concentrations of BP-3 induced significantly
higher levels of DNA AP lesions in planulae exposed to the
light compared to the controls (Fig. 7a, b), as well as
planulae exposed to BP-3 in the dark (Fig. 7c, d).

No-Observed-Effect Concentration

Estimating  Lowest-observed-effect ~ Concentration
(NOECs) for planulae exposed to BP-3 for 8 h was prob-
lematic because responses in the control treatment were
homogeneous (Shapiro—Wilk; P < 0.05); all planulae sur-
vived and were not deformed, so analyses defaulted to the
less powerful, nonparametric method (Steel 1959). The
NOEC for both the proportion of live coral planulae and
nondeformed planulae exposed to BP-3 for § h in either the
light or the dark was 228 ppmillion (mg/L) (Steel Method
(Steel 1959), all Z > 232, P < 0.0809; Fig.8a, c). In
contrast to the Steel Method, the NOEC for planulae in the
light determined by a Kruskal-Wallis One-Way Analysis
of Variance on Ranks was 228 pg/L (H Statistic = 21.903;
P < 0.001; Dunnett’s Procedure). The NOEC for planulae



Arch Environ Contam Toxicol

Fig. 6 “Scratch” artifacts in transmission electron microscopy
micrographs of Stylophora pistillata planula exposed to 288 parts
per billion (pg/L) benzophenone-3. When microsectioning planula
embedded in a plastic resin without first decalcifying the sample,
scratches can manifest on the mounted ultrathin sections. The
scratches form as a result of the diamond blade fracturing the
aragonite skeleton and pieces of the skeleton adhering to the edge of
the diamond blade. As the contaminated blade cuts through the
sample block, it scratches the ultrathin sections of the sample. These
scratches can be alleviated by cleaning the diamond blade and
removing aragonite skeleton in the sample through decalcification
before embedding the sample in a resin. a Scratches apparent in
ultrathin section of epidermal section of a planula; bar indicates
2000 nm. b Scratches apparent in ultrathin section of gastrodermal
section of a planula; bar indicated 5000 nm

in the dark determined by a Kruskal-Wallis One-Way
Analysis of Variance on Ranks was 228 pg/L (H Statistic =
22.402; P < 0.001; Dunnett’s Procedure).

Estimates for NOECs for planulae exposed to BP-3 for
24 h in light or darkness also were problematic because
responses in the control and at all concentrations greater
than 22.8 pg/lL (in certain cases, >2.28 pg/L) were

homogeneous (Fig. 8b, d); all planulae survived and were
not deformed in the control but died at the higher con-
centrations (Laskowski 1995). Using the nonparametric
Steel Method, we determined the NOEC as 2.28 pg/L for
the proportion of coral planulae alive after 24 h of expo-
sure to BP-3 in the light and 22.8 pg/L in the dark (both
Z =248, P = 0.0543). The corresponding NOECs for
non-deformed planulae were identical to these values
(Fig. 9a, c). In contrast, the NOEC for planulae exposed for
24 h in the light, determined by a Kruskal-Wallis One-
Way Analysis of Variance on Ranks, was 228 pg/L
(Fig. 9b; H Statistic = 22.084; P < 0.001; Dunnett’s Pro-
cedure). The NOEC for planulaec exposed for 24 h in
darkness, determined by a Kruskal-Wallis One-Way
Analysis of Variance on Ranks, was 228 pg/L. (Fig. 9d;
H Statistic = 22.112; P < 0.001; Dunnett’s Method).

The NOEC for DNA abasic sites in planulae met
ANOVA assumptions and was determined as 22.8 pg/L
(100 nM; one-way ANOVA F, ;s =73.1, P <0.0001,
R? = 0.95; Dunnett’s Method for this comparison,
P < 0.0001) when exposed in the light, and 22.8 pg/L
(100 nM) when exposed in the dark (Welch ANOVA
Fs767 = 142.1, P < 0.0001; Dunnett’s Method for this
comparison, P < 0.0001). The NOEC for mortality of S.
pistillata calicoblast cells was below the 570 ng/L concen-
tration for cells exposed to the dark for 4 h (Fig. 10a, b). The
NOEC for mortality of S. pistillata calicoblast cells was
570 ng/L for cells exposed to the light for 4 h (Fig. 10c, d).

LC50, EC50, and EC20 Values

Regression models used to estimate median LCsq (con-
centration expected to cause death in 50 % of the popula-
tion), EC,o and median ECs, (effective concentrations,
which adversely affect 20 and 50 % of the population,
respectively) after 8 h of exposure to BP-3 had coefficients
of determination (R2) between (0.91 and 0.97). Using
regression models, the median LCsq for the proportion of
live coral planulae exposed in the light was 3.1 mg/L,
whereas for planulae exposed in the dark, the LCsq was 5.4
times higher: 16.8 mg/L (Table 1; Supplemental Fig. la,
c¢). PROBIT analysis for LCs in the light was 2.876 mg/L
(mg/L), whereas LCsy in the dark was 12.811 mg/L
(Table 1; Supplemental Fig. 2a, c).

Models used to estimate LCsy and ECs, of coral plan-
ulae after 24 h of exposure to BP-3 continued to explain
the substantial variation (0.86 < R® < 0.997). The 24 h-
LCs5 for the proportion of live coral planulae, after expo-
sure in the light, was just 103.8 pg/L (ppbillion) compared
with 873.4 pg/L in the dark exposure (Table 1; Supple-
mental Fig. 1b, d). PROBIT analysis for 24-h LCs in the
light was 139 pg/L, whereas LCs in the dark was 799 pg/L
(Table 1; Supplemental Fig. 2b, d).
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Fig. 7 Number of DNA apyrimidinic lesions in planulae of Sty-
lophora pistillata exposed to various concentrations of benzophe-
none-3 (BP-3). Bars show treatment means of four replicates with
whiskers representing £1 standard error of the mean. Treatment
means with different letters differed significantly at o = 0.05, based
on Kruskal-Wallis one-way analysis of variance on ranks followed by
a Student-Newman—Keuls Method post hoc test. a Planulae exposed

The 8-h EC5, for nondeformed planulae exposed to BP-
3 in the light and dark were much lower: 107 and 436 pg/
L, respectively using regression modeling (Table 1; Sup-
plemental Fig. 3a, c). PROBIT analysis for 8-h ECs in the
light was 133 ppbillion (pg/L), whereas ECsq in the dark
was 737 pg/L (Table 1; Supplemental Fig. 4a, c). PROBIT
analysis for 8-h EC,, in the light was 6.3 pg/L, whereas
EC,g in the dark was 15.5 pg/L (Table 1; Supplemental
Fig. 4a, c). The 24-h ECsq for nondeformed planulae
exposed in the light and dark were much lower: 17 ppbil-
lion and 105 pg/L, respectively using regression modeling
(Table 1; Supplemental Fig. 3b, d). PROBIT analysis for
24-h ECsq in the light was 49 pg/L, whereas LCsq in the
dark was 137 pg/L (Table 1; Supplemental Fig. 4a, d).
PROBIT analysis for 24-h EC, in the light was 6.5 pg/L,
whereas ECsq in the dark was 10.4 pg/L (Table 1; Sup-
plemental Fig. 4b, d).
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for 8 h in the light. b Log-linear regression between DNA AP lesions
of coral planulae of Stylophora pistillata exposed to concentrations of
BP-3 for 8 h in the light. Quadratic regression line (solid) and 95 %
confidence intervals (dashed lines) are shown. ¢ Planulae exposed for
8 h in the dark. d Log-linear regression between DNA AP lesions of
coral planulae of Stylophora pistillata exposed to concentrations of
BP-3 for 8 h in the dark

The number of DNA abasic sites increased approxi-
mately tenfold across the BP-3 concentration gradient in
the light, but nearly 20-fold in the dark (Fig. 7b, d). Sim-
ilarly, the percentage of dead coral cells increased dra-
matically with increasing concentrations of BP-3, but the
LCsy was much lower in the light at 39 pg/L than in the
dark at 842 pg/L. PROBIT analysis for 4-h LCsq coral cells
in the light was 42 ppbillion, whereas LCs, in the dark it
was 679 pg/L (Table 2; Supplemental Fig. 5a, b).

Species Sensitivity Distribution Using Coral Cell
Toxicity Assay

To provide a perspective of the differences in sensitivities
of various species of Indo-Pacific and Caribbean coral
reefs, the LCsps and LCyys with their corresponding upper
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Fig. 8 Percent mortality of planula of Stylophora pistillata exposed
to various concentrations of benzophenone-3. Bars show treatment
means with whiskers representing &1 standard error of the mean.
Treatment means with different letters differed significantly at
o = 0.05, based on Kruskal-Wallis one-way analysis of variance on

and lower 95 % confidence intervals for the two Indo-
Pacific and five Caribbean species are provided in Table 1.

Correction Factor Between Mortality of Coral
Planulae and Coral Cells

Coral cells were much more sensitive than coral planulae
across a wide range of BP-3 concentrations, which makes
cell mortality a potential indicator of reproductive and
recruitment failures. To estimate the correction factor
needed to translate coral cell mortality into potential
mortality of coral planulae, one option is the use of a
quadratic regression model to estimate these relationships:
In the light (F,,, = 43.8, P <0.0001, R* =0.81) %
mortality of planulae = 2.26 — 0.28 (% mortality of
cells) + 0.0107 (% mortality of cells)> In the dark
(Fy, = 84.5, P <0.0001, R* =0.89) % mortality of
planulae = 0.86 — 0.0007 (% mortality of cells) + 0.0078
(% mortality of cells)?
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ranks followed by a Student-Newman-Keuls Method post hoc test.
a Planulae exposed for 8 h in the light. b Planulae exposed for 8 h in
the light and then 16 h of darkness. ¢ Planulae exposed for 8 h in the
dark. d Planulae exposed for 24 h in the dark

Environmental Chemistry Analysis

The purpose of the chemical analysis was to conduct a
cursory survey of BP-3 concentrations on coral reefs.
Seawater samples were collected from bays in St. John
Island, U.S. Virgin Islands: Caneel Bay, Hawksnest Bay,
and Trunk Bay in April 2007 (Fig. 11a, b). Caneel Beach is
managed by the resort, Caneel Bay. Samples were col-
lected at approximately 16:30 h near the dive platform that
adjoins the Caneel Beach and along a large coral com-
munity that spans from the edge of Caneel Beach to the
edge of Honeymoon Beach. There were 17 swimmers in
Caneel Bay in the 48-h period before sampling. Swimmers
were monitored from the shore of the resort from dawn to
dusk. No benzophenones could be detected in either of the
samples collected in Caneel Bay.

Hawksnest Bay is a densely visited beach within the
U.S. National Park system on St. John Island. In general,
more than 1000 visitors per day can enter into this bay. On
the day of sampling, more than 230 people entered the
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Fig. 9 Percentage of deformed planulae of Stylophora pistillata
exposed to various concentrations of benzophenone-3. Bars show
treatment means with whiskers representing 1 standard error of the
mean. Treatment means with different letters differed significantly at
o = 0.05, based on Kruskal-Wallis one-way analysis of variance on

water and swam within 20 m of the three large Acropora
palmata spurs (coral reefs) indicated in Fig. 1lc; the
majority swam in the sandy grooves that lie between the
coral-reef spurs. These spurs are very shallow (1-3 m
deep), with live coral often protruding above the surface
of the water during low tide. The concentration of BP-3 in
the western groove was 75 ppbillion (ng/L), whereas the
larger, eastern groove had a BP-3 level of 95 ppbillion
(ng/L). Samples were collected between 17:00 and
17:40 h.

Trunk Bay is an iconic landscape and a highly managed
natural resource area. Before 2009, there could be more
than 3000 visitors on the beach and in the water at Trunk
Bay. After 2009, National Park Service policy reduced the
number to 2000 visitors per day (personal communication,
Rafe Boulon, retired, USVI NP Chief, Resource Manage-
ment). A coral community surrounds the island in Trunk
Bay, as well as an abundance of gorgonians to the west of
the island, and there was once a very extensive stand of A.
palmata corals to the east of the island. At a site near the
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ranks followed by a Student-Newman-Keuls Method post hoc test.
a Planulae exposed for 8 h in the light. b Planulae exposed for 8 h in
the light, then 16 h of darkness. ¢ Planulae exposed for 8 h in the
dark. d Planulae exposed for 24 h in the dark

edge of the Trunk Island coral community, BP-3 levels
were 1.395 ppmillion (mg/L) (Fig. 11d). A sampling site
93 m east of the first sampling site contained 580 ppbillion
(ng/L) BP-3 (Fig. 11d). Samples were collected at
11:00-11:24 h with more than ~ 180 swimmers in the
water and ~ 130 sunbathers on the beach within 100 m of
the two sampling sites.

Seawater samples were collected at five sites in Mau-
nalua Bay, Oahu Island, Hawai’i on May 30, 2011 between
11:00 and 15:00 h (Fig. 12a, b). ASW samples were col-
lected in public swimming areas in waters that were 1.3 m
in depth and 35 cm from the surface of the water. Sites 1-4
had detectable levels of BP-3 (>100 pptrillion; ng/L) but
were below the quantitative range of measurement (5
ppbillion (ng/L); Fig. 12b). Site 5 contained measurable
levels of BP-3—19.2 ppbillion (pg/L) (Supplemental
Fig. 6).

Samples were collected at two sites on June 3, 2011,
along the northwest coast of Maui Island, Hawai’i
(Fig. 12c). Kapalua Bay is a protected cove and has a
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public beach that can often see >500 swimmers/day in the
peak tourism season (personal communication, Kapalua
Dive Co.; Fig. 12d). A seawater sample was collected 40 m
from shore near the center of the bay, immediately above
remnants of a coral reef at 09:30 h. The Kapalua sample

Table 1 Regression and PROBIT determination of LCs for planulae
mortality when exposed to BP-3 in the light and dark, and the ECs
for planulae deformity when exposed to BP-3 in the light and the dark

Planulae mortality LCsq
Regression to estimate LCs, 8-h light 3.1 mg/L
PROBIT to estimate LCs 8-h light 2.9 mg/L
Regression to estimate LCs, 8-h dark 16.8 mg/L
PROBIT to estimate LCsq 8-h dark 12.8 mg/L
Regression to estimate LCsq 24-h light 103.8 ng/L
PROBIT to estimate LCso 24-h light 1.39 pg/L
Regression to estimate LCsg 24-h dark 873.4 pg/L
PROBIT to estimate LCso 24-h dark 799 pg/L
Planulae deformation ECsg
Regression to estimate ECs, 8-h light 107 mg/L
PROBIT to estimate ECs, 8-h light 133 mg/L
Regression to estimate ECs, 8-h dark 436 mg/L
PROBIT to estimate ECso 8-h dark 737 mg/L
Regression to estimate ECsq 24-h light 17 pg/L
PROBIT to estimate ECsy 24-h light 49 ng/L
Regression to estimate ECsq 24-h dark 105 pg/L
PROBIT to estimate ECs, 24-h dark 137 pg/L

Planulae deformation ECyo (ng/L)

PROBIT to estimate EC, 8-h light 6.3
PROBIT to estimate EC,o 8-h dark 15.5
PROBIT to estimate EC, 24-h light 6.5
PROBIT to estimate EC, 24-h dark 10.4

PROBIT determination of EC, for planulae deformity when exposed
to BP-3 in the light and the dark

had detectable levels of BP-3 but was below the quantita-
tive range of measurement (5 ppbillion, 5 pg/L). From
06:30 to 09:30 h on the day of sampling, 14 swimmers had
entered Kapaula waters. A seawater sample also was col-
lected at Kahekili Beach Park, Maui Island, Hawai’i
(Fig. 12e). Kahekili Beach is a public beach that also
serves visitors from a number of nearby hotels and resorts.
The sample was collected 30 m from shore, immediately
above a coral reef. Unlike Kapalua, Kahekili is an exposed
shoreline not protected within a bay, and retention time of
contaminants is thought to be minimal because of the
prevailing currents. The Kahekili sample had detectable levels
of BP-3 but was below the quantitative range of mea-
surement (5 ppbillion). Kahekili is a heavily visited beach
and had 71 swimmers within 200 m of the sampling site at
the time of sampling (11:45 h).

Discussion
Toxicopathology

Benzophenone-3 is a phototoxicant and induces different
toxicities depending on whether the planulae are exposed
to the chemical in light or in darkness. Corals will usually
release brooded planulae at night or spawn gametes at night
(Gleason and Hofmann 2011). Planulae of broadcasting
species (those that spawn eggs and sperm that are fertilized
in the water column) are positively buoyant and planktonic,
residing at or near the surface of the ocean for 2—4 days
before they are able to settle (Fadlallah 1983; Shlesinger
and Loya 1985; Harii et al. 2007; Baird et al. 2009). Light
levels on a clear sunny day in tropic latitudes can be as
high as or higher than 2000 pmol/m?*/s of photosyntheti-
cally active radiation—five times more than what the corals
experienced in this study, suggesting that actual environ-
mental conditions may aggravate the phototoxicity. Whe-
ther the BP-3 pollution comes from swimmers, or from
point and nonpoint wastewater sources, planulae will be at

Table 2 Differences in
sensitivities of various species

of Indo-Pacific and Caribbean
coral reefs, the LCsps and LC»gs
of calicoblast cells exposed

in vitro to benzophenone-3 with
their corresponding upper and
lower 95 % confidence intervals
for the two Indo-Pacific and five
Caribbean species. (ug/L) = to
parts per billion. (ng/L) = parts
per trillion

Coral species LCso (pg/L) 95 % CI LCy 95 % CI
Indo-Pacific species
Stylophora pistillata (light) 42 28; 60 2 pg/L 1.14; 3.61
Stylophora pistillata (dark) 671 447; 984 14 pg/L 7; 26
Pocillopora damicornis 8 4.96; 12.15 62 ng/L 24; 136
Caribbean-Atlantic species
Acropora cervicornis 9 5.4; 14.5 63 ng/L 22: 150
Montastrea annularis 74 40; 126 562 ng/L 166; 1459
Montastrea cavernosa 52 36; 72 502 ng/L 247, 921
Porites astreoides 340 208; 534 8 ng/L 3; 16
Porites divaricata 36 21; 57 175 ng/L 60; 420
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Fig. 10 Percentage mortality of calicoblast cells of Stylophora
pistillata exposed to various concentrations of benzophenone-3. Bars
show treatment means (n = 4) with whiskers representing =+1
standard error of the mean. Treatment means with different letters
differed significantly at o = 0.05, based on one-way analysis of
variance followed by a Tukey’s Honestly Significant Difference Test.
a Calicoblast cells exposed for 4 h in the light. b Log-linear

risk from both forms of toxicities (Brooks et al. 2009;
Futch et al. 2010; Pitarch et al. 2010).

As with our previous paper examining benzophenone-2
(Downs et al. 2014), the data in this paper are consistent
with the observation by Danovaro et al. (2008) that “sun-
screens compounds” cause coral bleaching. In the light,
BP-3 caused injury directly to the zooxanthellae, inde-
pendent of any host-regulated degradation mechanism.
Based on the pathomorphology of the thylakoids within the
chloroplasts, the most probable interpretation is that BP-3
induces photo-oxidative stress to the molecular structures
that form the thylakoid membranes (Downs et al. 2013). In
darkness, bleaching resulted from the symbiophagy of the
symbiotic zooxanthellae; a process whereby the coral
gastrodermal cell “digests” the zooxanthella (Downs et al.
2009). Nesa et al. (2012) demonstrated that following
exposure to light, the algal symbionts of corals increased
the DNA damage to coral cells in coral planulae.
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regression between coral cell mortality and concentrations of BP-3 for
4 h in the light. Quadratic regression line (solid) and 95 % confidence
intervals (dashed lines) are shown. Larger symbols represent multiple
coincident data points, with symbol area proportional to the number
of replicates with the same value. ¢ Calicoblast cells exposed for 4 h
in the dark. d Log-linear regression between coral cell mortality and
concentration of BP-3 for 4 h in the dark

Consistent with the Oxidative Theory of Coral Bleaching
(Downs et al. 2002), Nesa et al. hypothesized that the
sources of this damage was the production of oxygen
radicals. If this is the case, then darkness-associated, BP-3-
induced bleaching may reduce the exacerbated morbidity
experienced by “bleached” planulae that would occur
during the periods of daylight. Regardless of the toxico-
logical mechanism, managing exposure of corals to BP-3
corals will be critical for managing coral reef resilience in
the face of climate-change pressures associated with coral
bleaching (West and Salm 2003).

Autophagy was the dominant cellular response to BP-3
exposure (Figs. 4a—f, Sb—d; Yla-Antilla et al. 2009). Micro-
autophagosomes were abundant in all cell types and larger
vacuolated bodies of specific organelles were readily
observed. None of the nuclei in any coral cell-types
exhibited any of the classic signs of apoptosis, such as
pyknosis or karyorrhexis of the nucleus (Krysko et al.
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St. John, U.S. Virgin Islands

, Red Point

Googleearth
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4
P

Fig. 11 Seawater analysis of benzophenone-3 (BP-3) in coral reef
areas in St. John Island, U.S. Virgin Islands. a Aerial view of St. John
indicating the five sampling sites, indicated by a yellow dot. No
benzophenones were detected in samples from Red Point or at Tektite
Reef. All samples were taken between 12:00 and 14:00 h. Scale bar is
1.5 km. b Aerial view of the three northwestern sites within St. John
National Park: Trunk Bay, Hawksnest Bay, and Caneel Bay. The two
sampling sites at Caneel Bay are indicated by yellow dots. No
benzophenones were detected in samples from Caneel Bay. Scale bar

2008). The most fascinating aspect of these autophagic
events were the delamination of the nuclear bilayer mem-
brane (Figs. 4b, c, 5b, ¢), a classic hallmark of autophagic
cell death and further evidence arguing against apoptosis as
a regulated mechanism of cnidarian cell death (Tasdemir
et al. 2008; Yla-Antilla et al. 2009; Klionsky et al. 2012).
In both the light and the dark, there was a gradation of
vitiated cells beginning at the surface of the epidermis to
“non-morbid” cells in the gastrodermis that surrounded the
yolk. In Figs. 4a and 5a, the cells are severely degraded; it
is difficult to distinguish any mechanism of cell death, and
the cells could easily be labeled as necrotic. Going
20,000 nm into the planula from the surface, cells exhib-
ited the hallmarks of autophagic cell death. This tissue
transect of the gradation of cell death is evidence for a
model of cell death, first demonstrated in C. elegans, that

St. John, U.S. Virgin Islands

o~

Hawksnest
Bay

is 500 m. ¢ Aerial view of the two sampling sites in Hawksnest Bay,
St. John Island. Yellow arrows indicate three coral reef spurs that are
dominated by the U.S. Threatened Species, Acropora palmata. Yellow
arrows pointing at red dots indicate the sample site. Values indicate
the concentration of BP-3 in the water column. Scale bar is 245 m.
d Elevated view of Trunk Bay, St. John Island. Yellow arrows
pointing to red “X” indicate the sample site. The values indicate the
concentration of BP-3 in the water column at those two sites

requires autophagic degradation of cells for the manifes-
tation of necrosis (Samara et al. 2008; Eskelinin et al.
2011).

BP-3 is a genotoxicant to corals, and its genotoxicity is
exacerbated by light. Based on the current literature, this
was not unexpected, but our data do underscore the threat
that BP-3 may pose to not only corals but also to other
coral-reef organisms (Hanson et al. 2006; Cuquerella et al.
2012). DNA AP lesions can be produced in response to
oxidative interaction or alkylation events (Fortini et al.
1996; Drablos et al. 2004). Accumulation of DNA damage
in the larval state has implications not only for the success
of coral recruitment and juvenile survival, but also for
reproductive effort and success as a whole (Anderson and
Wild 1994; Depledge and Billinghurst 1999). Surviving
planulae exposed to BP-3 may settle, metamorphose, and
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Fig. 12 Seawater analysis of benzophenone-3 (BP-3) in coral reef
areas in Oahu and Maui islands, Hawai’i. Yellow dots indicate the
sampling location in the panels. a Aerial view of Oahu indicating the
five sampling sites. Scale bar is 5 km. b Aerial view of the five
sampling site along the coast of Maunalua Bay, Oahu. Sites 1-4 had

develop into colonial adults, but they may be unfit to meet
the challenges of other stressor events, such as increased
sea-surface temperatures. Cnidarians are rather unusual in
the animal kingdom in that the germline is not sequestered
away from the somatic tissue in early stages of develop-
ment; the somatic tissue gives rise directly to the germline
during seasonal reproductive cycles. Damage to the geno-
mic integrity of coral planulae therefore may have far-
reaching and adverse impacts on the fitness of both the
gametes in adults.

The ossification of the planulae from exposure to BP-3 is
one of the strangest cases of developmental endocrine dis-
ruption to wildlife, although skeletal endocrine disruption in
vertebrates is only now being recognized (Colburn et al.
1993; Depledge and Billinghurst 1999; Golub et al. 2004;
Lind et al. 2004; Doherty et al. 2004; Agas et al. 2013). In
mammals, estrogen and estrogenic compounds may influence
different estrogen and thyroid hormone receptors, which
affect bone growth and composition (Rickard et al. 1999;
Lindberg et al. 2001; Golub et al. 2004). In classic vertebrate
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levels of BP-3 that were detectable, but below the quantitative range.
Scale bar is 1.5 km. ¢ Aerial view of the two sampling sites in Maui,
Hawai’i. Scale bar is 6 km. d Elevated view of Kapalua Bay, Maui.
Scale bar is 100 m. e Elevated view of Kahekili Beach, Maui. Scale
bar is 100 m

physiology, estrogen plays a complex role in ossification and
skeletal maintenance, affecting both bone anabolism and
catabolism (Simmons 1966; Viininen and Harkonen 1996).
In vertebrates, exposure to high levels of estrogen can result
in skeletal hyperossification (Pfeiffer et al. 1940; Rickard
et al. 1999). For “classic” endocrine disruptors, such as tri-
butyltin and dioxin, ossification is inhibited, not induced
(Birnbaum 1995; Jamsa et al. 2001; Tsukamoto et al. 2004;
Finnila et al. 2010; Agas et al. 2013). Osteo-endocrine dis-
ruption is both complex and complicated; different com-
pounds affect different cell types within the skeletal tissue
differently (Hagiwara et al. 2008a, b; Agas et al. 2013).
Benzophenones as endocrine disruptors are no exception;
BP-3 and BP-2 showed contradictory effects on estrogen and
aryl hydrocarbon receptors, and both compounds induced
“...a kind of endocrine disruption that is not assessed by
‘classical’ estrogenic markers” (Schlecht et al. 2004; Sei-
dlova-Wuttke et al. 2004; Ziolkowaska et al. 2006).

The ossification-induced opacity of the epidermal tissue
layer of planulae was readily observed at the three highest
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concentrations of BP-3 exposure but was not visually
obvious at the lower concentrations, although we know
from the electron microscopy sample processing that
ossification was present to a lesser extent in the lower BP-3
exposures. Many endocrine disruptors do not exhibit a
“classic” monotonic exposure-response curve, but instead
exhibit nonmonotonic behaviors (vom Saal et al. 1995;
Conolly and Lutz 2004; http://epa.gov/ncct/edr/non-mono
tonic.html). Ossification of planulae can be assayed by a
variety of methods, including alizarin staining and calcein
fluorescence. This study was not designed to be an
exhaustive characterization of exposure—response behavior
(i.e., regulatory toxicology); hence lower BP-3 exposure
concentrations were not attempted. More comprehensive
studies that examine the ossification response of both acute
and chronic exposure of BP-3 in the lower pptrillion and
ppquadrillion need to be conducted to determine accurately
this endocrine behavioral response.

Ecotoxicology and Species Sensitivity

To conduct a relevant and accurate ecological risk or threat
assessment, it is imperative that the species chosen reflects
the structure of the specific coral-reef ecosystem being
affected (Suter 2007). Stylophora pistillata used in this
study, is indigenous to specific regions in the Indo-Pacific
basins, and hence may not be a valid representative for
coral-reef communities in Hawaii or the Atlantic/Car-
ibbean basins. The use of coral planulae in research studies
is a relatively difficult resource to obtain. It requires access
to healthy coral colonies that are reproductively viable,
spawning in specific dates and specific moon phases, and in
addition, obtaining the necessary collection and transport
permits. We therefore applied an in vitro primary cell
toxicity methodology using a specific coral cell type that
has been proposed as a surrogate for either planula or
colonial polyp studies (Downs 2010). Comparison of LCsgs
of coral cells in the light (42 ppbillion; pg/L) and coral
planula in the light for 8 and 24 h [2.876 ppmillion (mg/L)
and 139 ppbillion (pg/L), respectively] exhibits a similar
response. The increased sensitivity of in vitro cell models
versus whole organism models is a common phenomenon
and accepted principle (Blaauboer 2008; Gura 2008).
Diffusion of BP-3 across the epidermal boundary layer and
reaching concentrations that are toxic in the interior of the
planula (e.g., gastroderm) versus direct exposure by cul-
tured cells could likely be the major factor influencing the
variation in LCsq rate. Although there are obvious caveats
to using in vitro models, this may be the only way to
conduct ecotoxicological research and ecological risk
assessments on coral species that are currently endangered
with extinction, such as the species on the [IUCN’s Red List

or species proposed/listed for protection under the U.S.
Endangered Species Act.

When an environmental stressor impacts a community
of organisms, different species may respond (tolerate)
dissimilarly to one another; some species may tolerate the
stressor at a particular level, whereas other species may
succumb (Johnston and Roberts 2009; Maloney et al.
2011). This species sensitivity distribution is a crucial
concept for ecological risk assessments and a predictor of
the species composition of a community (community
phase-shift) in reacting to a pollution stressor, as well as
defining the probability of success for community/ecolog-
ical restoration (Posthuma et al. 2002; van Woesik et al.
2012). This concept readily applies to corals and coral
reefs. Coral bleaching in response to heat stress or fresh-
water input is an excellent example of this community
behavior; some species have high tolerance to stress-in-
duced bleaching, whereas others are highly susceptible,
resulting in species-specific extinctions in localized areas
(Goreau 1990; Loya et al. 2001; Jimenez and Cortes 2003).
Species sensitivity distribution in response to pollutants in
corals is also well documented, including synergisms
between pollutants and heat stress (Loya 1975; Brown
2000; Fabricius 2005). For the Caribbean, the species
sensitivity to BP-3 toxicity is consistent with the model for
coral tolerance to general stress as set forth by Gates and
Edmunds (1999): corals with slower growth rates, such as
massive or boulder coral species, are inherently more tol-
erant than coral species with higher growth rates (e.g.,
branched species such as A. cervicornis and P. divaricata).
In fringing reefs that have been impacted by anthropogenic
stressors, especially fringing reefs near tourist beaches,
Acropora species are the first to experience localized
extinction. Species that tentatively endure a decade or
longer of sustained stress, but are intermediate in their
persistence, are the large boulder corals found in the genus
Montastrea (synomym Orbicella). Coral cell toxicity data
indicated that P. astreoides was at least 4.5 x more tolerant
to BP-3 toxicity than the second more tolerant coral species
and at least 38x more tolerant than the most sensitive
species. This is consistent with observations that P.
astreoides is usually the last to become extinct in a pol-
luted-impacted locality and one of the first to recruit once
water quality parameters reach a minimum level of habit-
ability (Peters 1984; Lirman et al. 2003; Alcolado-Prieto
et al. 2012). From a management perspective, these data
can be used to predict the changes in coral-reef community
structure when challenged with BP-3, regarding which
species will become extinct, as well as the species that will
persist in areas that are adjacent to tourist beaches, popular
mooring sites, or near sewage discharges. These data also
can be integrated directly into reef resilience management
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plans against climate change, acting as both a measurable
endpoint for management effectiveness and as a target
(concentration of BP-3 in seawater on a reef) for estab-
lishing action values for reef management.

Management of BP-3 Pollution for Coral Reef
Conservation and Restoration

What do these pathological toxicities induced by BP-3
mean demographically and ecologically for corals and
coral reefs? Trunk Bay in St. John Island, the U.S Virgin
Islands, may represent an example of this effect. Ecologi-
cally, this area has been severely degraded in the past
25 years, despite the limited input from human activities in
the watershed and from marine sources. The most obvious
input is recreational swimming at Trunk (Downs et al.
2011). During our monitoring of this site from 2005 to
2010, settlement of planulae and recruitment/survival of
juvenile coral was almost 0 %. Established coral colonies
in this area were assayed for regeneration of tissue over
experimentally induced lesions (laceration-regeneration
assay, a single diagnostic test for the general health of a
coral; Fisher et al. 2007); not a single colony exhibited any
regeneration of any of the lesions during the 5-year
investigation (Downs et al. 2011). This was in contrast with
Caneel Bay, which had undetectable levels of BP-3
resulting from a much lower density/rate of swimmers and
has a flourishing coral community on its southern bank
with an abundance of recruitment. These demographic-
level pathologies are consistent with the pathologies that
manifest from BP-3 exposure. The pathologies exhibited at
this site can be seen at other coral reef swimming areas the
world over: FEilat, Israel (degraded with an abundance of
sunscreen lotion users) versus Agqaba, Jordan (thriving
coral reefs with swimmers that do not use sunscreen lotion;
Fuad Al-horani, personal communication), Honolua Bay in
Maui, Hawaii, Hanauma Bay Beach in Oahu, Hawaii,
Seven Mile Beach in Grand Cayman, Bathway Beach in
Grenada, Playa Langosta, and Playa Tortugas Beaches in
Cancun, Mexico. At Okinawa, Tashiro and Kameda (2013)
demonstrated that BP-3 contamination from beaches can
travel over 0.6 km in distance from the pollution source.
The threat of BP-3 to corals and coral reefs from swimmers
and point and non-point sources of waste-water could thus
be far more extensive than just a few meters surrounding
the swimming area.
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Organic UV filters, now considered to be emerging contaminants in aquatic ecosystems, are being intensively
tracked in environmental waters worldwide. However, their environmental fate and impact of these contami-
nants on marine organisms remains largely unknown, especially in Asia. This work elucidates the occurrence
and the ecological risks of seven UV filters detected in farmed fish, wild mussels and some other wild organisms
collected from local mariculture farms in Hong Kong. For all of the organisms, ethylhexyl methoxycinnamate
(EHMC) and octyl dimethyl p-aminobenzoic acid (OD-PABA) were the predominant contaminants with
the highest concentrations up to 51.3 and 24.1 ng/g (dw), respectively; lower levels were found for benzophe-
none-8 (BP-8), octocrylene (OC) and benzophenone-3 (BP-3) from <LOQ to <14.4 ng/g (dw); 4-
methylbenzylidene camphor (4-MBC) and 3-benzylidene camphor (3-BC) were rarely detected. Additionally,
the detection frequencies and measured concentrations of all targets were clearly higher in mussels than
in fish. Spatial distribution of studied UV filters indicated a positive correlation between their measured concen-
trations and the anthropogenic activities responsible for their direct emission. The ecological risk assessment
specific to the marine aquatic environment was carried out. The risk quotient (RQ) values of EHMC and BP-3
were calculated as 3.29 and 2.60, respectively, indicating these two UV filters may pose significant risks to the
marine aquatic environment.
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1. Introduction

Organic ultraviolet (UV) filters, as the active ingredients in
sunscreen products, block solar radiation by absorbing UV-A (320-
400 nm) and UV-B (280-320 nm) (Nakata et al., 2009). Nowadays,
the growing concern over the risks associated with UV radiation expo-
sure have popularized their inclusion in a wide array of personal care
products in addition to sunscreens, such as cosmetics, skin lotions,
hair dye and shampoos as well as in some packing materials and plastics
products (Li et al., 2007; Coltro et al., 2003; Zenker et al., 2008). As a
consequence of their extensive consumption, these chemicals inevitably
enter the aquatic ecosystem not only directly through recreational
activities in water or by the shore but also indirectly via wastewater
treatment plants (WWTPs) release (Groz et al.,, 2014) sourced from
water used for showering, laundry and even excretion (Asimakopoulos
et al,, 2014).

Preliminary animal tests have indicated that at least a few common-
ly used UV filters such as BP-3, 4-MBC, 3-BC and EHMC (Inui et al., 2003;
Kunz and Fent, 2006; Kunz et al., 2006a; Schlumpf et al., 2004) can
disrupt endocrine function. Current toxicity information suggests
widespread application of these substances could be risky to the aquatic
ecosystem. Moreover, due to their high lipophilicity, UV filters are read-
ily concentrated and accumulated in living aquatic organisms, such as
fish and mussels, which has been documented by several research
groups in Europe (Gago-Ferrero et al., 2015; Gomez et al., 2012; Fent
et al., 2010). Bioaccumulation of EHMC and OC has been observed in
Gomez's study (Gomez et al., 2012). With the exposure concentrations
of around 11.0 pg/L, EHMC was accumulated in the soft tissue of marine
mussels (Mytilus galloprovincialis) from 15 ng/g (dw) to 38 ng/g (dw)
over a period of 48 h, and OC was accumulated from <2 ng/g (dw)
(below LOD) to 60 ng/g (dw). Another study found that when Pimephales
promelas, a type of minnow, was exposed to 3-BC for 21 days, an average
bioconcentration factor was found up to 313 (Kunz et al., 2006b). In
the long term, UV filters could bring even greater damage to aquatic
ecosystem since their exceptional bioavailability may magnify their envi-
ronmental impact as these xeno-estrogens accumulate along the aquatic
food web (Fent et al., 2010; Gago-Ferrero et al.,, 2015).

As far as we know, knowledge of occurrence for UV filters in biota
samples is still limited, especially in Asia. 4-MBC was firstly reported
in the occurrence study focusing on various marine organisms collected
from the Ariake Sea, in Japan, with an undetectable level in any tested
samples (Nakata et al., 2009). Recently in South China, BP-3, 4-MBC
and OP-PABA were detected in the marine fish and other wild
organisms, which were collected from the Pearl River Estuary, within
a concentration range of 0.1-41.5 ng/g (dw), while EHMC and OC
were not detected in this study (Peng et al., 2015). Contrarily, relatively
ampler studies and information of UV filters found in aquatic organisms
were reported in Europe. BP-3, EHMC, OC and OD-PABA are the pre-
dominant sunscreen compounds that frequently detected in the marine
organisms collected along the coasts of Norway, Portugal and France,
with much higher concentration levels up to >800-1000 ng/g (dw);
these organisms mainly include cod, shrimp, and mussels (Bachelot et
al.,, 2012; Groz et al., 2014; Langford et al., 2015). Besides in marine
organisms, EHMC, OC, BP-3 and 4-MBC have also been detected in
aquatic organisms collected from rivers and lakes, mostly in Spain and
Switzerland (Balmer et al., 2005; Buser et al., 2006; Fent et al., 2010;
Gago-Ferrero et al.,, 2015), albeit with relatively lower concentrations
(mainly below 700 ng/g (lipid weight)) compared to those in marine
organisms. Additionally, OC was once detected in the liver tissue of
Franciscana dolphins - a kind of aquatic mammals collected in Brazilian
coast, within the concentration range of 89-782 ng/g (lipid weight)
(Gago-Ferrero et al., 2013a). Combining the environmental risks of UV
filters along with the limited information of their occurrence associated
with aquatic organisms in Asia, a comprehensive study is necessary so
as to support good environmental management, both in Hong Kong
and worldwide.

The objectives of this study were to (i) make an investigation on the
occurrence of seven UV filters in marine organisms, namely BP-3, BP-8,
4-MBC, 3-BC, OD-PABA, EHMC and OC; (ii) perform their spatial
distribution in farmed fish, wild mussels and other organism samples
collected in Hong Kong coastal environment; and (iii) evaluate the
ecological risks of the present UV filters pose to the marine aquatic
environment.

2. Materials and methods
2.1. Chemicals and reagents

Chemical standards for BP-3 (CRM), BP-8 (98%), 4-MBC (>99%),
EHMC (CRM) and OC (CRM) were obtained from Sigma-Aldrich (St.
Louis, MO, USA); OD-PABA (95%) was purchased from TCI (Shanghai,
China); 3-BC (90-100%) was obtained from MP Biomedical ( Irvine,
CA, USA). 1000 mg/L individual stock solution of each UV filter was
prepared in pure methanol and then stored in sealed amber glass
vessels at 4 °C. A mixture of standard solutions of seven UV filters at
the concentration of 10 mg/L was prepared daily and diluted to 1 mg/L
for spiking when needed.

Solvents including Milli-Q water (Millipore, Bedford, MA, USA) LC-
MS grade methanol, dichloromethane (DCM), ethyl acetate (AcEt)
(Duksan Pure Chemicals, Seoul, Korea), absolute ethanol (Uni-Chem,
Orientalab, China) and formic acid (98% purity, Merck, Rahway, NJ,
USA) were employed in this study. Diatomaceous earth and cellulose
filter papers (19.8 mm) were purchased from Dionex (Sunnyvale, CA,
USA).

2.2. Sample collection and preparation

Farmed fish, wild mussels and some other wild organisms (including
prawns, conch and sea urchin) were collected in June to July 2015, from
seven local mariculture farms located around the coast of Hong Kong.
The farms were selected such that they geographically represent the
entire mariculture area of this region. Hong Kong is situated on the
southern coast of China; it is surrounded by sea on three sides. Currently,
there are 26 mariculture zones distributed on the eastern and southern
coasts of the city (AFCD, 2006). In all of these zones, mariculture farms
are usually and preferably placed in sheltered areas, far from pollution
sources. The seven sampling locations are shown in Fig. 1, namely
Sham Wan (1-SW), Yim Tin Tsai (2-YTT), Tai Tau Chau (3-TTC), Tung
Lung Chau (4-TLC), Sok Kwu Wan (5-SKW), Cheung Sha Wan (6-CSW)
and Ma Wan (7-MW).

Among these locations, 1-SW and 4-TLC are the most remote from
urban areas; while 2-YTT and 3-TTC are located in Tai Mei Tuk and Sai
Kung, respectively, which are two areas famous for seaside and water
recreational activities. 5-SKW is close to the pier on Lamma Island,
near a popular tourist fishing village with a population of >6000
residents. 7-MW is also near a small traditional fishing village on the
shore near Tuen Mun but the fishery there is on the wane. 6-CSW is
situated in a secluded bay on the southeastern corner of Lantau Island,
the largest inland in Hong Kong.

The farmed fish samples collected from these seven locations were:
mangrove snappers (Lutjanus argentimaculatus) from 1-SW, 2-YTT and
4-TLC; white blotched snappers (Lutjanus stellatus) from 5-SKW
and 6-CSW; and Sabah giant groupers (Epinephelus lanceolatus) from
3-TTC and 7-MW. For each location, three samples of fish reared in dif-
ferent floating rafts were randomly collected (except 3-TTC and 7-MW,
where only two fish from each could be caught) with the body length
between 30 and 40 cm; triplicate measurements were carried out for
each fish sample. Most of these cultured fish are mainly fed with
moist or dry pellet feed; trash fish are also sometimes used as feed.
The wild mollusk species including green mussels (Perna viridis) and
clams (Mactra antiquata and Corbicula sp.) were collected in five loca-
tions (i.e., all except 5-SKW and 7-MW). A mixture of 15 individuals
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Fig. 1. Map of Hong Kong showing sampling locations of seven local mariculture farms.

with similar body length (5-8 cm) was regarded one complete sample,
representative for one location. Triplicate analyses of one complete
mussel sample (15 individuals) were carried out for each location as
well. Other wild marine organisms were also collected occasionally
such as tiger prawns (Penaeus monodon), conch (Babylonia sp.) and pur-
ple sea urchin (Anthocidaris crassispina), since it was not always possible
to find them. Totally, there were 28 marine samples collected in this
study.

Samples were individually packaged in single-used plastic bags and
kept in a portable insulated container with ice packs to maintain the
organisms alive and fresh during the one-hour transportation from
the field to the laboratory. Treatment of samples was begun as soon as
they arrived in the laboratory. For fish samples, evisceration and remov-
al of skin, tail, head, fins and bones was carried out, such that only filets
were used for testing. Mussels and other non-scaly marine organisms
were cleaned of sedimentary materials and deshelled so that the soft
tissues of the whole body were used. Filets and soft tissues were then
homogenized individually and stored at —20 °C/— 80 °C for no <24 h
before lyophilization. After that, the totally dried samples were ground
into fine powder that was individually packed in zip-lock bags and
placed in an opaque desiccator for further use.

2.3. Analytical procedures

The extraction method for biota samples was modified from Gago-
Ferrero et al. (2013b). After accelerated solvent extraction (ASE) (ASE
200, Dionex Corporation, Sunnyvale, CA, USA), the sample solution
was further purified using Supelclean LC-18 solid-phase extraction
(SPE) cartridges (500 mg/3 mL, Supelco, PA, USA). Each cartridge was
conditioned with 3 mL x 3 of methanol follow by 3 mL x 3 of Milli-Q
water. Then the sample solution was loaded onto the cartridge at the
speed of 1 drop/s. After drying for 30 min under vacuum, the extractant
was eluted with 3 mL methanol followed by two aliquots of 2.5 mL
ethanol at a rate of 1 drop/2 s. Finally, the eluent was evaporated
under a gentle nitrogen stream with purity of 99.9% until totally dried
and then reconstituted with 1 mL methanol. Before instrumental
analysis, the reconstituted eluent was syringe-filtered via 0.22 pm
PTFE (Grace, IL, USA).

24. Instrumental analysis

Instrumental analysis was performed using an Acquity Ultra Perfor-
mance LC system hyphenated to a Quattro Ultima triple quadrupole
mass spectrometer (Waters, MA., USA). The UPLC system comprises an
auto-injector with a 10-mL sample loop and a temperature-controlled
column compartment. Chromatographic analysis for UV filters was
carried out with an Acquity BEH C18 column (2.1 i.d. x 50 mm, 1.7 pm,
Waters); an injection volume of 4 pl. was used for all samples. The mobile
phases consisted of a mixture of milliQ water (A) and LC-MS grade
methanol (B), both with 0.1% (v/v) formic acid added. The elution
program protocol entailed a total run time of 5.5 min as follows: elution
started with 65% of mobile phase B for 0.5 min, followed by 100% for
1.7 min; elution gradient was held at 100% for 1 min, then returned to
65% for 0.3 min, and initial conditions were reached in the final 2 min.
The constant flow rate of 0.4 mL/min was applied throughout the elution
program.

MS/MS detection was performed with electrospray interface operat-
ed in positive ionization mode (ESI+) at the capillary voltage of 1.6 kV.
The source and desolvation temperatures were set at 150 °C and 500 °C,
respectively. Nitrogen was used with a cone gas flow of 150 L/h nebuli-
zation and of 1000 L/h for desolvation. The quantitative analysis was
performed in selected reaction monitor (SRM) mode. Two major char-
acteristic fragments of the protonated molecular ion [M + H]* were
monitored for each analyte to enhance the sensitivity and selectivity.
The retention time (tg), SRM transition pairs, cone voltages and collision
energies are shown in Table 1. Instrument control, data acquisition and
processing were performed using MassLynx software.

2.5. Analytical method validation

Five-point standard calibration curves were plotted within the
concentration range of 0-100 ng/g, by spiking the standard solutions
of UV filters into the sample-free blank solutions comprising 5 mL eth-
anol and 45 mL Milli-Q water before SPE. The linearities were calculated
using the least square method. Recovery test was performed by spiking
UV filter standard solutions at three concentrations, namely 8, 40 and
400 ng/g (dw), in the market samples, and the sample-free blanks as
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Table 1
SRM conditions used in UPLC-MS/MS determination of UV filters.

UV filters Chemical structure Log Kow?* Retention time (min) Molecular mass SRM transition (m/z) Cone voltage (V) Collision energy (eV)
BP-8 g 431 0.89 24424 245.08 — 121.00 24 18
ST 245.08 — 151.03 20
BP-3 S ON 3.52 134 22825 229.09 — 151.03 26 20
L0 229.09 — 105.04 20
3-BC 4.49° 1.79 240.34 241.18 — 91.01 26 36
241.18 — 97.01 18
4-MBC 5.47 2.01 254.37 255.15 — 105.02 26 30
255.15 — 97.01 18
ocC 6.88 2.25 361.47 362.25 — 250.13 24 8
o 362.25 — 232.10 20
OD-PABA S SN 5.77 2.33 277.40 278.18 — 150.97 30 30
e 278.18 — 166.09 22
EHMC 5.80 238 29040 291.18 — 179.11 12 8
291.18 — 161.00 18

¢ Kameda et al. (2011).
b Zenker et al. (2008).

well as triplicate tests were carried out to test repeatability. Recoveries
were expressed as the ratio of concentrations calculated from the spiked
samples to spiked blanks. LOD and LOQ were determined by spiking the
UV filter standard solutions into the sample-blanks and then using the
signal-to-noise ratios of 3 times and 10 times for calculations.

3. Results and discussion
3.1. Method validation

3.1.1. Validation results

Validation results including linearity (R?), recovery, repeatability
(RSD), LOD and LOQ for each UV filter are summarized in Table 2. In
previous studies, wide concentration ranges for UV filters detected in
aquatic organisms have been reported. For example, Peng et al. reported
0.11-1.52 ng/g (dw) of BP-3 in wild marine organisms (Peng et al.,
2015), while Fent et al. reported up to 151 ng/g lipid, also in marine
organisms (Fent et al., 2010). OC was detected in mussels in a wide
concentration range of <2-7112 ng/g (dw) (Bachelot et al., 2012).
Therefore, in order to accommodate a wider working range, three stan-
dard calibration curves covering the low (0-100 ng/g (dw)), medium
(0-500 ng/g (dw)) and high (0-1000 ng/g (dw)) concentration ranges
were validated. In our study, most of the detected UV filters were in a

Table 2
Summaries of the analytical method validation test results.

low concentration, a five-point standard calibration curve with a linear
range of 0-100 ng/g (dw). R? > 0.995 was obtained for all targets. Recov-
ery was tested by spiking the standard solutions at three concentration
levels which were 8 (low), 40 (medium) and 400 (high) ng/g (dw) so as
to ensure a high accuracy of the method. For all of the analytes, recover-
ies were in the range of 80.4-114.8% and the variation was determined
to be random, which means no bias was observed in any of the UV filters
at the three concentrations. Also in this step, triplicate measurements
were performed for these three concentration levels. Good repeatability
of RSD < 8% (n = 3) for all was obtained. LOD was calculated as 3 times
the signal-to-noise ratio, and found to be in the range of 0.9-1.9 ng/g
(dw). LOQ was calculated as 10 times the signal-to-noise ratio and
found to be in the range of 2.9-6.2 ng/g (dw). These results are compa-
rable to those reported in previous studies (Gago-Ferrero et al., 2013a,
2015; Groz et al., 2014), and it is reasonable to apply this method for
the analysis of real samples.

3.1.2. Matrix effect study

Due to the complexity of the organisms' matrices, which may affect
the analytical performance of the developed method, evaluation of the
matrix effect was carried out using imported frozen aquatic products
brought from the local market, namely fish of red bigeye (Priacanthus
macracanthus), blue mussels (Mytilus edulis) and tiger prawns (Penaeus

UV filters Linearity (R?) (range: 0-100 ng/g dw) LOD (ng/g dw) LOQ (ng/g dw) Recoveries (RSD%)
Spiked levels (ng/g dw) Fish Mussels Prawns
EHMC 0.9975 1.2 4.0 8 96.9% (1.7) 93.7% (6.7) 92.7% (4.3)
40 94.6% (5.9) 80.4% (3.5) 112.3% (7.3)
400 99.8% (5.5) 82.1% (2.5) 112.2% (2.4)
OD-PABA 0.9976 1.9 6.2 8 89.2% (5.9) 90.0% (3.1) 94.4% (5.6)
40 108.2% (2.8) 88.8% (4.1) 111.4% (2.9)
400 110.0% (8.0) 109.8% (3.0) 99.3% (0.5)
BP-8 0.9968 0.9 3.0 8 97.6% (1.8) 93.5% (2.3) 91.0% (5.3)
40 88.1% (1.9) 89.9% (5.1) 89.7% (4.7)
400 91.2% (2.4) 95.7% (0.7) 102.4% (0.7)
ocC 0.9985 14 45 8 94.6% (6.3) 98.0% (4.7) 95.7% (7.4)
40 110.3% (7.5) 86.6% (6.2) 106.8% (7.0)
400 113.1% (7.4) 83.7% (8.0) 96.1% (6.9)
BP-3 0.9958 0.9 2.9 8 96.4% (1.1) 95.5% (1.0) 98.3% (2.0)
40 113.0% (34) 102.9% (1.5) 92.2% (3.9)
400 94.8% (4.2) 99.0% (3.2) 114.8% (2.4)
4-MBC 0.9989 1.8 6.0 8 88.6% (6.0) 95.0% (3.5) 94.8% (4.8)
40 91.5% (7.2) 94.0% (4.9) 111.4% (7.5)
400 96.4% (5.7) 90.9% (1.7) 113.8% (1.9)
3-BC 0.9975 1.8 6.0 8 91.4% (1.1) 90.9% (1.6) 96.6% (6.5)
40 88.6% (5.2) 95.5% (6.3) 114.3% (7.9)
400 86.6% (5.0) 89.6% (0.7) 94.5% (2.5)
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monodon). The matrix effect of the marine organisms on each procedure
throughout the whole analytical method was investigated step by step,
including ASE extraction, SPE purification and instrumental analysis.
Standard solution of UV filters at a concentration of 400 ng/g (dw)
was pre- and post-spiked into the market samples and into the
sample-free controls for each investigated analytical procedure. The
matrix effects were expressed as the ratio of the pre-spiked signal
abundance to relevant post-spiked signal abundance. Afterwards, the re-
sults were compared with those obtained from the sample-free controls
(e-g- Sample[pre»ASE spiked/post-ASE spiked] Vs. Sarnple'free[pre—ASE spiked/post-ASE
spiked]), and the calculated values <1 or >1 represented the signal
suppression or enhancement, respectively, caused by the matrix effects
corresponding to each analytical step.

The results indicated that the matrices of fish, mussels and prawns
had no significant influence on the extraction efficiencies of ASE. At
the same time, the signal suppression and enhancement in the instru-
mental analysis (UPLC-MS/MS) caused by the matrix effects of the
three species was acceptable, ranging from 81.2% to 118.4%. However,
with respect to the matrix effects on SPE purification efficiencies, the re-
coveries for three species calculated as pre-SPE spiking/post-SPE spiking
of OD-PABA, EHMC and OC were <78% and generally lower than the
values for the other UV filters. To solve this, the standard calibration
curves were finally created by spiking the relevant concentrations into
50-mL solvent blanks (5 mL ethanol and 45 mL Milli-Q water) and
subsequently loading those solutions onto the SPE cartridges using the
same process for the sample solutions.

During the measurement of real samples, three groups of fishes in-
cluding mangrove snappers, white blotched snappers and Sabah giant
groupers were collected from seven local mariculture farms and were
further analyzed to present the spatial distribution of seven UV filters
in Hong Kong marine environment. Thus, it is necessary to evaluate
the matrix effects sourced from three different fishes, since it is not
always available to collect same species during the sampling. Standard
solutions of UV filters were spiked into the fish samples and the sam-
ple-free controls before ASE. After analysis, the signal abundances for
all seven UV filters obtained from each group of fish were compared
to those from the sample-free controls. As the result, the variation
ranged from 88 to 117% for three fishes collected from all seven loca-
tions, and no bias was found for any UV filters. Therefore, it is reasonable
to use the measurement of our fish samples to present the distribution
of target UV filters.

3.2. Environmental occurrence of UV filters in marine organisms

3.2.1. Concentrations in marine organisms

In this study, almost none of the seven targets UV filters were detect-
ed in the other wild organisms that occasionally collected (including
prawns, conch and sea urchin), except EHMC, OD-PABA and BP-8 were
only once detected in a conch, at the concentration levels below LOQ.
For the fish and mussels, five sunscreen compounds namely EHMC,
OD-PABA, BP-8, OC and BP-3 were commonly detected in the collected
samples, whereas 4-MBC and 3-BC were rarely found (specifically, 4-
MBC was only detected in one mussel sample at the concentration
below LOQ and 3-BC was never observed in this study). Among all the
UV filters studied, EHMC was determined at the highest concentrations
both in fish and mussels, and it had the highest detection frequency of
75% in all samples (see Tables 3A and 3B). The concentration range of
EHMC from the mean value to the maximum detected in fish was 4.2-
12.7 ng/g (dw) and in mussels it was measured as 21.9-51.3 ng/g
(dw) (detection frequency of 100% for mussels). OD-PABA was also
measured at relatively higher concentrations compared to other UV
filters; specifically, it was detected in a range of 14.2-24.1 ng/g (dw)
in mussels, while from below LOQ to 10.3 ng/g (dw) in fish. Lower con-
centrations were similarly observed for BP-8, OC and BP-3, which were
as high as 4.9, 5.4 and 3.1 ng/g (dw) in fish and 14.4, 11.6 and 12.4 ng/g
(dw) in mussels, respectively. However, for these three UV filters, the

Table 3A

3) with RSD < 8%.

Mean concentrations + S.D. of UV filters detected in marine organisms (ng/g dw), triplicate measurements (n

3-BC
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

4-MBC
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

BP-3
n.d.
n.d.
n.d.

NQ NQ

ocC

BP-8

N.Q. NQ

OD-PABA
n.d.
N.Q.

N.Q.
NQ 64+£02 NQ

EHMC
n.d.
N.Q.

Species

Fish

Sampling location

n.d.

n.d.

n.d. n.d.

n.d.

n.d. n.d. n.d.
n.d.
n.d.

n.d.

n.d.

n.d.

N.Q.

n.d.

1-SW

N.Q.
N.Q.

N.Q 42+01

Mussel

Conch
Fish

n.d.

n.d.

n.d. n.d.

n.d.

54+01 NQ
N.Q.

N.Q

49+ 0.1

55+£02 62403

2-YTT

9.7+ 03

10.7 £ 04
1354+ 04
48 +£0.1

18.7 £ 04
226 £ 06
724+0.2

Queen clam 24.6 + 0.6

Sand clam
Fish

124 £ 05
31+0.1

11.6 £ 0.5

N.Q.

33.1+£07
93 +02

N.Q.

N.Q.

N.Q.

103 £ 0.2

12.7 £ 0.2

3-TTC

n.d.
n.d.

N.Q.
n.d.

103 + 04
n.d.
n.d.
n.d.
n.d.

88 +03
n.d.
n.d.
n.d.
N.Q.
n.d.
n.d.
N.Q.
n.d.

144 + 04

n.d.
n.d.
n.d.

241+ 08

n.d.
n.d.

n.d.
NQ 71402 97402

513+ 15

n.d.

Mussel

Prawn
Fish

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

N.Q.

n.d. N.Q

n.d.

N.Q

4-TLC

n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

Mussel
Fish

n.d.

n.d.

n.d.

n.d.

3.0+ 0.1

n.d.

N.Q.

47 +£02 NQ

3.8+0.1
n.d.
N.Q. N.Q.

N.Q

88+02 644+0.1

n.d.

5-SKW

n.d.
n.d.

N.Q
n.d.

n.d.
n.d.

Sea urchin

Fish

n.d.

n.d.

n.d.

n.d.

n.d.

N.Q

n.d.

32+0.1

N.Q.

N.Q.

N.Q.

4.1+0.1

n.d.
175+ 03

N.Q

6-CSW

89+ 0.2

162+ 0.3

Mussel
Fish

4.7 + 0.1 N.Q.

41+£02 NQ

734+02 68+0.1

5140.1

7-MA

n.d.: <LOD.
N.Q.: <LOQ.

-: no sample collected.
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Table 3B

Detection frequencies of detected UV filters in marine organisms.
Sample size EHMC OD-PABA BP-8 ocC BP-3 4-MBC 3-BC
All samples (28) 75.0% (21/28) 71.4% (20/28) 71.4% (20/28) 46.4% (13/28) 32.1%(9/28) 3.6% (1/28) 0.0% (0/28)
Fish (19) 73.7% (14/19) 73.7% (14/19) 73.7% (14/19) 47.4% (9/19) 26.3% (5/19) 0.0% (0/19) 0.0% (0/19)
Mussels and clam (6) 100% (6/6) 83.3% (5/6) 83.3% (5/6) 66.7% (4/6) 66.7% (4/6) 16.7% (1/6) 0.0% (0/6)
Others organisms (3) 33.3%(1/3) 33.3%(1/3) 33.3%(1/3) 0.0% (0/3) 0.0% (0/3) 0.0% (0/3) 0.0% (0/3)

mean values were all measured below LOQ in fish, while they were cal-
culated as 8.2, 5.1 and 5.9 ng/g (dw), respectively, in mussels. Beyond
that, the detection frequencies for BP-8 in both fish and mussels were
as high as those of OD-PABA, namely 73.4% and 83.3%, respectively,
and they were much higher than the detection frequencies of OC
and BP-3. In general, the concentrations of each UV filter in both fish
and mussels showed the same descending order of concentration, as
EHMC > OD-PABA > BP-8 > OC = BP-3.

EHMC was the most frequently detected UV filter in environment
samples (such as wastewater, surface water, seawater, sediment and
biota) and was always found to be at high concentration levels
(Zenker et al., 2008; Tsui et al., 2014a, 2014b; Tsui et al., 2015;
Gago-Ferrero et al., 2015; Gago-Ferrero et al., 2013b). These high con-
centrations are likely due to its chemical properties—EHMC has good
stability and high lipophilicity—as well as to the high consumption of
products containing it and the failure of WWTPs to remove it (Li et al.,
2007; Balmer et al., 2005). The concentration limits of EHMC contained
in cosmetics and personal care products are as high as 10-20% depend-
ing on the different regulations worldwide, which are the highest
limitations among all the organic UV filters (Sanchez-Quiles and
Tovar-Sanchez, 2015). Moreover, the percentage of the personal care
products containing EHMC reached 90% in China (Zhang et al., 2008;
Tsui et al., 2015). At the same time, much higher loading of EHMC in
WWTPs (as high as 2.3-119 g per 10,000 persons per day) was reported
in Zurich, when compared to other commonly used UV filters (Balmer et
al., 2005). Furthermore, it has been reported that the removal efficien-
cies of EHMC in most WWTPs in Hong Kong were mainly below 60%
(Tsui et al., 2014b). Therefore, the large consumption in daily life
along with the limited removal efficiencies in the WWTPs contribute
to the massive amount of EHMC discharged into the environmental
waters. In our previous study on the occurrence of UV filters in the sea-
waters in Hong Kong, EHMC was detected at the highest concentration
of all filter studied, namely 191.67 ng/L in coastal water (Sang, 2016.
Table A2). In addition, its relatively higher lipophilicity—with log Kow
value of 5.80 (Kameda et al., 2011)—makes it much easier for biota to
absorb and accumulate this UV filter from the aqueous phase. As a re-
sult, high concentrations of EHMC were observed in marine organisms.

Similar to EHMC, OD-PABA also has a high log Kow value (5.77) and
is permitted at high contents in commercial products. Formulations
with concentrations as high as 8% are permitted in Europe and China,
while up to 10% are allowed in Japan. Moreover, the detection frequen-
cies higher than 75% for OD-PABA along with a concentration up to
224 ng/L in the effluents of WWTPs in Hong Kong indicated the incom-
plete elimination of this compound and its inevitable emission into the
local water environment (Tsui et al., 2014b). Thus, the relatively higher
concentrations of OD-PABA measured in the marine organisms in this
study may be related to its high usage and its higher log Kow value
(Kameda et al.,, 2011) as well. It has been reported that EHMC and
OD-PABA are the predominant UV filters in sediments in Hong Kong
(Tsui et al.,, 2015). In contrast, OC, which is also frequently detected in
environmental waters, also has high lipophilicity and good stability,
and is also widely used in personal care products, was not found in
high concentrations in marine organisms in this study. The reasons for
this phenomenon remain unclear at this stage and further studies are
still needed. Coincidentally, similar circumstance for OC was also ob-
served in Tsui's study (Tsui et al., 2015), in which lower concentrations
of OC was detected in the sediment samples collected in marine of Hong

Kong when compared to the other UV filters with similar log Kow
values. An observation of extremely low detection frequencies for OC
in the influents and effluents of five local WWTPs (Tsui et al., 2014b)
may imply a rather lower emission of this compound into the environ-
mental water. Moreover, Bachelot has indicated that OC may be not as
persistent as EHMC when investigated in mussels collected from French
coastal regions (Bachelot et al., 2012). He reported that OC was detected
up to >1000 ng/g (dw) in June to August in mussel samples, while
dropping to as low as total absence in September and November; in
contrast, EHMC remained present in mussels even after the summer.
Therefore, to acquire better knowledge on the environmental behaviors
of these sunscreen compounds in aquatic biota, further studies on their
uptake, metabolism and excretion mechanisms in the organisms are
highly demanded.

BP-3 is another UV filter, widely detected in environmental waters,
widely consumed and with a high content in personal care products
and cosmetics—up to 10% allowed by regulations in both Europe and
China (Sanchez-Quiles and Tovar-Sanchez, 2015). However, due to its
lower log Kow value of 3.52 (Kameda et al., 2011), meaning it is less
lipophilic than other UV filters, the concentrations of BP-3 detected in
the biota samples were not as high as those in environmental waters
compared with EHMC and OD-PABA. Another aspect to consider is the
metabolism of this UV filter. Many studies have proved that BP-3 is
readily metabolized (Kunz and Fent, 2006). As a major metabolic
product of BP-3, BP-8 has a higher log Kow value of 4.31 and higher
bio-concentration factor (BCF = 524) compared to its parent compound
(BCF = 502) (Kim and Choi, 2014). This high lipophilicity could explain
why BP-8 is often found in the sediments. To the best of our knowledge,
3-BC has never been detected in marine organisms. 4-MBC was often
reported as not detected or in extreme low concentrations in aquatic
organisms for those previous studies in USA, Spain and Japan
(Gago-Ferrero et al., 2015; Mottaleb et al.,, 2009; Nakata et al., 2009).

3.2.2. Spatial distribution in Hong Kong

Seven sampling locations along the coastline of Hong Kong were
briefly introduced in Section 2.2. Fig. 2A and B show the spatial distribu-
tions of the UV filters detected in the fish and mussels, respectively, with
regard to the local mariculture farms from which the samples were
taken. The maximum total concentrations of seven investigated UV
filters in the farmed fish were observed at the location 3-TTC, followed
by 5-SKW and 2-YTT (Fig. 2A). The mussels showed the same concen-
tration pattern (Fig. 2B), with the highest concentrations of all detected
UV filters being reported at 3-TTC. Relatively higher levels were also
detected in sand clams and queen clams both collected in 2-YTT.
Relevant information for 5-SKW was absent since no mollusk species
was collected there. In contrast, the lowest concentration levels of the
target compounds were found at 4-TLC and 1-SW for both fish and
mussels. Especially at 4-TLC, only EHMC and OD-PABA were occasional-
ly detected there at concentrations even lower than LOQ, Additionally,
the median levels of UV filters measured in the marine organisms
were observed at 7-MW and 6-CSW.

Since all the sampling locations in this study were at official maricul-
ture farms in Hong Kong, they were as far away from sewage discharge
outlets as possible in order to avoid pollution via the effluent of WWTP.
Thus, any indirect input of UV filters from incomplete treatment in the
WWTP may not be a focus of concern in this study. Even so, there is
always some chance of indirect input, and this should not be ignored.
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Fig. 2. Distribution of detected UV filters in (A) fish and (B) mussels and clams along the coast of Hong Kong. SW, TTC, TLC and CSW: Mussels. YTT-A: Queen clams. YTT-B: Sand clams.

Nevertheless, assuming that input is negligible, further discussion here
will focus on the direct input of UV filters into the ecosystem. As previ-
ously described, 4-TLC and 1-SW, where the minimum concentrations
of UV filters were detected, are remote from urban areas and sparsely
populated. As a result, the anthropogenic activities and influence there
is less intensive compared to the other locations and thus the pollution
caused by the directly input of UV filters should be limited. Conversely,
3-TTC, 2-YTT and 5-SKW, where the relatively larger amounts of UV
filters were measured, are famous places for intensive recreational
activities such as water sports, seaside leisure activities and tourism,
not only in summer but all year round. These activities represent
enormous opportunities for the substances contained in personal care
products such as UV filters to enter the ecosystem directly and easily.
We did indeed find a positive correlation between the measured
concentrations and the anthropogenic activities; from this it can be
inferred that the direct input of the UV filter compounds related to the
anthropogenic activities significantly affects the their occurrence in
marine organisms. Such direct input could result in rapid and even
serious effects compared to indirect input way because the substances

might directly and rapidly interact with the biota once entering the
ecosystem.

3.2.3. Global comparison

So far, many studies have focused on the occurrence of UV filters in
environmental waters especially coastal water, rivers, lakes, and
WWTP effluent (Zenker et al., 2008; Tsui et al., 2014a, 2014b; Tsui et
al., 2015). Studies of the occurrence of UV filters in marine organisms,
however, are very few. Up to now, most of the studies have come
from Europe, with only a few from Asia. In Europe, BP-3, EHMC, OC
and OD-PABA are the predominant UV filters detected, and they were
reportedly determined in coastal biota samples collected from Norway,
France and Portugal at concentrations higher than thousands ng/g (dw)
(Langford et al., 2015; Bachelot et al.,, 2012; Groz et al., 2014). In Oslo,
Norway, the concentration levels and detection frequencies of BP-3,
0OC and EHMC were found to be higher in cod liver than in shrimp. BP-
3 and OC were measured at levels as high as 1037 and 11,875 ng/g
(ww), whereas EHMC was determined at comparatively lower concen-
trations, in the range of 30-36.9 ng/g (ww). None of the UV filters were
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detected in any wild shore crab samples in this study (Langford et al.,
2015). In France, in a study of mussels collected both from the coastal
regions of the Atlantic and Mediterranean, 100% of the samples had
quantifiable EHMC, ranging from 3 to 256 g/g (dw), whereas 55% of
the samples had detectable amounts of EHMC, ranging from <2 to
7112 ng/g (dw). In summary, EHMC was the most frequently detected
UV filter while OC was at its highest concentration in mussels. Interest-
ingly, OD-PABA was never detected in this study (Bachelot et al., 2012).
Also in mussels collected from the coasts of Portugal, OC was measured
at the maximum concentration of 3992 ng/g (dw), while EHMC and OD-
PABA reached levels up to 1765 and 833 ng/g (dw), respectively (Groz
et al.,, 2014). Viewing the studies in freshwater biota, all the UV filters
mentioned above (BP-3, EHMC, OC and OD-PABA) together with 4-
MBC were detected at comparable or a little lower concentration levels
in aquatic organisms sampled from the rivers and lakes, mainly in
Switzerland and Spain (Gago-Ferrero et al., 2015; Fent et al., 2010;
Zenker et al., 2008; Buser et al., 2006). Another similar study on fish
samples collected from rivers and creeks in the USA reported non-
detectable levels of 4-MBC and OC (Mottaleb et al., 2009). Additionally,
along the Brazilian coast, OC was detected at concentrations from 89 to
782 ng/g (lipid weight) in the liver tissue of dolphins (Gago-Ferrero et
al., 2013a). Even less information on the occurrence of UV filters in
marine biota is available for Asia. In the Ariake Sea of Japan, 4-MBC
was not found in any of 55 marine organisms nor in sediments
(Nakata et al., 2009). In south China, BP-3 and OD-PABA were detected
in farmed fish and wild marine organisms collected from the Pearl River
Estuary at extremely low levels, within ranges of 0.106-1.520 ng/g (dw)
and 0.239-0.360 ng/g (dw), respectively. Surprisingly, the highest
concentration of 4-MBC, up to 14.7 ng/g (dw), was measured in the
filets of farmed fish. EHMC and OC were not detected in this study
(Peng et al.,, 2015). In our study in Hong Kong, which is geographically
located adjacent to the Pearl River Estuary, six UV filters were detected
in marine fish and mussels with frequencies from 3.6% to 75% in the
concentration range of <6.0-50 ng/g (dw).

Comparing the occurrence in marine organisms in Europe and Asia
(Table A1), in general, the measured total concentrations of UV filters
in East Asia are lower than those in Europe by at least 1-2 orders of
magnitude; detection frequencies are also much lower. Probably the
differences in habits associated with the use of skin care products be-
tween the two studied areas are the main reason for this observation.
It has been reported that consumption of sunscreens is much higher
in Europe than Asia. In 2012, the average regional consumption in
Europe was reported as 52 mL, while the value in Asia Pacific was
only 4 mL (Osterwalder et al., 2014). As a result of extremely high con-
sumption, UV filters would inevitably enter the aquatic ecosystem as
well as accumulate in aquatic organisms. Another factor contributing
to regional differences could be the higher annual average temperature
in East Asia, especially in South China, when compared with Europe.
Higher temperature may accelerate the degradation and metabolism
for the UV filters in the aquatic ecosystem and even inside organisms'
bodies. More investigations are needed to determine the underlying
reasons. Even so, there are some similarities between the two regions.

Table 4A
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The UV filters that predominate in both Europe and Asia are EHMC,
BP-3 and OD-PABA. The occurrence of OC differs in these two areas. It
was detected at relatively higher frequencies and concentrations in
Europe whereas it was rarely detected, or detected only at limited
levels, in East Asia.

3.3. Ecological risk assessment

According to the Technical Guidance Document (TGC) of European
Commission on risk assessment (EC, 2003), the basic approaches to
risk assessment for marine aquatic environments are very similar
from those for freshwater environments; there are numerous common
principles and objectives. Beyond that, the modification specific for the
assessment of the marine environment is focusing on the assessment
factor (AF) (10-10,000). However, the ecotoxicity data of compounds
specific to the marine organisms are sometimes limited and not always
available. Then, the ecotoxicity data derived from freshwater species are
used (EC, 2003).

In this study, the measured environmental concentrations (MECs) of
several UV filters detected in marine environment of Hong Kong (Sang,
2016; Table A2) are adopted to perform the risk assessment using
approaches for both inland aquatic compartment and marine aquatic
environment. The aim was to compare the differences in the assessment
results derived from two series of AFs, and also in the ecological risks of
UV filters posed to the freshwater and marine aquatic systems. The
median and maximum MECs of BP-3, 4-MBC, EHMC and OC were used
to calculate the RQgenerat and RQuorst, respectively. For these four detect-
ed UV filters, the ecotoxicity information according to the aquatic
species in one to three tropic levels both in freshwater and seawater
are collected to get the predicted no effect concentrations (PNECs) via
being divided by the AFs which are depended on the relevant data of
ecotoxicity for each substance. Results and related information for the
ecological risk assessment are given in Tables 3A and 3B.

Table 4A gives the results of ecological risk assessment for the
marine aquatic environment. The ecotoxicity data with the highest sen-
sitivity tested via the freshwater and saltwater organisms were used
and the AFs of 1000 for BP-3, 4-MBC and EHMC while 10,000 for OC
are used respectively for the risk assessment specific to marine system.
The calculated RQgeneral's of four UV filters are as follows: (a) RQgeneral Of
0C < 0.001. This means, at the measured concentrations, OC poses an
extremely low risk to the marine aquatic system. (b) RQgeneral Of 4-
MBC is 0.33. This is between 0.1 and 1, which means, at the measured
concentrations, 4-MBC poses a medium potential risk to the marine
environment. () RQgeneral Of BP-3 is 2.60, while RQgenera of EHMC is
3.29. Values > 1 indicate that both these UV filters are highly suspected
of having an adverse effect on the marine aquatic environment
(Hernando et al., 2006; Rodriguez et al., 2015). Considering its wide-
spread occurrence and relatively high measured concentrations in the
environmental waters as well as its stronger ecotoxicity, EHMC may
present the highest environmental risk to the marine aquatic system
compared with the other tested UV filters.

Ecotoxicological information from three trophic levels of freshwater and saltwater organisms of UV filters and the risk assessment for marine aquatic environment.

uv Ecotoxicity data for freshwater ~ Ecotoxicity data for marine organisms® AF NOEC PNEC (ng/L) MECax MECmedian RQuorst  RQgeneral
filters organisms (mg/L) (mg/L) (mg/L) (ng/L) (ng/L)

Algae® Invertebrates® Fish Autotrophs Herbivores Carnivores
BP-3 0.560 1.670 0.191" 0.014 3473 3.280 0.711 1000 0.014 13.87 8235 36.07 5.94 2.60
4-MBC  0.210 0.100 - 0.171 0.587 0.854 0.193 1000 0.100 100 74.50 33.32 0.75 033
EHMC  0.240 0.040 10000° 0.075 3.118 0.284 0.199 1000 0.040 40 191.67 131.74 4.79 3.29
ocC - - 10000 - - - - 10,000 10,000 1,000,000 63.63 36.64 <0.001 <0.001

2 1C10 of D. subspicatus, EC50 and NOEC of D. magna (Sieratowicz et al., 2011).

> NOEC of D. rerio (Kinnberg et al., 2015).

€ LC50 of B. rerio and L. idus (Brooke et al., 2008).

4 EC50 of I. galbana, M. galloprovincialis, P. lividus and S. armata (Paredes et al., 2014).
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Table 4B
Ecotoxicological information from three trophic levels of freshwater organisms for UV filters and the risk assessment for freshwater environment.
UV filters Ecotoxicity data for freshwater AF NOEC (mg/L) PNEC (ng/L) MEC,ax (ng/L) MEC edian (Ng/L) RQuworst RQgeneral
organisms (mg/L)
Algae® Invertebrates® Fish
BP-3 0.560 1.670 0.191° 100 0.191 1910 82.35 36.07 0.04 0.02
4-MBC 0.210 0.100 - 100 0.100 1000 74.50 33.32 0.07 0.03
EHMC 0.240 0.040 10000°¢ 100 0.040 400 191.67 131.74 0.48 0.33
ocC - - 10000° 1000 10,000 10,000,000 63.63 36.64 <0.001 <0.001

2 1C10 of D. subspicatus, EC50 and NOEC of D. magna (Sieratowicz et al., 2011).
b NOEC of D. rerio (Kinnberg et al., 2015).
€ LC50 of B. rerio and L. idus (Brooke et al., 2008).

In Table 4B, the same ecotoxicity data from the freshwater
organisms and the same MECs of four UV filters are used for the risk
assessment on freshwater environment, in which the AFs of 100 for
BP-3, 4-MBC and EHMC while 1000 for OC are employed respectively
for calculation. As the result shows, all the RQgenera values of the four
UV filters are <1, which means all these tested UV filters do not show
the significant potential risk to the freshwater environment according
to the assessment methodologies generally used for the inland aquatic
compartment. For BP-3, 4-MBC and OC, the RQgeneral Values are even
lower than 0.1 which indicate only slight potential risk to the inland
aquatic system, whereas only for EHMC the RQgeperai Value is between
0.1 and 1 which indicates only slightly higher potential risks to the
freshwater environment.

These results are similar in both evaluation methodologies in that
EHMC always shows relatively higher potential risks than the other
three UV filters, and OC shows the lowest RQgeperar vValues (<0.001).
However, comparing the evaluation criteria with those for marine
aquatic environment, the RQgeneral values of four tested UV filters are
one to two orders of magnitude lower when using inland aquatic envi-
ronment assessing methods. For example, for BP-3 in particular the
RQgeneral Value in freshwater risk assessment is 0.02 (<1, no significant
potential risk) while in marine risk assessment it is 2.60 (>1, adverse
effect). In other words, the prediction is totally different based on the
same MECs. Thus, the potential risks posed to the marine aquatic envi-
ronment of the detected UV filters could be largely underestimated
when simply using inland aquatic environment methodologies.
Underestimating potential risks can mislead both scientists and legisla-
tive bodies seeking to protect water resources; further studies may not
be done and appropriate safeguards may not be enacted. As a result, it
may not be able to get sufficient attention and controls for the
substances which are potentially harmful to the marine aquatic envi-
ronment, such as the emerging contaminants contained in the personal
care products with quite large consumptions.

Another difference in the ecotoxicity to each level of organisms may
also reflect that UV filters pose the environmental risks to the marine
aquatic system distinct from those to the freshwater environment.
Comparing the ecotoxicity data of marine organisms and fresh water or-
ganisms, it can be seen that the lowest EC50 values for three UV filters
tested via marine organisms are all reported from the alga Isochrysis
galbana (Paredes et al., 2014), whereas in freshwater organisms this is
not true. For 4-MBC and EHMC in freshwater, the lowest ecotoxicity
data are the no observed effect concentrations (NOECs) tested in the
freshwater flea, Daphnia magna, rather than in an alga (Desmodesmus
subspicatus) (Sieratowicz et al., 2011), while for BP-3 in freshwater,
the lowest ecotoxicity data are observed from the zebrafish (Danio
rerio) (Kinnberg et al., 2015). This may indicate that organisms at
lower trophic levels such as alga might be the most affected species
due to the existence of UV filters in marine ecosystems, whereas in
freshwater systems the organisms at higher trophic levels may be
more sensitive to UV filters than the alga species. Therefore, UV filters
are likely to express inconsistent ecotoxicities in different ecosystems,
such as marine versus freshwater, and thus it is unreasonable to assess

their ecological risks by simply using general criteria without any specific
adjustment.

In previous reports, the RQ values for BP-3 and OC detected in
surface waters in Norway were calculated as <1 and their risks were re-
ported as low (Langford et al., 2015). Similarly, the occurrence of BP-3
and several other UV filters found in the urban groundwater in Barcelona
posed no acute risk according to their risk assessment, in which the RQs
were all below 4 x 10~ (Molins-Delgado et al., 2016). For the study in
Gran Canaria Island, Spain, the risk assessment was performed on BP-3,
4-MBC and EHMC with the RQ values of 0.0-6.6, 0.1-10.4 and 0.4-18.9,
respectively (Rodriguez et al., 2015). Significant adverse effects were
found for 4-MBC and EHMC, consistent with the fact that RQ values
higher than 10 were reported for both compounds. Lower potential
risk for BP-3 was obtained. The RQ values of BP-3, 4-MBC and EHMC
were also calculated as higher than 1 using the MECs of the UV filters
detected in the seawater samples collected in Hong Kong (Tsui et al.,
2014a), indicating the potential risks to the aquatic ecosystem posed
by UV filters are becoming both significant and ubiquitous.

4. Conclusion

The present report describes the occurrence study of seven UV filters
in farmed and wild marine organisms. It is based on a study of organ-
isms collected in Hong Kong coastal fish farms. The report not only
provides information on the occurrence and regional distribution of
these filters, but also provides a global comparison of these figures
with similar figures from East Asia and Europe. Higher concentrations
were universally detected in wild mussels than in farmed fish collected
from the same locations. The highest total amount of UV filters
were found in samples from Sai Kung, reflecting the direct impact of an-
thropogenic activities on their occurrence in aquatic environments.
Comparison of these results with those from studies in Europe indicates
that the predominant UV filters detected in aquatic organisms are
almost same worldwide; these filters are EHMC, OD-PABA and BP-3.
Compared with Europe, however, whereas the concentrations
measured in Hong Kong are much lower. Additionally, risk assessment
indicates that long-term persistence of these UV filters at present levels
poses significant potential risks to the marine aquatic environment.
These risks may be amplified through the food chain and ecological
cycle. Therefore, further study, possibly further controls, and alternative
chemicals should all be explored as approaches to the environmental
management of these emerging contaminants.
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Abstract

The occurrence of 32 pharmaceuticals and 14 UV filters in swimming pools and spas
was studied. Fifty-one water samples were collected from 17 pools located in sport
centres and hotels in Catalonia, Spain. The samples were analysed by liquid
chromatography-tandem mass spectrometry. The pharmaceuticals atenolol,
carbamazepine, hydrochlorothiazide, metronidazole, ofloxacin, sulfamethoxazole,
acetaminophen, ibuprofen, ketoprofen and phenazone were measured in water
samples at concentrations higher than their limit of quantification (LOQ). The highest
concentration of any individual pharmaceutical was measured for the diuretic
hydrochlorothiazide (904 ng/L). The most frequently detected pharmaceutical was
carbamazepine, as it was observed in more than half of all the water samples
measured (53 %, 27/51). The UV filters at concentrations higher than LOQ in water
samples were BP1, BP2, BP3, BP8, THB, 4DHB, 4MBC, OD-PABA, 1HBT, MeBT and
DMeBT. The highest concentration of UV filter observed was 4MBC (69.3 ng/L) while
the most frequent UV filters in the samples were 1HBT (59 %, 30/51). The results also
showed that pharmaceuticals and UV filters were most frequently found in spas.
Finally, from a water treatment technology perspective, the lowest occurrence of
pharmaceuticals was in the pools applying sand filters followed by disinfection by
sodium hypochlorite, while the lowest occurrence of UV filters was in the pools
applying coagulation, sand filtration, UV and salt electrolysis.
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Analysis of UV filters in tap water and other clean waters in Spain
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Abstract

The present paper describes the development of a method for the simultaneous
determination of five hormonally active UV filters namely benzophenone-3 (BP3), 3-
(4-methylbenzylidene) camphor (4MBC), 2-ethylhexyl 4-(dimethylamino) benzoate
(OD-PABA), 2-ethylhexyl 4-methoxycinnamate (EHMC) and octocrylene (OC) by
means of solid-phase extraction and gas chromatography-electron impact ionization-
mass spectrometry. Under optimized conditions, this methodology achieved low
method limits of detection (needed for clean waters, especially drinking water
analysis), between 0.02 and 8.42 ng/L, and quantitative recovery rates higher than
73% in all cases. Inter- and intraday precision for all compounds were lower than 7%
and 11%, respectively. The optimized methodology was applied to perform the first
survey of UV absorbing compounds in tap water from the metropolitan area and the
city of Barcelona (Catalonia, Spain). In addition, other types of clean water matrices
(mineral bottled water, well water and tap water treated with an ion-exchange resin)
were investigated as well. Results evidenced that all the UV filters investigated were
detected in the water samples analyzed. The compounds most frequently found were
EHMC and OC. Maximum concentrations reached in tap water were 290 (BP3), 35
(4MBC), 110 (OD-PABA), 260 (EHMC), and 170 ng/L (OC). This study constitutes the
first evidence of the presence of UV filter residues in tap water in Europe.
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Abstract Ultraviolet (UV) filters are widely used in the for-
mulation of personal care products (PCPs) to prevent damage
to the skin, lips, and hair caused by excessive UV radiation.
Therefore, large amounts of these substances are released dai-
ly into the aquatic environment through either recreational
activities or the release of domestic sewage. The concern re-
garding the presence of such substances in the environment
and the exposure of aquatic organisms is based on their po-
tential for bioaccumulation and their potential as endocrine
disruptors. Although there are several reports regarding the
occurrence and fate of UV filters in the aquatic environment,
these compounds are still overlooked in tropical areas. In this
study, we investigated the occurrence of the organic UV
filters benzophenone-3 (BP-3), ethylhexyl salicylate (ES),
ethylhexyl methoxycinnamate (EHMC), and octocrylene
(OC) in six water treatment plants in various cities in
Southeast Brazil over a period of 6 months to 1 year. All of
the UV filters studied were detected at some time during the
sampling period; however, only EHMC and BP-3 were found
in quantifiable concentrations, ranging from 55 to 101 and 18
to 115 ng L', respectively. Seasonal variation of BP-3 was
most clearly noticed in the water treatment plant in
Araraquara, Sao Paulo, where sampling was performed for
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12 months. BP-3 was not quantifiable in winter but was quan-
tifiable in summer. The levels of BP-3 were in the same range
in raw, treated and chlorinated water, indicating that the com-
pound was not removed by the water treatment process.

Keywords UV filters - Endocrine disruptors - Brazil - River
water - Drinking water - Occurrence

Introduction

Because of concern regarding the depletion of the ozone
layer and the consequential increase of UV radiation in
the stratosphere that results in a higher skin cancer risk,
UV filters have become an important constituent in ev-
eryday product formulations (e.g., skin moisturizing
cream, body lotion, spray and hair dye, shampoo, and lipstick;
Brausch and Rand 2011). UV filters have other applications,
such as stabilizers in plastics, paints, textiles, and in other
materials, to prevent the photodegradation of polymers and
pigments (Ozéez et al. 2013). These products can act as an
environmental source of UV filters, primarily from degrada-
tion in landfills (Fent et al. 2008).

UV filters are colourless or yellow substances that
absorb almost no visible light but that significantly ab-
sorb light in the UVA-UVB range. A common feature
of all UV filters is the presence of an aromatic ring with side
chains that have various degrees of unsaturation (Diaz-Cruz
and Barcelo 2009). The majority of UV filters are lipophilic;
however, the presence of phenol groups in their structures can
give them some mobility in the aquatic environment (Negreira
et al. 2009; Richardson 2009).

UV filters are classified as inorganic (physical) or organic
(chemical) according to their chemical nature. The inorganic
UV filters (e.g., titanium dioxide and zinc oxide), basically act
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by reflecting, scattering, and absorbing UV light, whereas the
organic UV filters (e.g., benzophenone, octocrylene) act main-
ly by absorbing UV light (Cuderman and Heath 2007).

Some of these UV filters protect from UVB radiation,
others offer protection against wavelengths in the UVA range,
and few are efficient against both UVA and UVB. Thus, to
ensure an efficient sun protection factor (SPF), high concen-
trations of UV filters have been used in personal care products
(PCPs) and, in general, a combination of UV filters is used.
Consequently, consumers can be exposed to high concentra-
tions of several UV filters simultancously (Fent et al. 2010;
Manova et al. 2013). To protect the public health, the UV
filters used in PCPs are regulated in some countries, mainly
in the European Union and North America.

However, no worldwide environmental regulatory rules
exist. In Brazil, this input to the environment is probably ex-
cessive. Considering that Brazil is a tropical country and has a
high incidence of solar radiation, there is high consumption of
products that contain UV filters. According to the Brazilian
Association of Toiletries, Perfumes & Cosmetics, Brazil is the
third largest consumer of cosmetics in the world, trailing only
the USA and Japan (ABIHPEC 2014), and it still has an
unreliable sanitary sewer system. According to the Brazilian
Institute of Geography and Statistics, only 28.5 % of Brazilian
cities collect and treat sewage, which leads to the hypothesis
that the environmental levels of these compounds in Brazil
can be higher than those found in other countries.

Although several papers in the literature report on the estro-
genic activity of UV filters (Fent et al. 2008; Kunz and Fent
2006; Schlumpf et al. 2004), as well as on their occurrence and
environmental fate (especially regarding water resources; Liu
et al. 2011; Magi et al. 2012; Zhang and Lee 2012) and tap
water (Basaglia et al. 2011; Diaz-Cruz et al. 2012; Zhang and
Lee 2013), papers about Brazil could not be found. Only, an
extraction method development for the determination of PCPs
from drinking-water treatment sludge including benzophenone-
3 (BP-3; Cerqueira et al. 2014). Therefore, this study aims to
provide information about the occurrence and fate of the UV
filters BP-3, ES, EHMC, and OC in Brazil, which are widely
used in cosmetics. The study is focused on the occurrence and
concentrations of these UV filters in aqueous samples from
water treatment plants (WTP). The WTPs selected for study
are located in the central region of Sao Paulo. Sao Paulo State
has the better basic sanitary conditions in Brazil, collecting
87 % and treating 53 % of the sewage (SNIS 2013).

Materials and methods

Chemicals and reagents

The compounds selected for this study were four UV filters
used with high frequency in sun creams largely sold in Brazil.

In Brazil, there is not available information about retail mar-
keting for cosmetics, including sunscreens. Thus, we conduct-
ed an informal survey based on the more traditional cosmetics
brands sold in Brazil, by multinational and Brazilian compa-
nies. This survey included several types of sunscreen formu-
lation and protection factors (n=52). Among the substances
found most frequently in the formulation, as described in the
products labels, those with the greatest estrogenic potential,
according to the literature, were selected to be included in this
study (BP-3, ES, EHMC, and OC).

The UV filters (BP-3, ES, EHMC, and OC), the surrogate
benzophenone-d10 (BP-d10) and the internal standard, and
benzyl cinnamate (BC), all of high purity (>97 %), were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Names,
abbreviations, chemical structures, and some physicochemical
data for the UV filters are shown in Table 1. High-purity
solvents (methanol [MeOH] and ethyl acetate [AcOEt]
were of HPLC grade) were obtained from Mallinckrodt
Baker Inc. (Paris, KY, USA). Hydrochloric acid (HCI,
37 % m/v) was purchased from the JT Baker Chemical
Co. (Phillipsburg, NJ, USA) to adjust the pH of the water
samples.

Standard solutions of the individual UV filters were pre-
pared at a concentration of 1,000 mg L™ in AcOEt and then
diluted (with the same solvent) to achieve a stock solution
mixture at 5 mg L' for each compound. All the standard
solutions were stored at —20 °C. Working solutions of differ-
ent concentrations were prepared daily by appropriate dilution
(v/v) of the stock solution in AcOEt.

Cleaning of glassware

Considering that UV filters are ingredients of PCPs (shampoo,
lipstick, soap, and sunscreen), laboratory contamination ap-
peared to be imminent. To avoid contamination from this
source, nitrile gloves were worn during all procedures during
the breakup of the glassware and materials to be used, sam-
pling, sample pre-treatment, and analysis. Glassware cleaning
consisted of the following steps: a running tap water rinse,
immersion in neutral Extran 5 % detergent (Merck,
Darmstadt, Germany) overnight, a tap water rinse followed
by a distilled water rinse and finally, an acetone rinse. The
clean glassware was air dried for a minute or two, then trans-
ferred to an oven at >100 °C. Volumetric glassware was air
dried. All glassware was rinsed with AcOEt immediately prior
to use.

Sampling sites description
The area selected for study was the Unit of Water
Resources Management number 13 (UWRM-13), located in

southeastern Brazil, in the central region of Sao Paulo State
(Fig. 1). Sao Paulo is divided into 22 Units of Water Resources

@ Springer
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Table 1  Analytes, abbreviations, chemical structures, molecular weights, Log K, and pK, values for the UV filters included in this work
Molecular
Analyte (abbreviations) Chemical structure weight Log K,y pKa
(g mol™)
o
Benzophenone-3
228.24 3.79 7.56
(BP-3)
(0] OH
CHy
Ethylhexyl o
methoxycinnamate e [ 290.40 5.80 -
(EHMC) %{
H o] CH,
oH §
Ethylhexyl salicylate (ES) @JLO“E\A% 250.33 5.97 8.13
CHy
\N\ CHs
Octocrylene O 0\)1/\/%
361.49 6.88 -
(00) O o
[0}
Benzyl cinnamate® §
(BC) @A)‘\o/\C 238.28 4.06 -
0 D
b
Benzophenone -d 19228 318 )

(BP-dyo)

D
D D
D DD D
D D

%internal standard; Psurrogate

Management (UWRM). UWRM-13, also called Hydrographic
Basin Tieté-Jacaré, is composed of 34 municipalities that con-
tain approximately 3.5 % of the Sao Paulo State population,
about 1.5 million inhabitants (CETESB 2012) and was select-
ed as the study area. The municipalities included in this
study were Araraquara, Bueno de Andrada (Araraquara
district), Bauru, Jau, Sdo Carlos, and Trabiju. In the
municipalities of Araraquara, Bauru, Jau, and Sdo Carlos,
the water treatment steps are coagulation, flocculation,

sedimentation, filtration, chlorination, and fluoridation. In
Bueno de Andrada and Trabiju, the water source is ground-
water and the treatment consists only of disinfection by chlo-
rination and fluorination (which occurs directly in the piping).

Sampling and sample preparation

Water samples were collected from October 2012 to
February 2014, in the Water Treatment Plants (WTP)

oo

1eoes
1w0rees

xS

-23

wees
wors

28

Fig. 1 Water sampling cities. Sdo Paulo State at Brazil map and the Unit of Water Resources Management (UWRM), on the Sao Paulo State map,

showing the cities where water samples were collected
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Table2  Concentrations of UV filters in natural, treated, and chlorinated water (ng L™")
Analyte  River Treated Chlorinated ~ River Treated Chlorinated ~ River Treated Chlorinated
water water water water water water water water water
Araraquara March/2013 April2013 May/2013
BP-10° 102(5) 100(2) 110(10) 76(9) 83(3) 84(8) 89(5) 86(2) 98(11)
ES <LOQ <LOQ <LOQ n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 19(10) 18(9) 18(9) 23(3) 25(4) 21(8) n.d. n.d. n.d.
EHMC n.d. <LOQ n.d. n.d. n.d. n.d. n.d. n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
June/2013 July/2013 August/2013
BP-10* 59(6) 63(5) 71(2) 80(5) 92(1) 85(4) 89(9) 90(11) 97(10)
ES n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 n.d. n.d. n.d. <LOQ n.d. n.d. n.d. n.d. n.d.
EHMC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d. <LOQ 59(67) <LOQ
September/2013 October/2013 November/2013
BP-10° 111(6) 109(11) 109(12) 68(11) 82(7) 85(4) 77(8) 73(8) 86(5)
ES n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 22(1) 19(2) 20(4) 33(2) 28(15) 25(7) 38(2) 29(9) 31(4)
EHMC n.d. n.d. 75(11) <LOQ n.d. n.d. n.d. n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
December/2013 January/2014 February/2014
BP-10° 58(8) 61(12) 69(8) 59(3) 63(15) 65(5) 106(9) 106(16) 141(5)
ES n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 26(4) 23(3) 23(10) 36(5) 32(4) 28(3) 30(6) 25(13) 23(7)
EHMC <LOQ <LOQ 57(64) 65(19) 55(11) 70(58) 55(10) n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Bauru April/2013 May/2013 June/2013
BP-10* 107(15) 105(5) 131(3) 48(6) 81(17) 115(23) 59(6) 63(5) 71(2)
ES <LOQ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 28(15) 33(14) 115(1) 20(36) 26(27) 72(54) n.d. n.d. n.d.
EHMC <LOQ <LOQ <LOQ n.d. n.d. n.d. n.d. n.d. n.d.
oC <LOQ <LOQ 87(57) n.d. n.d. <LOQ n.d. n.d. n.d.
July/2013 August/2013 September/2013
BP-10° 45(12) 57(3) 73(8) 93(6) 100(18) 111(9) 123(16) 106(9) 105(3)
ES n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 <LOQ <LOQ n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EHMC  nd. n.d. n.d. 669(5)°  707(6)°  309(6)° n.d. n.d. n.d.
oC n.d. n.d. n.d. 188(2)°  211(4)°  199(4)° n.d. n.d. n.d.
Séao Carlos April/2013 May/2013 June/2013
BP-10* 110(8) 121(7) 93(3) 93(9) 85(5) 81(11) 80(2) 82(10) 82(4)
ES n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 n.d. n.d. n.d. <LOQ <LOQ n.d. 44(10) 60(31) n.d.
EHMC <LOQ n.d. n.d. n.d. n.d. n.d. 101(10) <LOQ n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
July/2013 August/2013 September/2013
BP-10° 86(11) 84(5) 80(8) 94(10) 94(15) 92(40) 105(6) 104(9) 114(6)
ES n.d. n.d. n.d. n.d. n.d. n.d. <LOQ <LOQ n.d.
BP-3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EHMC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table 2 (continued)

Analyte  River Treated Chlorinated ~ River Treated Chlorinated ~ River Treated Chlorinated

water water water water water water water water water
Jau March/2013 April2013 May/2013

BP-10° 96(5) 100(3) 105(6) 79(5) 79(11) 82(5) 65(23) 73(10) 74(17)

ES n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

BP-3 18(8) 18(1) n.d. 24(8) 26(6) 28(15) n.d. n.d. n.d.

EHMC <LOQ n.d. n.d. <LOQ <LOQ n.d. n.d. n.d. n.d.

oC n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
June/2013 July/2013 August/2013

BP-10* 60(1) 59(7) 66(4) 83(6) 84(1) 92(6) 115(6) 123(6) 135(13)

ES n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

BP-3 21(20) <LOQ n.d. <LOQ n.d. n.d. n.d. n.d. n.d.

EHMC  nd. n.d. n.d. n.d. n.d. n.d. 755(8)° 629(16)°  292(3)°

oC n.d. n.d. n.d. n.d. n.d. n.d. 208(12)°  176(10)°  183(24)°

BP-10 was used as a surrogate. Average recoveries and relative standard deviations (RDS) for n=3

n.d. not detected, <LOQ below the limit of quantification
2BP-10 used as surrogate at 200 ng L'

® Quantification disregarded (contamination was suspected)

at the municipalities included in this study at three
points: the entrance of the WTP, before any treatment
(river water), after treatment without chlorination (treat-
ed water), and after chlorination (chlorinated water).
Sampling in Bauru, Bueno de Andrada, Jau, Sao
Carlos, and Trabiju was performed over a period of
6 months, while in Araraquara, the sampling was per-
formed over a period of 12 months to evaluate the in-
fluence of seasonality on the occurrence of the UV
filters.

All samples were collected inside the water treatment plant,
except in Bauru, where there was no collection point for one
of the sample types (river water or raw water) inside the sta-
tion, so it had to be directly collected from the river. In Trabiju
and Bueno de Andrada, the water is collected underground
and is disinfected directly in the pipe, so only two types of
water samples were analyzed: groundwater and chlorinated
water.

The samples were collected in the morning between
07:00 and 10:30 in amber Pyrex glass bottles with
screw caps of 4 L capacity. After collection, the sam-
ples were transported to the laboratory under refrigera-
tion at 4 °C (ice packs) and protected from light. In the
laboratory prior to extraction, the samples were filtered
through a glass fibre filter with a pore size of 0.6 um
(Macherey-Nagel GF3), acidified to pH 3, spiked to
200 ng L' with a surrogate (BP-d10) and immediately ex-
tracted, and analyzed according to the previously developed
and validated solid-phase extraction (SPE) method and gas
chromatography coupled to tandem mass spectrometry
(GC-MS/MS; Silva et al. 2013; Silva et al. 2015).

@ Springer

SPE extraction and GC-MS/MS analysis

The SPE method employed was a previously published meth-
od by Silva et al. (2013). The extraction of the sample analytes
was performed using 200 mg/6 mL, Strata X SPE cartridges
obtained from Phenomenex (Torrance, USA). The SPE car-
tridges were first conditioned with 5 mL of AcOEt, 5 mL of
MeOH and 5 mL of deionized water. Sample volumes of
500 mL at pH 3 were passed through the cartridge. The car-
tridge was then dried under total vacuum for 5 min and
500 pL of MeOH was added. The analytes were eluted with
3x2 mL of AcOEt. Then, 500 pL of an internal standard
solution of 100 ug L™' BC was added to the eluate. The eluate
was evaporated to 1 mL under a gentle flow of nitrogen
gas prior to analysis by GC-MS/MS.

GC-MS/MS analysis was performed on a Varian CP-3800
gas chromatograph (Varian, Walnut Creek, CA, USA) that
was equipped with a Saturn 2000 ion trap mass spectrometer
. The chromatography was performed under the following
conditions: helium was the carrier gas (maintained at a con-
stant flow rate of 1.2 mL min '); an injector temperature of
300 °C, operating in splitless injection mode with a sampling
time of 1 min. The separation of the analytes was performed
with a fused-silica ZB-5MSi capillary column (30 m length x
0.25 mm i.d. and 0.25 mm film thickness; Phenomenex,
Torrance, CA, USA). The temperature program was as fol-
lows: 60 °C for 1 min; ramped at 25 °C min ' to 160 °C,
which was maintained for 1 min; and ramped at 10 °C min "
to 300 °C, which was maintained for 2 min. The total run time
was 22.0 min. The transfer line, trap, and manifold tempera-
tures were maintained at 300, 50, and 220 °C, respectively.
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Results and discussion
Quality parameters of the method

The analytical method used to determine UV filters in
water, in this work, was based on SPE and GC-MS/MS.
The detailed study of multivariate optimization procedure
for this method was published previously (Silva et al. 2013),
as well as, the validation parameters, including matrix effect
(Silva et al. 2015).

For all samples (6 months to 1 year) for all cities
(Araraquara, Bauru, Jau, Sdo Carlos, Trabiju and Bueno de
Andrada), the recovery of the surrogate (BP-d10) ranged 70—
120 %, and the relative standard deviations (RSDs) was below
20 %, as shown in Tables 2 and 3. Therefore, the method
satisfied the requirements for precision and accuracy for
quantification.

Sampling aspects

The most favorable Brazilian scenario (south-eastern Brazil)
regarding basic sanitation, where the sewage collection far
exceeds the national average, was used as the study area.
However, note that the treatment is performed in only 48 %
of collector municipalities. This absence of sewage treatment
in more than half of the collector municipalities in the region
of the country that has the best sanitary conditions clearly
shows the seriousness of the national environmental situation.
The poor collection and treatment of sewage in Brazil implies
serious negative consequences to public health and the envi-
ronment. In this context, the quantitative determination of UV
filters in the raw water and the drinking water under the “best”
conditions (south-east) is of importance.

The state of Sao Paulo in the Southeast Brazil is divided
into 22 UWRM. UWRM-13 was selected as the study area

Table 3  Concentrations of UV filters in ground and chlorinated water (ng L")
Analyte  Ground water ~ Chlorinated water =~ Ground water ~ Chlorinated water ~ Ground water ~ Chlorinated water
Bueno de Andrada March/2013 April/2013 May/2013
BP-10° 133(7) 143(11) 107(10) 99(9) 108(5) 112(10)
ES n.d. <LOQ n.d. n.d. <LOQ n.d.
BP-3 n.d. n.d. n.d. n.d. <LOQ n.d.
EHMC  <LOQ n.d. <LOQ n.d. n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d.
June/2013 July/2013 August/2013
BP-10°  71(8) 72(23) 105(13) 122(3) 130(40) 80(30)
ES n.d. <LOQ <LOQ n.d. n.d. n.d.
BP-3 n.d. <LOQ n.d. n.d. n.d. n.d.
EHMC n.d. n.d. n.d. n.d. n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d.
Trabiju March/2013 April/2013 May/2013
BP-10° 105(21) 113(3) 88(8) 88(9) 59(14) 66(14)
ES n.d. 105(258) n.d. n.d. n.d. n.d.
BP-3 n.d. n.d. n.d. n.d. n.d. n.d.
EHMC 137(148) <LOQ n.d. n.d. n.d. n.d.
oC n.d. n.d. n.d. n.d. n.d. n.d.
June/2013 July/2013 August/2013
BP-10°  60(5) 61(6) 93(3) 85(2) 115(15) 112(6)
ES n.d. n.d. n.d. n.d. n.d. n.d.
BP-3 n.d. n.d. n.d. n.d. <LOQ n.d.
EHMC  nd. n.d. n.d. n.d. 724(4)° 273(2)°
oC n.d. n.d. n.d. n.d. 175(22)° 174(19)°

BP-10 was used as a surrogate. Average recoveries and relative standard deviations (RDS) for n=3
n.d. not detected, <LOQ below the limit of quantification
*BP-10 used as surrogate at 200 ng L™
® Quantification disregarded (contamination was suspected)
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because it is a populous region in which the sewage collection
is nearly 100 %, although in some municipalities, the sewage
collected is not treated. For example, Bauru, the most popu-
lous municipality in this basin, treats only 10 % of the sewage
collected (CETESB 2012).

Study of the occurrence of UV filters in environmental
samples

The concentrations of the UV filters in samples from the six
WTPs in the UWRM-13 are presented in Tables 2 and 3. All
UV filters were detected in the samples from the WTPs, how-
ever, quantifiable concentrations were found only for BP-3
and EHMC. The concentrations of BP-3 and EHMC ranged
18-115 and 55-101 ng L™, respectively. Although the other
analytes were present in some samples, they were not present
at levels that could be reliably quantified.

Both BP-3 and EHMC, among other UV filters, have been
found throughout the world. They have been detected in water,
soil, sediment, sludge, and biota. BP-3 and EHMC have been
detected in river and tap water worldwide (Table 4). The max-
imum level of BP-3 detected in river water was 114 ng L' in
Slovenia (Cuderman and Heath 2007), according to a review by
Kim and Choi (2014). EHMC has been found in slightly higher
concentrations; Kameda and collaborators found concentra-
tions up to 1,040 ng L™" in highly polluted rivers in Japan
(Kameda et al. 2011). It was reported by Diaz-Cruz et al.
(2012) that concentration of BP-3 and EHMC were up to 295
and 256 ng L™, respectively, in the public water supply. These
literature values are comparable to the values obtained for river
water and drinking water in this study.

BP-3, EHMC, and OC are the UV filters most used in
PCPs. BP-3 is the most polar, which is possibly why it occurs
with the highest frequency in the samples studied. BP-3 was
quantified in Araraquara during almost every sample period
(March 2013 to February 2014) except only May, June, July,
and August 2013. BP-3 was quantified in Bauru during April
and May 2013; in Sao Carlos, only in June 2013; and
in Jau during March, April, and June 2013. EHMC was
quantified in Araraquara only in September 2013,
January 2014, and February 2014; and it was quantified
in Sdo Carlos in June 2013. The other two UV filters
(ES and OC) were below quantifiable levels, although
they were detected. Figure 2 shows (1) a chromatogram
of the SPE products and the GC-MS/MS analysis for the
UV filters at the limit of quantification and (2) a chromato-
gram of the SPE products and the GC-MS/MS analysis for the
UV filters in river water from the Araraquara WTP in January
2014.

The high concentrations of EHMC and OC in August in
Bauru, Jau, and Trabiju might be explained by contamination
during the collection and/or extraction of the sample.
Although these compounds were detected (below the LOQ)
in previous months, these values appear to be discordant with
others from the same sampling sites Even if their coefficients
of variation are excellent, the values are suspect because these
analytes were detected in Bauru, Jau, and Trabiju at similar
concentrations. Because the samples from the three munici-
palities were collected on the same day and also processed
together, the possibility of contamination cannot be discarded.
Contamination was also not confirmed because an entire
cleaning procedure of glassware and materials was conducted,

Table 4 Summary of the

measured concentrations of UV Sample Maximum Maximum Country Reference

filters in river water and tap water concentration concentration

(gL of BP-3(ng L")  of EHMC (ng L")
River water 44 101 Brazil This article
Drinking water 105 75 Brazil This article
River water 114 88 Slovenia Cuderman and Heath (2007)
River water 30 21 Spain Rodil and Moeder (2008)
River water 52 - Spain Negreira et al. (2009)
River water <LOQ <LOQ Australia Liu et al. (2011)
River water 12 1040 Japan Kameda et al. (2011)
River water n.d. n.d. Singapore Zhang and Lee (2012)
Tap water 295 256 Spain Diaz-Cruz et al. (2012)
River water 69 10 Italy Magi et al. (2012)
River water and 38 - Spain Gago-Ferrero et al. (2013)

groundwater

River water 15 - Taiwan Wu et al. (2013)
Tap water n.d. n.d. Singapore Zhang and Lee (2013)
Groundwater 19 - Spain Jurado et al. (2014)

<LOQ below the limit of quantification, n.d. not detected, — not studied
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in addition to care with the use of gloves during the procedure
for separation of the glassware for the collection until the
moment of injections.

In Araraquara, the sampling was performed over one year
period (March 2013 to February 2014), so in that municipal-
ity, the seasonal occurrence of BP-3 was evident, as shown in
Fig. 3. It should be noted that during winter time (May—
August) UV filters were not quantifiable probably because
of the lower consumption of sunscreens in the winter season.

Figure 3 indicates a lower concentration of BP-3 in chlori-
nated water samples compared to treated and river samples,
probably because of the chlorination of the aromatic ring of
the BP-3 (Negreira et al. 2008). However, the concentration in
chlorinated water is only slightly lower than in treated and
river water. It is suggested that the water treatment procedure
used was not sufficient to eliminate these substances
from the drinking water. This finding is disturbing because
BP-3 has often been reported as an endocrine disruptor (Fent
et al. 2008), inducing hormonal activity in vitro and in vivo.
Benzophenones have been associated with the induction of
vitellogenin, alterations in the gonads, a reduction in fertility
and reproduction, and feminization of sexual characteristics in
male fish (Diaz-Cruz and Barcelo 2009).

g river water

BP-3 (Araraquara city)
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| //.
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Fig.3 Average monthly concentration (n=3) of BP-3 in river water (€),
treated water (@), and chlorinated water (4,) in the Araraquara WTP
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Despite the low concentration found in this work for natu-
ral water analysis, to achieve a more complete environmental
risk analysis discussion is mandatory to include UV filters
determination in other environmental compartments as sedi-
ment and water particulate matter. On the other hand, in the
literature, conclusive studies regarding the temporal effects of
environmentally relevant concentrations are absent. However,
even at very low concentrations, long-term exposure can pres-
ent deleterious effects (Diaz-Cruz and Barcelo 2009).
Additionally, the propensity for rapid accumulation of these
substances and their potential combined effects should not be
neglected because they are introduced into the environment
daily in a mixture with other compounds. All these issues
clearly indicate the need for further studies to evaluate the
environmental occurrence and fate of UV filters, as well as
toxicological and ecotoxicological studies (which are current-
ly lacking) that can support the worldwide environmental reg-
ulation of these compounds.

Conclusions

UV filters were found in low concentrations in raw water and
in the public water supply from treatment plants in the
UWRM-13. All of UV filters studied were detected at some
point during the study, both in the raw water and the
drinking water, but only BP-3 (18-115 ng L") and EHMC
(55-101 ng L") were found in quantifiable concentrations.
The concentrations of BP-3 increased during the summer,
most likely due to direct and indirect environmental input.
Although the concentrations found were low (in nanograms
per liter level), it does not indicate that these substances are not
liable to cause environmental or human damage because safe
environmental or human exposure levels for these compounds
have not yet been determined. Additionally, this is the first
report of these compounds in Brazil, but only water samples
were analyzed. The physicochemical properties of some of
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these compounds indicate a high potential for accumulation in
particulate matter, sediments and even in the biota.

The occurrence and quantification of UV filters in drinking
water raises the question about the safe levels of these sub-
stances, indicating the need for improved water treatment pro-
cesses for their removal. Thus, our results contribute to a dis-
cussion about the improvement of the water and sewage treat-
ment in Brazil, as well as the development of global environ-
mental legislation regarding emerging contaminants.
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Abstract

AIMS:

Topical sunscreens are routinely applied to the skin by a large percentage of the
population. This study assessed the extent of absorption of a number of common
chemical sunscreen agents into and through human skin following application of
commercially available products.

METHODS:

Sunscreen products were applied to excised human epidermis in Franz diffusion cells
with the amount penetrating into and across the epidermis assessed by h.p.l.c. for 8 h
following application.

RESULTS:

All sunscreen agents investigated penetrated into the skin (0.25 g m-2 or 14% of
applied dose), but only benzophenone-3 passed through the skin in significant
amounts (0.08 g m-2 or 10% of the applied dose). With one exception, suncreen
agents in corresponding products marketed for adults and children had similar skin
penetration profiles.

CONCLUSIONS:

Whilst limited absorption across the skin was observed for the majority of the
sunscreens tested, benzophenone-3 demonstrated sufficiently high penetration to
warrant further investigation of its continued application.
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Systemic absorption of the sunscreens benzophenone-3, octyl-methoxycinnamate, and
3-(4-methyl-benzylidene) camphor after whole-body topical application and
reproductive hormone levels in humans.
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Abstract

Recent in vitro and animal studies have reported estrogen-like activity of chemicals
used in sunscreen preparations. We investigated whether the three sunscreens
benzophenone-3 (BP-3), octyl-methoxycinnamate (OMC), and 3-(4-
methylbenzylidene) camphor (4-MBC) were absorbed and influenced endogenous
reproductive hormone levels in humans after topical application. In this 2-wk single-
blinded study 32 healthy volunteers, 15 young males and 17 postmenopausal females,
were assigned to daily whole-body topical application of 2 mg per cm(2) of basic
cream formulation without (week 1) and with (week 2) the three sunscreens at 10%
(wt/wt) of each. Maximum plasma concentrations were 200 ng per mL BP-3, 20 ng
per mL 4-MBC, and 10 ng per mL OMC for females and 300 ng per mL BP-3, 20 ng per
mL 4-MBC, and 20 ng per mL OMC for men. All three sunscreens were detectable in
urine. The reproductive hormones FSH, LH were unchanged but minor differences in
testosterone levels were observed between the 2 wk. A minor difference in serum
estradiol and inhibin B levels were observed in men only. These differences in
hormone levels were not related to sunscreen exposure.
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Benzophenone (BP)-type UV (ultraviolet) filters, especially 2-hydroxy-4-methoxybenzophenone
(20H-4MeO-BP), are widely used in the U.S., to protect the skin and hair from UV irradiation.
Despite human exposures to UV filters through the dermal application of products containing
sunscreen agents, few studies have examined the occurrence of UV filters in humans. Thus far, few
sensitive methods are available for the determination of 20H-4MeO-BP in human urine. Furthermore,
methods for the determination of other BP derivatives, including 2,4-dihydroxybenzophenone
(2,40H-BP), which is formed from 20H-4MeO-BP via metabolic activities of the cytochrome P450
enzymes, have not been available. In this study, we have developed a method for the analysis of

five BP derivatives: 20H-4MeO-BP, 2,40H-BP, 2,2’-dihydroxy-4-methoxybenzophenone
(2,2’0H-4MeO-BP), 2,2’ 4,4 -tetrahydroxybenzophenone (2,2',4,4 OH-BP), and
4-hydroxybenzophenone (4OH-BP) in human urine, using liquid-liquid extraction and liquid
chromatograph (LC)-tandem mass spectrometer (MS/MS) analysis. The instrumental calibration range
for each of the BP derivatives ranged from 0.05 to 100 ng ml~', and showed excellent linearity (r > 0.99).
The respective limits of detection (LODs) and limits of quantification (LOQs) were determined to be
0.082 and 0.28 ng ml~! for both 2,40H-BP and 4OH-BP; 0.13 and 0.44 ng ml~! for 2,2’OH-4MeO-BP;
and 0.28 and 0.90 ng ml~! for both 20H-4MeO-BP and 2,2',4,4 OH-BP. Recoveries of BP derivatives
through the entire analytical procedure were between 85.2 and 99.6%. The coefficients of variation
(CVs) of five replicate analyses within 1 day, and across 5 days, were respectively 1.4 and 3.7% for
2,40H-BP; 1.7 and 3.0% for 20H-4MeO-BP; and 2.8 and 4.5% for 4OH-BP. When BP derivatives
were determined in urine samples from 23 U.S. (Albany, New York) and 22 Japanese (Matsuyama,
Ehime) volunteers, higher concentrations of 2,40H-BP, 20H-4MeO-BP, and 4OH-BP were found in
samples collected from females in the Albany cohort, probably reflecting great usage by U.S. females.
The urine sample from a known sunscreen user contained very high concentrations of 2,40H-BP and
20H-4MeO-BP. 2,2/ 4,4/ OH-BP and 2,2’OH-4MeO-BP were not detected in any of the urine samples
analyzed. Our results indicate considerable exposure to highly estrogenic 2,40H-BP and
20H-4MeO-BP by females in the U.S., and suggest the need for further studies on potential health

effects.

1. Introduction

For the protection of skin and hair from ultraviolet (UV) irra-
diation, organic chemicals that can absorb the UV radiation and
attenuate the negative effects have been used in a variety of
personal care products; those chemicals are commonly referred
to as UV filters. UV filters enter the aquatic environment either
directly, via wash-off from skin and clothes during water recre-
ational activities, or indirectly, via discharges of sewage and
swimming pool waters. UV filters have been detected in
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environmental matrices such as water, soil, and sediment
samples.! A few investigations on experimental animals have
indicated that some organic UV filters possess significant estro-
genic effects.”

In the U.S., 2-hydroxy-4-methoxybenzophenone (20H-
4MeO-BP or BP-3), a benzophenone (BP) derivative, is widely
used in a variety of cosmetic products as a UV filter, and it is also
used as a UV stabilizer in plastic surface coatings, to prevent
photodegradation of polymers or foods.®> Human exposures to
20H-4MeO-BP can be through the dermal and oral routes.
When sunscreen lotion containing 20H-4MeO-BP was applied
to human skin, significant amounts of this chemical penetrated
the epidermal barrier, and 1-2% of the amount applied on the
skin was absorbed in the bloodstream within 10 h.* In addition,
20H-4MeO-BP has been shown to penetrate human skin more
readily than do other sunscreen agents.>® Further, 20H-4MeO—
BP has shown weak estrogen-like activity in vitro and in vivo>"°
and antiandrogenic activity in vitro;'®' thus it is a potential
endocrine-disrupting compound.
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Fig. 1 Chemical structures of the benzophenone-type UV filters
analyzed in this study. *Metabolic pathway of BP-3 was suggested from
some experimental studies (The thickness of arrows indicates that BP-1 is
mainly formed from BP-3).

It has been reported that, in rats and piglets, 20H-4MeO-BP is
metabolized to 2,4-dihydroxybenzophenone (2,40H-BP or BP-1)
and 2,2'-dihydroxy-4-methoxybenzophenone (2,2’ OH-4MeO-BP
or BP-8), compounds that are also used in cosmetic products as
sunscreen agents'>?*s (see Fig. 1). Interestingly, there is evidence
that 2,40H-BP possesses an estrogenic activity higher than that of
20H-4MeO-BP,”*1316 and it can also display antiandrogenic
activity® in vitro. Additive estrogenic effects of 2,40H-BP and
20H-4MeO-BP, on pS2-gene transcription in MCF-7 cells, have
been reported.!” In addition, other BP derivatives, such as 2,2',4,4'-
tetrahydroxybenzophenone (2,2',4,4OH-BP or BP-2) and 4-
hydroxybenzophenone (4OH-BP), have been shown to have
estrogenic activities higher than that of 20H-4MeO-BP.”*
Nevertheless, information regarding occurrence of BP derivatives
in humans is scarce, except for 20H-4MeO-BP.

20H-4MeO-BP has been recently analyzed in water,'®2° fish,®
and human urine,*2* using liquid chromatograph (LC) - UV
detection, gas chromatograph (GC) - mass spectrometer (MS) and
LC - tandem mass spectrometer (MS/MS). Jeon et al.*® detected
20H-4MeO-BP, 2,40H-BP, and 2,2’ OH-4MeO-BP in water, soil,
and sediment samples using GC-MS. Felix et al.*® measured 20H-
4MeO-BP, 2,40H-BP, and 2,20H-4MeO-BP in urine from
a person using sunscreen product that contained 20H-4MeO-BP;
20H-4MeO-BP was detected in the urine, while 2,40H-BP was not
resolved adequately, and no peak was found for 2,2’ OH-4MeO-BP.
Thus, more selective and sensitive analytical methods are needed for
the determination of BP derivatives in human specimens.’

In this study, we have developed a method for the determi-
nation of five BP derivatives, namely, 20H-4MeO-BP; 2,40H-
BP; 2,2’0H-4MeO-BP; 2,2/.4,40OH-BP; and 40H-BP, in
human urine, using LC-MS/MS. The chemical structures of the
five BP derivatives are shown in Fig. 1. We believe that urine is
a useful matrix for the biomonitoring of human exposure to BP
derivatives, for the following reasons: polar metabolites are
readily excreted in urine, concentrations of the polar compounds
are generally higher in urine than in other biological matrices,

and collection of urine is relatively easier than is the case for
other matrices.

2. Experimental
2.1. Chemicals and reagents

20H-4MeO-BP (purity: 98%), 2,40H-BP (purity: 99%), 2,2’OH-
4MeO-BP (purity: 98%), 2,2',4,4 OH-BP (purity: 97%), 4OH-BP
(purity: 98%), deuterated bisphenol-A (d;s-BPA), 4-methyl-
umbelliferone, 4-methylumbelliferyl B-glucuronide, and B-glucu-
ronidase/sulfatase (Type HP-2, from Helix pomatia, =100,000
units/ml glucuronidase and =7,500 units/ml sulfatase) were
purchased from Sigma-Aldrich (St. Louis, MO). Analytical grade
methanol (MeOH), methyl ferz-butyl ether (MTBE), and ammo-
nium acetate were obtained from Mallinckrodt Baker Inc. (Phil-
lipsburg, NJ), and ethyl acetate was from Honeywell International
Inc. (Morristown, NJ). Deionized (DI) water was generated with
a NANOpure Diamond ultrapure water system (Barnstead
International, Dubuque, IA), and had a resistance of 18.2 MQ cm.

2.2. Standard solution

Stock solutions of BP derivatives, ds-BPA, 4-methyl-
umbelliferone, and 4-methylumbelliferyl B-glucuronide were
prepared at 1 mg ml™', using MeOH, and were then stored at
—20 °C in a dark room. The calibration standards, ranging in
concentration from 0.05 to 100 ng ml~!, were prepared from the
stock solution through dilution with MeOH, whenever a new
batch of samples was injected into the LC-MS/MS (i.e., every
5 days). Solution at 10 ng ml~' and 500 ng ml~! of d;-BPA,
50 ng ml~' (283.82 nM) of 4-methylumbelliferone, and 10 pg ml !
(28.385 uM) of 4-methylumbelliferyl B-glucuronide were made
from each of the stock solutions, to check recoveries and
deconjugation efficiencies. As described later, 100 ng (10 pl of
10 ppm solution) of 4-methylumbelliferyl B-glucuronide was
spiked into each urine sample, and the final volume prior to
LC-MS/MS analysis was set at 1 ml. The molarity of 4-methyl-
umbelliferone deconjugated from 4-methylumbelliferyl B-glucu-
ronide was calculated as 283.85 nM.

2.3. Sample collection

In this study, we analyzed 52 urine samples (50-200 ml) that were
stored at —20 °C at the New York State Department of Health
(NYSDOH); the samples had been collected during February-
March 2005 from two cohorts: scientists, students, and office
workers at Wadsworth Center of NYSDOH, located in Albany,
New York, USA (male: n = 14 [24-63 years old], female: n = 6
[23-45 years old]); and a similar group of subjects at Center for
Marine Environmental Studies (CMES), Ehime University,
located in Matsuyama, Japan (male: n = 19 [22-55 years old],
female: n = 13 [21-36 years old]). Information on use of
sunscreen was not available for these 52 subjects. We also
obtained urine samples (50 ml) from three NYSDOH scientists in
September 2009: a sunscreen user (male; 47 years old) and two
non-sunscreen users (male; 52 years old, female; 48 years old).
Each sample was collected in a 50-ml polypropylene (PP) conical
tube and stored at —20 °C until analysis. The samples were
devoid of any personal identifiers. Institutional Review Board
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Table 1 MS/MS parameters optimized for analysis of five benzophenone-type UV filters

20H-4MeO-BP 240H-BP 2,2’0OH-4MeO-BP 2,2'.4,40OH-BP 40H-BP
Curtain Gas (CUR) 10 10 20 15 10
Collision Gas (CAD) 6 7 7 7 7
IonSpray Voltage (IS) —4500 —4000 —4000 —4000 —4000
Temp (TEM) 400 400 400 400 400
Ion Source Gas 1 (GSI1) 50 50 50 50 50
Ton Source Gas 2 (GS2) 60 60 60 60 60
Declustering Potential (DP) =25 -30 -25 -25 -30
Focusing Potential (FP) —400 —400 —-300 —400 —-400
Entrance Potential (EP) -10 -10 -9 -9 —10
Collision Energy (CE) -30 —40 —40 —40 —40
Collision Cell Exit Potential (CXP) =7 -5 -5 -5 =5

approvals were obtained from NYSDOH for the analysis of
urine samples.

2.4. Sample preparation

Urine samples were removed from the —20 °C freezer and thawed
overnight at4 °C. A 500-pl or 100-ul (for a sunscreen user) aliquot
of urine was transferred into a 15-ml PP tube, using a tip ejector
variable volume micropipetter. Then, 10 ng (20 ul of 500 ppb
solution) of d;6-BPA and 100 ng (10 pl of 10 ppm solution) of 4-
methylumbelliferyl B-glucuronide were spiked as internal and
deconjugation standards, respectively. After gentle mixing, 300 pl
of B-glucuronidase/sulfatase buffer, which contains 2 pl enzyme
and 1 ml of 1.0 M ammonium acetate, was added. After vortex
mixing, the sample was incubated overnight at 37 °C. Then, 3 ml
of 50% MTBE/ethyl acetate was added, shaken for 30 min using
a reciprocating shaker, and centrifuged at 3,000 g for 2 min. The
organic phase, containing BP derivatives, was transferred into
a new 15-ml PP tube, and the aqueous phase was extracted one
more time with 3 ml of 50% MTBE/ethyl acetate. The organic
phases were combined, evaporated to near-dryness using N», and
redissolved with 1 ml of MeOH. After sonication for 10 s and
centrifugation at 3,000 g for 2 min, the solution was transferred to
a 1.5-ml amber vial for LC-MS/MS analysis.

2.5. LC-MSI/MS conditions

An API 2000 electrospray triple quadrupole mass spectrometer
(ESI-MS/MS; Applied Biosystems, Foster City, CA) equipped
with an Agilent 1100 Series HPLC system (Agilent Technologies
Inc., Santa Clara, CA) was used for the measurement of BP
derivatives. The negative ion multiple reaction monitoring
(MRM) mode was used, and the MRM transitions monitored

Table 2 HPLC gradient parameters optimized for analysis of benzo-
phenone derivatives

Time/min

1.5 5 6 7 11.5
Mobile phase A (%) 15 80 80 90 90
Mobile phase B (%) 85 20 20 10 10

Mobile phase A: MeOH

Mobile phase B: deionized water
Injection volume: 10 ul

Flow rate: 300 pul min~!

were 227>211 (confirmation ion: 183) for 20H-4MeO-BP,
213>91 (65) for 2,40H-BP, 243>93 (108) for 2,2’ OH-4MeO—
BP, 245>91 (109) for 2,2',4,4’0OH-BP, and 197>92 (120) for
40H-BP. Nitrogen was used as both curtain and collision gas.
MS/MS parameters were optimized for each BP derivative, by
infusion of 1 ug ml~'-standard solution. The optimized MS/MS
parameters for BP derivatives are summarized in Table 1. The
MRM transitions monitored for d;s-BPA and 4-methyl-
umbelliferone were 241>142 and 175>119, respectively.

2.6. LC-MS/MS procedure

Ten microlitres of urine extract were injected onto a Thermo
BETASIL C18 (100 mm length x 2.1 mm internal diameter,
5 um particle diameter) chromatographic column serially con-
nected with a guard column (20 x 2.1 mm, 5 pm; Thermo
Electron Co., Bellefonte, PA), at a flow rate of 300 ul min~"'. The
mobile phase was MeOH (solvent A) and deionized water
(solvent B); the gradient parameters are shown in Table 2.

2.7. Data analysis

The analytes were quantified from an external calibration
curve prepared at concentrations ranging from 0.05 to
100 ng ml~', when the retention times of BP derivatives in
urine matched those of the standards within +0.05 min. If

Table 3 Recoveries (n = 3) of benzophenone (BP) derivatives through
the entire analytical procedure, after spiking of either of two concentra-
tions (1.0 and 10 ppb) of BP derivatives into a urine sample

Added Mean Recovery

amount/ng ml~' value (SD) (%) CV (%)
2,2'.4,40H-BP 0 <LOD

1 0.946 (0.02) 94.6 2.1

10 9.16 0.1) 91.6 1.1
2,2’0OH-4MeO-BP 0 <LOD

1 0.852  (0.05) 85.2 5.9

10 8.56 (0.24) 85.6 2.8
2,40H-BP 0 <LOD

1 0.991 (0.01) 99.1 1.0

10 9.84  (0.25) 98.4 2.5
20H-4MeO-BP 0 <LOD

1 0.873 (0.02) 87.3 2.3

10 8.78 (0.1) 87.8 1.1
40H-BP 0 <LOD

1 0.996 (0.01) 99.6 1.0

10 9.52 (0.05) 95.2 0.53
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concentrations of BP derivatives in urine were above
100 ng ml™!, the sample was re-analyzed using a smaller
volume (100 pl). In this study, the urine sample from one
sunscreen user had to be re-analyzed for 20H-4MeO-BP and
2,40H-BP due to high concentration (i.e., further dilutions
were needed). Data processing was performed with the Analyst
1.4.1 software package. Statistical analyses were conducted
with Statistica V. 06J (StatSoft Inc., Tulsa, OK). The statis-
tical significance of differences in concentrations of BP deriv-
atives, between the 20 U.S. male and female samples collected
in 2005, was evaluated by Mann-Whitney U test. Samples with
concentrations less than the limit of detection (LOD) were
treated as the LOD value, for the statistical analysis. A p value
<0.05 was considered significant.

3. Results and discussion

3.1. Instrumental calibration and limit of detection

Calibration standards injected at eight different concentrations,
ranging from 0.05 to 100 ng ml~!, for each of the BP derivatives
showed excellent linearity (» > 0.99). When 10 pl of 0.05 ng m1™!
(i.e., 0.5 pg of 2,40H-BP and 4OH-BP) or 10 pl of 0.1 ng ml™'
(ie., 1.0 pg of 20H-4MeO-BP, 2,2’0H-4MeO-BP, and
2,2'.4,4OH-BP) standard was injected, the signal to noise (S/N)
ratio was 3.0 for 2,40H-BP and 2,2',4,4OH-BP; 3.3 for 4OH-
BP and 20H-4MeO-BP; and 5.0 for 2,2’OH-4MeO-BP. Thus,
the instrumental detection limits were in the range of 0.5-1.0 pg.
The LOD and LOQ values for the analytical method were
determined based on the standard deviations of six replicate
analyses, using the lowest calibration standard, i.e., 0.05 ng ml™*
for 2,40H-BP and 4OH-BP, and 0.1 ng ml~' for 20H-4MeO-
BP, 2,220H-4MeO-BP, and 2,2'.4,40OH-BP. The LOD and
LOQ values were calculated as 3S and 10, respectively, where S
is the standard deviation. The calculated LOD and LOQ values
were, respectively, 0.041 and 0.14 ng ml~! for both 2,4O0H-BP
and 4OH-BP; 0.067 and 0.22 ng ml~! for 2,2’OH-4MeO-BP;
and 0.14 and 0.45 ng ml™' for both 20H-4MeO-BP and
2,2',.4, 4 OH-BP. Because of the 2—fold dilution of the sample in
the analytical procedure, the actual LOD and LOQ values for
urine samples analyzed in this study were 0.082 and 0.28 ng m1™!
for both 2,40H-BP and 4OH-BP; 0.13 and 0.44 ng ml~! for
2,2’0H-4MeO-BP; and 0.28 and 0.90 ng ml~' for both 20H-
4MeO-BP and 2,2',4,4 OH-BP.

3.2. Analytical accuracy and precision

A recovery test was conducted, through spiking of two concen-
trations (1.0 and 10 ppb) of each of five BP derivatives into
a urine sample that had been found not to contain any of the
target compounds. The spiked urine sample was passed through
the entire analytical procedure. The recoveries of five BP deriv-
atives in urine were between 85.2 and 99.6%, and the coefficients
of variation (CVs) of triplicate analyses were between 0.53 and
5.9% (Table 3). In addition, variations in the responses of BP
derivatives within a day and between 5 days were checked by
replicate analyses of a U.S. urine sample collected in 2005 that
had been found to contain 2,40H-BP, 20H-4MecO-BP, and
40H-BP. Respective CVs of five replicates within a day and
between 5 days were 1.4 and 3.7% for 2,40H-BP, 1.7 and 3.0%
for 20H-4MeO-BP, and 2.8 and 4.5% for 4OH-BP (Table 4).
These results suggest that the analytical method developed for
the analysis of five BP derivatives in urine provides adequate
accuracy and precision.

When BP derivatives were analyzed in 55 urine samples from
the U.S. and Japan, d;5-BPA was used as an internal standard, as
reported in earlier studies on 20H-4MeO-BP in urine; *Cy,-
BPA has been used in those studies.?’>® Recoveries of d;s-BPA
spiked into urine samples, in our study, were between 78.5 and
96.0%. Deconjugation efficiencies, as estimated from the
concentrations of 4-methylumbelliferone, were nearly 100%. No
BP derivatives were detected in procedural blanks, which con-
sisted of solvents and reagents passed through the entire
analytical procedure.

3.3. Benzophenone-type UV filters in human urine

Typical chromatograms of BP derivatives detected in human
urine and standard solutions are shown in Fig. 2. 2,2’ 4,4/ OH-BP
and 2,2’0OH-4MeO-BP were not detected in any of the urine
samples analyzed. Detection frequencies of 2,40H-BP, 20H-
4MeO-BP, and 4OH-BP in urine samples collected in February-
March 2005 are shown in Fig. 3.

2,40H-BP, 20H-4MeO-BP, and 4OH-BP were respectively
detected in 100%, 66.7%, and 33.3% of the urine samples from
females, and in 42.6%, 21.4%, and 7.1% of the urine samples
from males, in Albany, New York (Fig. 3). Concentrations of BP
derivatives in urine samples from females were significantly
higher than those in males (p<0.05). This suggests higher expo-
sures in females than in males and can be attributed to higher

Table 4 Within-day and between-day variations in determinations of 2,40H-BP, 20H-4MeO-BP, and 4OH-BP, by replicate analyses of a urine

sample

Within-day precision (n = 5) Between-day precision (1 run per day for 5 days)

2,40H-BP 20H-4MeO-BP 40H-BP 2,40H-BP 20H-4MeO-BP 40H-BP
1 49 7.1 0.82 4.6 7.3 0.76
2 4.9 7.2 0.79 49 6.8 0.77
3 49 7.0 0.78 4.5 6.8 0.76
4 4.8 7.0 0.82 4.6 7.0 0.84
5 4.9 7.2 0.78 44 6.8 0.76
Average 4.9 7.1 0.80 4.6 6.9 0.78
SD 0.067 0.12 0.023 0.17 0.21 0.035
CV (%) 1.4 1.7 2.8 3.7 3.0 4.5
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Fig. 2 Chromatograms of BP derivatives detected in human urine and in a standard solution.

usage of both sunscreen products and also other cosmetic
products containing UV filters by females. Among 32 Japanese
urine samples analyzed, only 2,40H-BP was found in only two
samples from females (15.4%); no samples from males had any
detectable concentrations (Fig. 3). These results indicate that the
U.S. females are exposed to relatively high concentrations of BP

derivatives. Although published data for 2,4OH-BP and 4OH-
BP are not available, geometric mean concentration of 20H—
4MeO-BP in 2517 urine samples collected from the U.S. general
population (= 6 years of age), as part of the 2003—2004 National
Health and Nutrition Examination Survey, was 22.9 ng ml™’
(range: 0.4-21700 ng ml').>* Concentrations of this BP
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derivative in females were significantly higher than in males in
that study, indicating probable differences in the use of personal
care products containing 20H-4MeO-BP.> Concentrations of
20H-4MeO-BP in all of the urine samples from Albany that
were analyzed in the present study were lower than the U.S. mean
value of 22.9 ng ml™' reported earlier.?* This difference could be
ascribable in part to seasonal variations in personal exposure to
BP derivatives. Wolff ez al.*>” measured concentrations of 20H—
4MeO-BP in urine collected from 90 girls (6.4-9.2 years old) in
New York City (NY), Cincinnati (OH), and northern California.
20H-4MeO-BP concentrations ranged from <0.2 to 26700 ng
ml~' and were significantly higher in samples collected in summer
than in other seasons.”” We analyzed BP derivatives in urine
collected from a male sunscreen user and two non-sunscreen
users, in September 2009, and found notably high concentrations
of 20H-4MeO-BP and 2,40H-BP in urine from the sunscreen
user (Table 5), indicating that sunscreen products are one of the
major exposure sources of BP derivatives in humans.
Concentrations of 2,4OH-BP in urine were comparable to
those of 20H-4MeO-BP (Fig. 3 and Table 5). This observation
can be attributed to the formation of 2,40H-BP from 20H-
4MeO-BP via metabolic activities of cytochrome P450 enzymes,

Table 5 Concentrations (ng ml~') of BP derivatives in urine collected
from a sunsceen user and two non-sunsceen users in September 2009
(Albany, NY)

20H- 2,40H- 40H- 2,2’0OH- 2,2'.4,4OH-
4MeO-BP BP BP 4MeO-BP BP
Sunscreen user
Male (47)° 330 250 1.53 <LOD <LOD
Non user
Male (52)° <LOD 0.39 <LOD <LOD <LOD
Female (48) <LOD 0.33 0.37 <LOD <LOD

“ Numbers in parentheses denote age (in years).

through the use of personal care products; the latter BP derivative
is also present in some U.S. cosmetics, although the frequency of
use of this compound is much lower than that of 20H-4MeO-
BP.?8 In a skin absorption study,* sunscreen lotion containing
20H-4MeO-BP was applied to the skin of three female volun-
teers; the major metabolite in the urine was found to be 2,40H-
BP. It has also been reported that 20H-4MeO-BP is metabolized
principally to 2,40H-BP, in rats'>'* and piglets."® There is
evidence that 2,40H-BP possesses higher estrogenic activity than

although humans can also be exposed to 2,40H-BP directly, does 20H-4MeO-BP,”'*1¢ indicating that hydroxylated
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Fig. 3 Detection frequencies of BP derivatives in urine samples collected from subjects in Albany, New York and in Matsuyama, Japan, during

February-March 2005.
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intermediates (such as 2,40H-BP) can be potent xenoestrogens.
Oral administration of 20H-4MeO-BP to rats showed that the
metabolite, 2,40H-BP, decreased much more slowly in rat blood
than did its parent compound, indicating that the metabolites can
be retained in the body for a long time.** 4OH-BP detected in the
present study could have been formed through oxidative metab-
olism of BP, but information on the use of 4OH-BP in personal
care products, and evidence of its formation from 20H-4MeO-
BP and 2,40H-BP are lacking. BP has been reported to be
metabolized to 4OH-BP, following incubation with rat hepato-
cytes®® and in an in vivo study." The hydroxylated metabolite
acted as a weak xenoestrogen on MCF-7 cells.*®

4. Conclusions

We have developed a reliable LC-MS/MS method for the
measurement of five BP derivatives, namely, 20H-4MeO-BP,
2,40H-BP, 2,2’ O0H-4MeO-BP, 2,2'.4,4 OH-BP, and 4OH-BP,
in human urine. 20H-4MeO-BP, 2,4O0H-BP, and 4OH-BP
were detected in the samples analyzed; concentrations of 2,40H—
BP were comparable to those of 20H-4MeO-BP. Concentra-
tions of the remaining two analytes, 2,2’OH-4MeO-BP and
2,2",4,4OH-BP, were below the limit of detection in all of the
samples analyzed. Considering that elevated concentrations of
20H-4MeO-BP and 2,40H-BP found in the urine from
a known sunscreen user sampled in late summer (September
2009) and considering that 2,40H-BP possesses a higher estro-
genic activity than does 20H-4MeO-BP, comprehensive inves-
tigations on human exposures to not only 20H-4MeO-BP but
also its metabolite, 2,40H-BP, are needed, especially for females
and during the summer months.
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ABSTRACT: Puerto Rico has higher rates of a range of
endocrine-related diseases and disorders compared to the
United States. However, little is known to date about human
exposures to known or potential endocrine disrupting
chemicals (EDCs) in Puerto Rico. We recruited 105 pregnant
women in Northern Puerto Rico who provided urine samples
and questionnaire data at three times (18 & 2, 22 + 2, and 26
+ 2 weeks) during gestation. We measured the urinary
concentrations of five phenols and three parabens: 24-
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dichlorophenol (24-DCP), 2,5-dichlorophenol (25-DCP), benzophenone-3 (BP-3), bisphenol A (BPA), triclosan (TCS),
butyl paraben (B-PB), methyl paraben (M-PB), and propyl paraben (P-PB). The frequent detection of these chemicals suggests
that exposure is highly prevalent among these Puerto Rican pregnant women. Urinary concentrations of TCS, BP-3, and 25-DCP
were higher than among women of reproductive age in the US general population, while concentrations of BPA, 24-DCP, and
parabens were similar. Intraclass correlation coefficients (ICC) varied widely between biomarkers; BPA had the lowest ICC
(0.24) and BP-3 had the highest (0.62), followed by 25-DCP (0.49) and TCS (0.47). We found positive associations between
biomarker concentrations with self-reported use of liquid soap (TCS), sunscreen (BP-3), lotion (BP-3 and parabens), and
cosmetics (parabens). Our results can inform future epidemiology studies and strategies to reduce exposure to these chemicals or

their precursors.

B INTRODUCTION

There is growing evidence that exposure to endocrine
disrupting chemicals (EDCs) may contribute to various
human diseases and disorders, such as adverse pregnancy
outcomes, altered reproductive development or function,
hindered brain development, obesity, and increased risk of
metabolic syndrome and diabetes."”” In the past two decades,
Puerto Rico has experienced a steep increase in the rate of
preterm birth, where rates have gone from being similar to the
US average in the 1990s (12%) to now being the highest (18%)
among all US states and territories.>* As a nation, Puerto Rico
would have the third highest preterm birth rate worldwide
behind only Malawi and Congo.” Compared to the United
States, Puerto Rico also has higher rates of childhood obesity
and asthma®™® as well as of obesity, metabolic syndrome, and
diabetes in adults.”'® There is some evidence for widespread
endocrine disruption on the island, manifested in the form of
elevated rates of developmental anomalies such as premature
thelarche.''> However, little is known to date about human
exposures to EDCs in Puerto Rico.

-4 ACS Publications  © 2013 American Chemical Society
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Exposure to certain phenols (or their precursors) and
parabens is widespread in the United States based on the
detection of urinary biomarkers of exposure to these chemicals
in virtually everyone tested in the National Health and
Nutrition Examination Survey (NHANES), a large-scale study
representative of the US population.®> Use of consumer and
personal care products are thought to contribute to exposure,
but this remains unclear due to the lack of research to date.
Among the environmental phenols, BPA represents the most
studied. It is used in the manufacture of polycarbonate plastics
and epoxy resins and may be found in a range of consumer
products as well as in canned and other foods. The primary
pathway of exposure for most people is likely through the diet,
though other sources and pathways are possible.'* BPA is
weakly estrogenic, but may impact multiple endocrine-related
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pathways, and has been associated with a range health effects in
animal and human studies.">'® Triclosan (TCS) is used as a
preservative and antiseptic agent added to a range of products
including soaps, toothpaste, mouthwash, and other personal
care products."” This widespread use has resulted in
contamination of the aquatic environment through residential
wastewaters; TCS can also be further transformed into other
toxic chemicals."®'” TCS has demonstrated effects on thyroid
function and possibly reproduction in animal studies,"” but
there have been very few human studies. Benzophenone-3 (BP-
3) is a UV filter and stabilizer used in sunscreens, lotions,
conditioners, cosmetics, and plastics, which, like TCS, has led
to its detection in surface and drinking waters."> It has been
shown to be weakly estrogenic and antiandrogenic and/or
impact thyroid function in experimental research, but human
studies of BP-3 are also lacking.*’

Dichlorophenols are also prevalent in human urine
samples.'® 2,4-Dichlorophenol (24-DCP) is a minor metabolite
of the common herbicide 2,4-dichlorophenoxyacetic acid (2,4-
D) and other environmental chemicals (including TCS™'),
while 25-DCP is a metabolite of 1,4-dichlorobenzene
(paradichlorobenzene) that has been used in moth balls, as a
room/toilet deodorizer and previously as an insecticide.'®
Urinary 25-DCP (but not 24-DCP) was associated with obesity
in children*” and with age at menarche in adolescent girls*® in
recent reports utilizing NHANES data. Inverse associations
between 25-DCP and infant birth weight, particularly among
male infants, have also been reported.**** Finally, parabens are
a class of chemicals widely used as preservatives in cosmetics
and other personal care products and are also used as
antimicrobials in various foods and pharmaceuticals.*® They
are suspected EDCs with demonstrated adverse impacts on
endocrine and reproductive function in animal studies, but
research on human health impacts has been extremely
limited.””?*

With the exception of two recent studies of BPA***° and a
related study on parabens,”” data on temporal variability and/or
predictors of exposure to these chemicals related to product use
in pregnant women are lacking. Given their ubiquity and
potential to contribute to adverse human health, exposure
characterization studies are needed to inform epidemiology
studies, especially among susceptible populations such as
pregnant women and children. Information is also needed on
sources of exposure to inform potential interventions aimed at
reducing exposures and associated health risks. The objective of
this study was to determine distributions, variability, and
predictors of urinary biomarkers of environmental phenols and
parabens measured at multiple times during pregnancy among
women living in Northern Puerto Rico.

B METHODS

Study Participants. This study was conducted among
pregnant women participating in the “Puerto Rico Testsite for
Exploring Contamination Threats (PROTECT)” project, an
ongoing prospective birth cohort in the Northern Karst Region
of Puerto Rico, which is designed to evaluate the relationship
between environmental toxicants and risk of preterm delivery.
Study participants were recruited at approximately 14 =+ 2
weeks of gestation at seven prenatal clinics and hospitals
throughout Northern Puerto Rico during 2010—2012. Women
were eligible if they were between the ages of 18 to 40 years,
resided in a municipality within the Northern karst region, did
not use oral contraceptives three months prior to pregnancy or
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in vitro fertilization as a method of assisted reproductive
technology, and were free of known medical/obstetrics
complications. Women provided spot urine samples at three
separate study visits (18 + 2 weeks, 22 + 2 weeks, and 26 + 2
weeks of gestation). Questionnaires to collect demographic
information and data on self-reported product use in the 48 h
preceding urine sample collection were also administered at
each visit.

The present analysis reflects the first 105 women recruited
into the study who had urinary biomarker data as of June 2012.
The research protocol was approved by the Ethics and
Research Committees of the University of Puerto Rico and
participating clinics, the University of Michigan School of
Public Health, and Northeastern University. The involvement
of the Centers for Disease Control and Prevention (CDC)
laboratory was determined not to constitute engagement in
human subjects research. The study was described in detail to
all participants, and informed consent was obtained prior to
study enrollment.

Measurement of Phenols and Parabens in Urine.
Urine was collected in polypropylene containers, divided into
aliquots, and frozen at —80 °C until shipped overnight to the
CDC. All urine samples were analyzed at the National Center
for Environmental Health of the CDC for five phenols (BPA,
TCS, BP-3, 24-DCP, and 25-DCP) and three parabens (butyl
paraben (B-PB), methyl paraben (M-PB), propyl paraben (P-
PB)) by online solid phase extraction-high-performance liquid
chromatography-isotope dilution tandem mass spectrome-
try.*"*> The analytical method details are provided in the
Supporting Information. To monitor for accuracy and
precision, each analytical run included calibration standards,
reagent blanks, and quality control materials of high and low
concentrations. The limits of detection (LODs) varied slightly
between analytes but were generally in the low ng/mL range.
Concentrations below the LOD were assigned a value of LOD
divided by the square root of 2. Specific gravity (SG) was
measured at the University of Puerto Rico Medical Sciences
Campus using a hand-held digital refractometer (Atago Co.,
Ltd.,, Tokyo, Japan). For data analyses utilizing SG-corrected
metabolite concentrations, the following formula was used: P, =
P[(1.019—1)/(SG—1)] where P. is the SG-adjusted urinary
concentration (ng/mL), P is the measured urinary concen-
tration, and SG is the specific gravity of the urine sample. An
SG of 1.019 was the median SG value for this group of urine
samples.

Statistical Analysis. Geometric means and selected
percentiles were calculated to describe the distributions of
urinary biomarkers of phenols and parabens among study
participants and for comparison with other published reports.
We compared concentrations measured in the present study
with those measured in NHANES. We utilized publicly
accessible urinary phenols and parabens concentration data
from NHANES 2007—2008 and 2009—2010 among females
between the ages of 18 and 40 years, along with appropriate
sampling weights, to tabulate geometric means and selected
percentiles.

Pearson and Spearman rank correlations were calculated to
assess relationships between study visits and between the
various biomarkers. Differences in geometric mean biomarker
concentrations between study visits (i.e, time points in
gestation) were tested using one-way ANOVA. To assess
temporal variability in urinary biomarker concentrations
intraclass correlation coefficients (ICCs) and their 95%
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confidence intervals were calculated.®® ICC is a measure of the
reliability of repeated measures over time, defined as the ratio
of between-subject variance to total (between-subject plus
within-subject) variance. ICC ranges from zero to one, with
values near zero indicating poor temporal reliability and values
near one indicating high temporal reliability.**

Geometric means were compared between categories for
maternal age, maternal education, marital status, household
income, parity, prepregnancy body mass index (BMI), and time
of day at urine collection. We examined the association
between urinary concentrations of the biomarkers and
demographic, sampling time, and 48-h recall of product use
variables using linear mixed effects models with the compound
symmetry covariance structure. Demographic factors were
included as fixed time-invariant effects in our mixed models.
Time of day of sample collection and product use variables
were modeled as fixed time-dependent factors. Natural log-
transformed unadjusted or SG-adjusted urinary concentrations
of phenols or parabens were the dependent variable in mixed
models, with separate models for each independent variable.
Data were analyzed using SAS 9.2 (SAS Institute Inc., Cary,
NC).

B RESULTS

A total of 279 urine samples from 105 women were analyzed.
Data on SG were missing for 2 samples. Statistical analysis was
conducted for both unadjusted and SG-adjusted urinary
concentrations, and results were highly consistent between
the two approaches throughout. Demographic characteristics of
our study sample are shown in Table 1. The mean age was 27.2
years; 82% of the women had an education above the high

Table 1. Demographic Characteristics of n = 105 Pregnant
Women from Puerto Rico (2010—2012)

variable mean + SD or n (%)

maternal age at enrollment (years) 27.1 + 4.8
gravidity (# pregnancies) 19 + 1.0
parity (# live births) 0.6 + 0.7
years of maternal education

<high school 12 (11.4)

high school/equivalent 7 (6.7)

college 86 (81.9)
household income (US$)

missing 15 (14.3)

<$20,000 46 (43.8)

>$20,000 to <$40,000 27 (25.7)

>$40,000 17 (162)
marital status

single 29 (27.6)

married or living together 76 (73.4)
prepregnancy BMI (kg m™)

<25 60 (57.1)

>25 to <30 32 (30.5)

>30 13 (12.4)
smoked during pregnancy

missing 2 (1.9)

yes 1 (1.0)

no 102 (97.1)
employment

unemployed 42 (40.0)

employed 63 (60.0)
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school level, and 73% were either married or in a domestic
partnership. The majority of women reported a household
income below $40,000 per year, and nearly all women did not
smoke during pregnancy.

Distributions of urinary biomarker concentrations are
presented in Table 2, along with distributions from 18 to 40
year old women from US NHANES 2007-08 and 2009-10.
BPA, BP-3, both dichlorophenols, M-PB, and P-PB were
detected in between 95% and 100% of samples. TCS was
detected in 89% of samples, while B-PB was detected in 58%.
When comparing distributions with NHANES women, women
in our study had higher geometric mean concentrations of BP-
3, TCS, and 25-DCP. Median concentrations of TCS and 25-
DCP were 2- and 6-fold greater, respectively, among women in
this study compared to NHANES 2009-10. For BP-3, median
concentrations were similar, but the populations diverged
greatly at the upper end of the distribution, which resulted in a
higher geometric mean concentration among Puerto Rican
women. Geometric mean and median concentrations of BPA,
24-DCP, and the three parabens were similar between the two
populations. When looking across urinary biomarkers there was
a strong correlation between 24-DCP and 25-DCP (Spearman
r > 0.8) and between the three parabens, particularly between
M-PB and P-PB (r = 0.8). There were also weak (r = 0.25 to
0.4) but statistically significant (p < 0.05) correlations between
24-DCP and TCS and between BP-3 and the parabens.

Box plot comparisons of the concentration distributions for
each biomarker between study visits (approximately 18, 22, and
26 weeks gestation) are shown in Figure 1. There were no
statistically significant differences between unadjusted or SG-
adjusted geometric mean concentrations at the three visits for
any of the biomarkers. ICCs, presented in Table 3, varied
widely between biomarkers and ranged from weak to
moderately strong. BPA had the lowest ICC (0.24) and BP-3
had the highest (0.62), followed by 25-DCP (0.49) and TCS
(0.47).

Urinary biomarker concentrations in relation to sampling and
demographic variable categories are presented in Table 4. Only
urinary 24-DCP and 25-DCP concentrations were associated
with time of day of urine sample collection, where
concentrations in samples collected later in the day (between
3:00 and 8:00 p.m.) were significantly higher (p = 0.01 and p =
0.006, respectively) compared to the other time categories.
There was a trend for increasing BP-3 concentrations with
increasing age categories. The oldest age category (>30 years)
was also associated with higher TCS and B-PB concentrations.
BP-3 and P-PB concentrations were lower among women with
<12 years of education. There were increasing trends between
BP-3 concentrations and income status, B-PB concentrations
and increased parity, and between BPA concentrations and
prepregnancy BMI. Finally, dichlorophenols concentrations
were lower and B-PB concentrations higher among women
who were not currently employed.

Self-reported use of selected products in the 48 h preceding
urine sample collection that were related to urinary biomarker
concentrations are presented in Table 5. Use of hand or body
lotion was associated with significantly higher (between 2- and
3-fold) geometric mean concentrations of BP-3, B-PB, M-PB,
and P-PB. Self-reported use of colored cosmetics (makeup) was
positively associated with similar changes in all paraben
biomarker concentrations. Geometric mean BP-3 concentra-
tions were 10-fold higher among women who reported recent
use of sunscreen (503 ng/mL) than among other women (49
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Table 2. Urinary Phenol and Paraben Concentrations (ng/mL) in n = 105 Pregnant Women from Puerto Rico” in 2010—2012
and Comparison with U.S. Population-Based Samples of Women Ages 18—40 from NHANES?*©

%>LOD GM (95% CI)

BPA

PROTECT 97.9 2.6 (2.3,2.9)

NHANES 07-08 96.2 2.5 (22,29)

NHANES 09-10 92.1 2.0 (1.7, 2.2)
TCS

PROTECT 88.9 29.9 (23.6, 37.9)

NHANES 07-08 84.9 18.7 (147, 23.8)

NHANES 09-10 79.0 16.9 (122, 23.4)
BP-3

PROTECT 100 522 (41.0, 66.4)

NHANES 07-08 97.8 38.6 (28.9, 51.6)

NHANES 09-10 99.3 36.3 (22.6, 58.4)
24-DCP

PROTECT 97.9 1.5 (1.3, 1.8)

NHANES 07-08 90.1 0.9 (0.7, 1.1)

NHANES 09-10 85.1 0.7 (0.6, 0.9)
25-DCP

PROTECT 100 26.0 (21.4, 31.7)

NHANES 07-08 99.7 8.4 (6.4, 11.0)

NHANES 09-10 97.6 5.1 (3.7,7.1)
B-PB

PROTECT 584 1.0 (0.8, 1.3)

NHANES 07-08 74.8 1.1 (09, 1.4)

NHANES 09-10 59.0 0.7 (0.6, 0.8)
M-PB

PROTECT 100 140 (117, 167)

NHANES 07-08 99.7 132 (97.1, 179)

NHANES 09-10 99.5 111 (90.3, 138)
P-PB

PROTECT 99.3 30.0 (24.1, 37.5)

NHANES 07-08 98.1 28.0 (203, 38.6)

NHANES 09-10 98.1 212 (16.0, 28.2)

percentiles
25th S0th 75th 95th max.
1.3 2.5 44 139 97.4
13 2.4 4.6 14.0 64.0
0.8 2.0 4.1 9.2 416
S.1 26.2 121 944 2000
44 14.0 67.7 520 2780
4.0 13.0 S52.5 577 2690
11.5 313 172 2150 39700
8.6 35.6 148 1256 21500
7.6 27.4 145 3340 8970
0.6 1.3 33 163 83.3
0.3 0.7 1.7 8.4 231
0.2 0.6 15 7.1 147
7.0 19.0 82.5 650 4110
2.6 6.1 20.1 333 11300
11 3.8 16.5 215 3820
<0.2 0.4 S.5 36.4 148
<0.2 0.7 4.0 33.6 188
<0.2 0.4 22 22.1 127
57.6 153 381 1590 6040
47.8 146 430 1444 7550
38.6 119 374 1269 4840
10.1 36.7 130 493 1220
6.4 33.6 121 410 1400
4.6 24.8 110 434 3490

“Includes biomarker concentrations for up to 3 repeated samples per woman (n = 279 samples). Females 18—40 years of age; n = 365 for
metabolites measured in 2007—2008; n = 415 for 2009—2010. “NHANES, National Health and Nutrition Examination Survey; LOD, limit of

detection; GM, geometric mean; NA, not applicable.

ng/mL). Use of mouthwash was associated with significant
increases in BP-3 and BPA concentrations. Triclosan
concentrations were also higher among women reporting use
of liquid soap and hairspray compared to those who did not.
The use of bar soap was negatively associated with BP-3
concentrations, and use of bar soap and pesticides were both
negatively associated with M-PB concentrations. None of the
questionnaire variables, including use of pesticides, were
associated with increased dichlorophenol concentrations (not
shown). When demographic and product use variables that
were associated with concentrations of each biomarker were
included simultaneously in multivariate models, results were
similar for each product use variable though somewhat
attenuated (not shown).

B DISCUSSION

To our knowledge, this is the first study to report biomarkers of
exposure to known or suspected endocrine disrupting environ-
mental phenols and parabens in Puerto Rico and also the first
to report temporal variability and/or predictors of most of
these chemicals among pregnant women. We found that
exposure to the chemicals measured is highly prevalent among
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pregnant women in Puerto Rico. We also found evidence that
concentrations of TCS, BP-3, and 25-DCP were higher than
among women of reproductive age in the US general
population. On the other hand, concentrations of BPA, 24-
DCP, and parabens were similar to those reported among US
women.

The urinary biomarker concentrations measured in the
present study can also be compared with other studies of
pregnant women, though caution must be taken since there
were potentially important differences between the studies (e.g.,
study design, year of sample collection) that may impact these
comparisons. Urinary BPA concentrations in this study were
somewhat higher than studies in Ohio,” New York,>>%
Mexico City,® Germany,” and The Netherlands®® that
reported geometric mean and/or median concentrations
between 1.0 and 2.0 ng/mL but similar to studies in Boston,*®
France,** and Spain39 that reported median BPA concen-
trations of 2.6, 2.7, and 2.2 ng/mL, respectively. Studies of the
other chemicals we measured have been much more limited in
number. Median concentrations of TCS and BP-3 appear to be
much higher in this Puerto Rico cohort (26 and 31 ng/mlL,
respectively) compared to studies of pregnant women in New
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Figure 1. Boxplots comparing SG-adjusted concentrations of urinary biomarkers across study visits. Visit 1 (18 & 2 weeks gestation), Visit 2 (22 + 2

weeks), Visit 3 (26 + 2 weeks).

Table 3. Intraclass Correlation Coefficients (ICCs) and 95%
Confidence Intervals (95% CIs) for In-Transformed Urinary
Concentrations of Phenols and Parabens

unadjusted” SG-adjusted”

urinary biomarker ICC 95% CI ICC 95% CI
BPA 0.27 0.15, 0.42 0.24 0.13, 0.40
TCS 0.42 0.30, 0.55 0.47 0.35, 0.59
BP-3 0.58 0.47, 0.68 0.62 0.51, 0.71
24-DCP 0.37 0.25, 0.50 0.38 0.27, 0.52
25-DCP 0.50 0.38, 0.62 0.49 0.38, 0.61
B-PB 0.45 0.33, 0.57 0.47 0.35, 0.60
M-PB 036 0.24, 0.50 039 027, 0.53
P-PB 0.31 0.19, 0.46 0.32 0.20, 0.47

“n = 279 samples from 105 participants. “n = 277 samples from 105
participants.

York (11 and 7.5 ng/mL)25 and Spain (6.1 and 3.4 ng/mL).39
Median concentrations of 25-DCP were similar in the Spanish
study (17 ng/mL), but higher in the New York study (53 ng/
mL), compared to this study (19 ng/mL). A recent pregnancy
study in France reported a similar median TCS concentration
(24 ng/mL) compared to our study, but BP-3 and 25-DCP
concentrations were lower in that study (1.7 and 10.2 ng/mlL,
respectively).>* For paraben concentrations in this study, B-PB
was somewhat lower, P-PB was somewhat higher, and M-PB
was similar compared to the Spanish and French studies.***’
Characterizing temporal variability in exposure metrics,
especially for biomarkers of nonpersistent compounds such as
those measured in the present study, is a critical step in
designing and interpreting an epidemiology study related to the
potential for exposure measurement error. We found that
temporal variability in urinary biomarker concentrations was
not uniform across the chemicals measured. We found a weak
ICC for BPA (ICC = 0.24), which is consistent with previous
studies among pregnant women in Ohio (ICC = 0.10 to 0.28)*°
and Boston (ICC = 0.12 to 0.23).*° This is likely attributable to
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the rapid metabolism of BPA in addition to intermittent
exposure to BPA which occurs mostly through the diet. The
ICCs we calculated for M-PB (ICC = 0.39) and P-PB (ICC =
0.32) were somewhat lower than those recently reported
among pregnant women who had sought fertility treatment in
Boston (ICC = 0.46 and 0.44, respectively).”” The higher ICCs
we reported for BP-3 (0.62), TCS (0.47), and 25-DCP (0.49)
suggest more consistent exposure sources over time for these
compounds. Only one other study, conducted among children
in New York City, has assessed temporal variability of these
chemicals.** The authors reported lower ICCs than we
reported here (0.39, 0.35, and 0.37 for BP-3, TCS, and 25-
DCP, respectively).

We found that only dichlorophenol concentrations were
associated with time of day of urine sample collection, where
samples collected later in the day had significantly higher
concentrations of these biomarkers. The lack of association
between urinary BPA and time of day in these women was
inconsistent with time of day influences on urinary BPA
reported by a previous study of pregnant women in Ohio”” and
an NHANES analysis.*' On the other hand, the positive
association between BPA and BMI in this study was consistent
with previous studies reporting relationships between BPA
exposure and obesity.*”** Our observation of increased TCS
concentrations among women in their 30s is similar to an
NHANES analysis.'” Finally, our finding that dichlorophenol
concentrations were lower among women not currently
employed may suggest occupational sources of exposure to
the parent chemicals, which may also be reflected in the time of
day patterns we observed in these two biomarkers. However,
additional detailed studies would be needed to support that
conclusion.

Most of the associations we observed between self-reported
product use and urinary biomarker concentrations are
supported by what is known about the use of these chemicals.
Liquid soap use in the 48 h preceding urine sample collection
was positively associated with TCS concentrations in this study,
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Table 4. Geometric Means of Specific Gravity Adjusted Urinary Concentrations of Phenols and Parabens According to Time of

Urine Collection, Demographic, and Maternal Factors

n (%)* BPA TCS
overall 277 (100) 2.8 31.8
time of day
0600—0859 37 (13.4) 2.9 372
0900—1159 117 (42.2) 2.5 29.1
1200—1459 90 (32.5) 2.9 42.0
1500—-2000 33 (11.9) 3.7 17.2
p-value” 0.12 031
maternal age (years)
<25 96 (34.7) 28 338
25-30 95 (34.3) 2.8 19.9
>30 86 (31.0) 2.8 50.1
p-valueb 0.95 0.01
maternal education (years)
<12 31 (112) 2.6 20.1
12 18 (6.5) 2.5 312
>12 228 (82.3) 2.8 340
p-value® 0.80 0.61
marital status
married/civil union 202 (72.9) 2.7 334
unmarried 75 (27.1) 3.0 27.9
p-value® 043 0.70
income status (US $)
<$20,000 120 (49.8) 2.7 310
>$20,000 to < $40,000 74 (30.7) 2.9 34.0
>$40,000 47 (19.5) 25 311
p—valueb 0.66 0.94
parity
0 126 (45.5) 2.8 34.3
93 (33.6) 3.0 30.5
>1 58 (20.9) 25 29.1
p-valueb 0.47 0.99
prepregnancy BMI (kg m?)
<25 158 (57.0) 2.8 314
>25 to <30 83 (30.0) 23 262
>30 36 (13.0) 43 527
p-value® 0.01 0.71
employment status
unemployed 109 (39.4) 2.7 35.8
employed 168 (60.7) 2.8 29.5
p-value” 071 0.70

BP-3 24-DCP 25-DCP B-PB M-PB P-PB
55.8 1.7 28.0 1.1 1484 31.8
68.5 1.7 317 0.6 188.3 29.1
483 1.7 274 1.1 143.8 33.8
58.6 13 19.6 12 125.4 25.8
64.4 2.9 69.8 1.7 201.7 50.5
0.73 0.01 0.006 0.17 0.30 0.37
32.1 LS 26.5 0.9 142.6 284
47.3 1.6 31.6 0.8 147.0 33.1
123.8 19 26.0 1.8 156.9 34.7
0.0003 0.35 0.99 0.04 0.90 0.76
18.6 1.4 24.1 12 92.9 10.9
106.8 1.6 40.6 19 125.2 29.8
61.5 1.7 27.7 1.0 160.4 37.0
0.006 0.80 0.55 0.45 0.13 0.004
57.1 1.7 284 1.1 159.3 32.8
52.5 LS 26.9 1.0 122.7 29.3
0.77 0.79 091 0.33 0.12 0.55
38.3 14 25.0 12 159.2 27.0
65.6 19 316 12 136.9 37.5
142.7 19 25.4 1.0 152.6 33.0
0.003 0.39 0.89 0.88 0.68 0.67
63.3 1.7 32.4 0.8 144.4 32.4
54.9 1.6 23.3 1.0 165.1 38.1
434 1.6 274 2.4 132.8 23.0
0.48 0.99 0.50 0.005 0.67 0.32
50.7 1.7 29.5 1.1 1734 36.1
713 14 25.5 12 121.6 30.5
484 1.8 27.5 0.8 118.9 20.3
0.18 0.65 0.88 0.50 0.20 0.31
48.0 13 19.6 1.6 148.3 26.4
61.4 19 35.2 0.8 148.7 36.0
0.32 0.04 0.03 0.06 0.59 0.15

- b . . ) s .
“n represents number of samples, not participants. “p-values from linear mixed effects models accounting for within-person correlations.

which is consistent with the high concentrations (>1,000 pg/g)
of TCS recently measured in samples of “conventional” hand
soap and liquid dish soap.** TCS concentrations were also
higher among women reporting use of hairspray than among
women who did not. However, we could not find evidence for
the presence of TCS in hairspray.'”**** The divergence of the
exposure distribution we observed for BP-3 concentrations
between women in this study compared to NHANES, but only
at the high end of the distribution, may also represent a
subpopulation of pregnant women in Puerto Rico with unique
and direct exposure to a particular source. Self-reported use of
sunscreen and hand/body lotion was positively associated with
BP-3 concentrations. The greatest increase for any product
use/biomarker combinations in our study was observed for
sunscreen use and BP-3. BP-3, a UV filter, has been detected in
both “conventional” and “alternative” sunscreens.** Many hand
and body lotions advertise having a sun protection factor and

thus may contain BP-3. We also found higher urinary
concentrations of BP-3 and BPA in relation to self-reported
mouthwash use. No information relating to the use of these
chemicals in mouthwash could be located, and it may be
possible that these associations were due to confounding or
were chance findings due to multiple comparisons. Concen-
trations of parabens, which are commonly used in cosmetics
and other personal care products,** were associated with self-
reported use of cosmetics and lotion. Parabens were recently
detected in a study that sampled various cosmetic and lotion
products.**

Strengths of our study include the novel aspects described
earlier, in addition to its focus on an understudied and
potentially at-risk population, a fairly large sample size for
assessing predictors of metabolite concentrations, its important
and original contribution to informing future exposure
assessment and epidemiology studies, and the collection of
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Table 5. Frequencies of Product Use Reported in the 48-h Recall Questionnaire and Selected” SG-Adjusted Geometric Mean
Concentrations of Phenols and Parabens (ng/mL) Associated with Self-Reported Use (Y) or Nonuse (N)*°

n® =105 n=264 BPA TCS
cleaning products
laundry 84 145
detergent
fabric softener 74 132
general cleaners 89 163
creams and lotions
hand/body 95 217
lotion
shaving cream 13 15
sunscreen S 10
toiletries and cosmetics
perfume/cologne 93 221
colored 95 213
cosmetics
bar soap 99 242
liquid soap 103 223 Y: 36.7; N: 18.5
p = 0.06
mouthwash 80 146 Y: 32; N: 2.5
p =003
hair and nail products
hairspray 47 81 Y: 50.0; N: 27.5
p = 0.0§
conditioner 97 170
shampoo 97 169
nail polish 58 86
chemical products
pesticides 21 25
pet grooming products 7 8

BP-3 B-PB M-PB P-PB
Y: 62.7; N: 30.1  Y: 1.1; N: 0.6 Y: 180; N: 67.6  Y: 40.2; N: 11.8
p =0.05 p =0.05 p = 0.0001 p = 0.0001
Y: 503; N: 49.8
p = 0.001
Y: 1.2; N: 0.6 Y: 175; N: 82.3  Y: 40.5; N: 12.6
p =001 p = 0.004 p = 0.0002
(negative) (negative)
p =007 p =0.05
Y: 75.5; N: 37.2
p = 0.03
(negative)
p =009

“Results shown for associations with p-value < 0.1. bp—values from linear mixed effects models accounting for within-person correlations. “(negative)
= negative association; product use associated with lower urinary biomarker concentrations, contrary to hypothesis. n” = total number of participants
who answered “yes” at least once. n° = total number of total responses that were “yes”.

repeated data on urinary biomarkers and self-reported product
use. The repeated data allowed for an especially powerful
analysis for the time varying factors, as each participant can
serve as their own reference in mixed effects models. A primary
limitation of our study was the inability to ask more detailed
questions on the product use form. However, the inclusion of
increased detail on the product use form would result in an
exponential increase in participant burden and may introduce
additional recall errors. Added detail, such as specific product
and brand names, would also result in a diffuse data set that
may lack power to test associations. Another potential
limitation may be in our ability to compare our results with
other studies or generalize our findings to other populations
due to differences in study (e.g, questionnaire) design and
differences in product formulation, availability and use by
country/region.

In conclusion, we found evidence that urinary concentrations
of triclosan, BP-3, and 25-DCP were higher among a group of
pregnant women in Puerto Rico compared to women of
reproductive age in the US, while concentrations of BPA, 24-
DCP, and parabens were similar. Although greatly limited,
there is some evidence that exposure to these chemicals may be
associated with adverse pregnancy outcomes and other health
effects. Additional human epidemiology studies of these
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chemicals are greatly needed. We found positive associations
between biomarker concentrations and self-reported use of
liquid soap (TCS), sunscreen (BP-3), lotion (BP-3 and
parabens), and cosmetics (parabens). This information,
coupled with data from studies measuring these chemicals in
specific products, may help inform pregnant women and others
on how to reduce their exposure. Finally, the degree of
temporal reliability observed for the urinary measures varied by
analyte. Epidemiology studies utilizing these urinary biomarkers
to estimate exposure during pregnancy should include as many
repeated measurements at multiple times during gestation as
feasible to reduce measurement error and to explore potential
windows of susceptibility to adverse health outcomes. However,
the collection and analysis of multiple urine samples must be
reconciled with budget and logistic constraints of large-scale
epidemiology studies given the high costs associated with the
additional contact with participants and sensitive analytical
chemistry methods required.
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Abstract

Benzophenone-3 (BZ-3) is a commonly used, chemical UV-absorber. It has been used
for many years to protect against UV-radiation. Previous studies have shown that BZ-3
penetrates the skin, and it can be found in urine, faeces, and blood. In this study we
examined the percutaneous absorption of BZ-3. The amount of BZ-3 absorbed was
measured in urine, as experimental studies in the rat have shown that urine is the
major route of excretion. Eleven volunteers applied the recommended amount of a
commercially available sunscreen and urine samples were collected during a 48-h
period after application. The average total amount excreted was 11 mg, median 9.8
mg, which is approximately 0.4% of the applied amount of BZ-3. Some of the
volunteers still excreted BZ-3 48 h after application. It is evident that BZ-3 undergoes
conjugation in the body to make it water soluble. However, we do not know at what
age the ability to conjugate is fully developed, and therefore for children physical
filters such as titanium dioxide and/or zinc oxide might still be considered a more
appropriate sunscreen component.
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Abstract

Widespread exposure of humans to benzophenone-3 (BP-3) is a concern due to this
compound's potential to disrupt endocrine function. BP-3 can be metabolized by
phase I and phase Il reactions of the human cytochrome P450 system. Urinary
measurements of BP-3 have been used as a biomarker of exposure. Nevertheless,
metabolic transformation pathway and the transformation products of BP-3 in
humans are still less known. In this study, 166 urine samples collected from children
and adults in the U.S. and China were analyzed for free and total forms (free plus
conjugated) of BP-3 as well as four of its metabolic derivatives, 4-OH-BP, 2,4-diOH-BP,
2,2',4,4'-tetraOH-BP, and 2,2'-diOH-4-MeO-BP, using high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS). BP-3 was found in
almost all urine samples from the U.S. and China. Concentrations of BP-3 in urine from
children (GM: 9.97 ng/mL) and adults (15.7 ng/mL) in the U.S. were significantly
higher than those in children (0.622 ng/mL) and adults (0.977) from China. A
significant positive relationship was found between the concentrations of urinary BP-
3 and its derivatives. The profiles of BP derivatives in urine suggested that
demethylation was a major route of BP-3 metabolism. The percentage of the free form
of BP-3 in urine was used in the determination of efficacy of phase Il metabolism
among the different population groups studied. A significantly lower percentage of the
free form of BP-3 was found in urine from the U.S. population than in the Chinese
population.
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Concentrations of the Sunscreen Agent Benzophenone-3
in Residents of the United States: National Health and
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BACKGROUND: The capability of benzophenone-3 (BP-3) to absorb and dissipate ultraviolet radiation
facilitates its use as a sunscreen agent. BP-3 has other uses in many consumer products (e.g., as
fragrance and flavor enhancer, photoinitiator, ultraviolet curing agent, polymerization inhibitor).

OBJECTIVES: Our goal was to assess exposure to BP-3 in a representative sample of the U.S. general
population = 6 years of age.

METHODS: Using automated solid-phase extraction coupled to high-performance liquid chromatog-
raphy—tandem mass spectrometry, we analyzed 2,517 urine samples collected as part of the
2003-2004 National Health and Nutrition Examination Survey.

REesSULTS: We detected BP-3 in 96.8% of the samples. The geometric mean and 95th percentile
concentrations were 22.9 pg/L (22.2 pg/g creatinine) and 1,040 pg/L (1,070 pg/g creatinine),
respectively. Least-square geometric mean (LSGM) concentrations were significantly higher
(p = 0.04) for females than for males, regardless of age. LSGM concentrations were significantly
higher for non-Hispanic whites than for non-Hispanic blacks (p < 0.01), regardless of age. Females
were more likely than males [adjusted odds ratio (OR) = 3.5; 95% confidence interval (95% CI),
1.9-6.5], and non-Hispanic whites were more likely than non-Hispanic blacks (adjusted OR = 6.8;
95% CI, 2.9-16.2) to have concentrations above the 95th percentile.

CONCLUSIONS: Exposure to BP-3 was prevalent in the general U.S. population during 2003—-2004.
Differences by sex and race/ethnicity probably reflect differences in use of personal care products

containing BP-3.

KEY WORDS: benzophenone-3, biomonitoring, exposure, human, NHANES 2003-2004, sunscreen,
urine. Environ Health Perspect 116:893-897 (2008). doi:10.1289/ehp.11269 available via

http://dx.doi.org/ [Online 21 March 2008]

Benzophenone-3 [2-hydroxy-4-methoxy-
benzophenone, oxybenzophenone (BP-3)], a
commonly used sunscreen agent that absorbs
and dissipates ultraviolet radiation, is used in
a variety of cosmetic products (Gonzalez et al.
2006; National Library of Medicine 2007;
Rastogi 2002). BP-3 also has been used as
ultraviolet stabilizer in plastic surface coatings
for food packaging to prevent polymer or
food photodegradation (Suzuki et al. 2005)
and is approved by the U.S. Food and Drug
Administration as an indirect food additive.
Human exposure to BP-3 has not been
associated with adverse health effects, and acute
toxicity from BP-3 is low. However, results
from animal studies—primarily dietary studies
that affected body weight gain—showed alter-
ations in liver, kidney, and reproductive organs
in rats and mice administered BP-3 dermally
and orally (National Toxicology Program
1992). Although the maximum dose that could
be administered dermally was similar to the
lowest orally administered dose, which pro-
duced little systemic toxicity, these results sug-
gested that oral and dermal exposure routes
might affect the animals similarly (National
Toxicology Program 1992). BP-3 also shows
estrogen-like activity in vitro and in vivo
(Schlumpf et al. 2001, 2003, 2004a, 2004b;
Suzuki et al. 2005), although in one study
BP-3’s estrogenic activity was observed only in

the presence of a rat liver preparation, suggest-
ing metabolic activation of BP-3 (Morohoshi
et al. 2005). BP-3 can also display antiandro-
genic activity iz vitro (Ma et al. 2003;
Schreurs et al. 2005). Thus, BP-3 might
exhibit endocrine-disrupting action via both
mechanisms in animals. Therefore, in vivo
effects due to these combined activities should
be further investigated.

The focus of pharmaceuticals and ingredi-
ents in personal care products, including
organic sunscreen agents, as environmental
pollutants is increasing because these com-
pounds may enter the aquatic environment
not primarily as a result of manufacturing
practices but from their steady and wide-
spread use in human and veterinary daily
activities. Furthermore, little is known about
the potential hazards associated with recur-
ring human or ecologic exposures to these
synthetic substances, many of which are
bioactive (Daughton 2002; Daughton and
Ternes 1999). BP-3, one of these substances,
has been detected in surface waters (Balmer
et al. 2005; Cuderman and Heath 2007),
drinking water (Loraine and Pettigrove 2006;
Stackelberg et al. 2004), and wastewater
[Balmer et al. 2005; Centers for Disease
Control and Prevention (CDC) 2003;
Loraine and Pettigrove 2006] in North
America and in Europe.
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The widespread inclusion of sunscreen
agents in personal care and consumer prod-
ucts (Gonzalez et al. 2006; National Library
of Medicine 2007; Rastogi 2002) increases
the potential for human exposure to BP-3.
Data support the absorption of BP-3 through
human skin (Gonzalez et al. 2006; Hayden
et al. 2005; Janjua et al. 2004; Jiang et al.
1999; Sarveiya et al. 2004). Application of
some of these products to large areas of the
body and frequent reapplication increase the
daily systemic absorption of BP-3. In some
cases, as much as 10% of the applied dose can
be absorbed (Jiang et al. 1999).

Like many xenobiotics, BP-3 undergoes
phase I and phase II biotransformations. In
rats, after oral and dermal administrations of
100 mg BP-3/kg body weight (Kadry et al.
1995; Okereke et al. 1993, 1994, 1995), the
parent compound and three oxidative
metabolites (2,4-dihydroxylbenzophenone,
2,2’-dihydroxy-4-methoxybenzophenone,
and 2,3,4-trihydroxybenzophenone) were
detected in plasma, tissues, and urine. Urine
was the major route of excretion; BP-3 and its
metabolites were excreted mainly as glu-
curonide conjugates (Kadry et al. 1995;
Okereke et al. 1993). Similarly, BP-3 and
2,4-dihydroxylbenzophenone were detected
in human urine collected after a volunteer
applied a commercially available sunscreen
(Felix et al. 1998). These data suggest that the
conjugated species of BP-3 and its metabo-
lites in urine can be used as biomarkers of
exposure. Oxidative metabolites of BP-3 can
themselves be used as sunscreen agents.
Although BP-3 can be biotransformed to sev-
eral metabolites, exposure to BP-3 can be
assessed by measuring the total (free plus con-
jugated) concentrations of BP-3 in urine.
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The detection of BP-3 in the aquatic envi-
ronment and the widespread use of products
containing BP-3 have raised interest about
assessing human exposure to this compound
for risk assessment. We report here the first
nationally representative data on the urinary
concentrations of BP-3 in the U.S. general
population = 6 years of age, stratified by age
group, sex, and race/ethnicity.

Materials and Methods

The National Health and Nutrition
Examination Survey (NHANES), conducted
continuously since 1999 by the CDC, assesses
the health and nutritional status of the civil-
ian noninstitutionalized U.S. population = 2
months of age (CDC 2003). The survey
includes household interviews, medical histo-
ries, standardized physical examinations, and
collection of biologic specimens, some of
which can be used to assess exposure to envi-
ronmental chemicals. NHANES 2003-2004
included examinations of 9,282 people (CDC
2006a). We measured BP-3 by analyzing a
random one-third subset of urine samples (7
= 2,517) collected from NHANES partici-
pants = 6 years of age. Because this subset was
randomly selected from the entire set, it
maintained the representativeness of the sur-
vey. Participants provided informed written
consent; parents provided informed written
consent for their children.

Urine specimens were shipped on dry
ice to the CDC’s National Center for
Environmental Health and stored frozen at or
below —20°C until analyzed. We measured
total (free plus conjugated species) concentra-
tions of BP-3 in urine by online solid-phase
extraction coupled to high-performance liquid

chromatography—tandem mass spectrometry
described in detail elsewhere (Ye et al. 2005a).
Briefly, conjugated BP-3 in 100 pL of urine
was hydrolyzed using f-glucuronidase/
sulfatase (Helix pomatia; Sigma Chemical Co.,
St. Louis, MO). After hydrolysis, samples were
acidified with 0.1 M formic acid; BP-3 was
preconcentrated by online solid-phase extrac-
tion, separated by reversed-phase high-perfor-
mance liquid chromatography, and detected by
atmospheric pressure chemical ionization—
tandem mass spectrometry. Because a stable
isotope-labeled BP-3 was not available, we used
13C,,-bisphenol A as internal standard (Ye
et al. 2005a). The limit of detection (LOD),
calculated as 3Sy, where S is the standard devi-
ation as the concentration approaches zero
(Taylor 1987), was 0.34 pg/L, and the preci-
sion ranged from 17.6% (at 18.5 pg/L) to
16.2% (at 46 pg/L). Low-concentration (- 20
pg/L) and high-concentration (- 45 pg/L)
quality control materials, prepared from pooled
human urine, were analyzed with standard,
reagent blank, and NHANES samples (Ye
et al. 2005a).

We analyzed the data using Statistical
Analysis System (version 9.1.3; SAS Institute,
Inc., Cary, NC) and SUDAAN (version 9.0.1;
Research Triangle Institute, Research Triangle
Park, NC). SUDAAN calculates variance esti-
mates after incorporating the sample popula-
tion weights, nonresponse rates, and sample
design effects. We calculated the percentage of
detection and the geometric mean and distrib-
ution percentiles for both the volume-based
(in micrograms per liter urine) and creatinine-
corrected (in micrograms per gram creatinine)
concentrations. For concentrations below the
LOD, as recommended for the analysis of

NHANES data (CDC 2006b), we used a
value equal to the LOD divided by the square
root of 2 (Hornung and Reed 1990).

A composite racial/ethnic variable based
on self-reported data defined three major
racial/ethnic groups: non-Hispanic black,
non-Hispanic white, and Mexican American.
We included participants not defined by these
racial/ethnic groups only in the total popula-
tion estimate. Age, reported in years at the
last birthday, was stratified in groups (6-11,
12-19, 20-59, and = 60 years of age) for cal-
culation of the geometric mean and the vari-
ous percentiles.

We used analysis of covariance to examine
the influence of several variables, selected on
the basis of statistical, demographic, and bio-
logic considerations, on the concentrations of
BP-3. For the multiple regression models, we
used the variables described below and all
possible two-way interactions to calculate the
adjusted least square geometric mean
(LSGM) concentrations. LSGM concentra-
tions provide geometric mean estimates (in
micrograms per liter) after adjustment for all
covariates in the model. Because the distribu-
tions of BP-3 and creatinine concentrations
were skewed, these variables were log trans-
formed. We analyzed two separate models:
one for adults (= 20 years of age) and one for
children and teenagers (= 19 years of age).
We considered age (continuous), age squared,
sex, race/ethnicity, and log-transformed crea-
tinine concentration for both models. When
the model included both age and age squared,
we centered age by subtracting 50 from each
participant’s age, thus avoiding multi-
collinearity and obtaining the least weighted
correlation between these two variables

Table 1. Geometric mean and selected percentiles of BP-3 concentrations in urine for the U.S. population = 6 years of age: data from NHANES 2003-2004.2

Selected percentile

Variable? Geometric mean 10th 25th 50th 75th 90th 95th Sample (n)
Total 229(18.1-28.9) 2.20(1.50-2.60) 5.80(4.70-7.10)  18.0(15.3-23.1)  94.0(67.5-123) 364 (225-570) 1,040 (698—1,390) 2,517
22.2(17.6-28.0) 2.28(1.73-2.89) 524(427-6.21) 16.2(12.7-21.6) 82.0(58.7-108) 409 (283-577) 1,070 (686—1,600) 2,514
Age group (years)
6-11 21.2(16.4-27.3)  3.60(2.40-4.50) 6.70(5.20-9.50) 17.2(14.9-25.9) 63.6(38.7-102) 154 (106-246) 227 (154-618) 314
25.8(19.5-34.1) 4.30(2.86-5.19) 8.25(5.98-10.5) 22.4(14.4-337) 83.6(41.0-131)  171(132-365) 427 (171-710) 314
12-19 22.9(18.0-29.3)  3.30(2.30-4.10)  7.80(5.60-9.60)  20.0(16.1-25.1) ~ 66.5(45.2-93.8) 170 (137-240) 407 (183-717) 715
17.2(13.7-215) 3.17(2.24-4.03) 586(4.81-693) 12.9(10.3-16.5 42.9(29.5-57.7)  136(91.7-239) 350 (173-646) 713
=20 23.1(18.0-29.6)  1.80(1.20-2.40)  5.50(4.50-6.70)  18.1(14.7-23.3) ~ 108(72.1-140)  450(315-733) 1,200 (769-1,750) 1,488
22.8(17.8-29.1) 1.98(1.48-2.59) 4.89(3.71-6.12) 16.2(12.7-219) 93.2(66.0-130) 486 (361-700) 1,330 (880-1,880) 1,487
Sex
Female 30.7(23.7-39.8)  2.50(1.80-3.40) 7.30(5.40-9.10)  26.0(20.2-34.1) ~ 137(105-172) 596 (403-769) 1,340 (776-1,790) 1,288
355(27.1-46.4) 3.16(2.28-4.13)  7.42(5.83-9.39) 28.2(20.2-37.0)  144(101-224) 686 (491-1,130) 1,850 (1,220-2,580) 1,286
Male 16.8(13.2-21.3)  1.80(1.30-2.20) 5.00(4.30-5.90) 13.6(11.4-16.8) 54.4(33.2-86.5)  178(134-324) 567 (238-1,350) 1,229
136(10.8-17.1) 1.82(1.55-2.16) 3.81(3.33-4.87) 10.2(8.36-12.9) 40.0(24.9-625) 169 (93.3-316) 378 (229-685) 1,228
Race/ethnicity
Non-Hispanic white ~ 27.7(20.3-37.8)  2.30(1.50-3.00) 6.80(5.10-8.60)  23.5(16.8-32.0)  120(83.6-162) 501 (316-769) 1,250 (733-2,070) 1,092
28.3(20.6-38.8) 2.55(1.80-3.62) 6.07(4.88-8.33) 219(146-32.7)  116(735-175)  510(380-760) 1,330 (852—2,410) 1,091
Mexican American 16.5(10.9-25.1)  2.30(1.70-3.70)  5.00(3.70-6.60)  11.9(8.30-18.3) 455(25.9-78.2) 176 (68.7-346) 412 (178-2,180) 613
15.1(9.44-24.0) 239(1.68-3.26) 4.10(2.95-6.71) 11.0(6.95-16.0) 40.7(18.3-85.8) 158 (87.4-362) 595 (118-1,860) 612
Non-Hispanic black 12.8(9.38-17.4) 2.10(1.30-2.70)  4.60(3.20-6.20) 10.2(7.40-14.3)  34.2(22.8-50.6) 127 (90.8-176) 209 (143-499) 652
8.78(6.49-11.9) 150(1.05-2.35) 3.18(2.42-4.14) 6.80(5.27-9.00) 19.6(13.5-33.4) 78.1(46.8-139) 185 (79.8-536) 651

aConcentrations are given as micrograms per liter (unshaded) and micrograms per gram creatinine (shaded), with 95% Cls in parentheses. PParticipants not defined by the three
racial/ethnic groups shown were included only in the total population estimate.
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(Bradley and Srivastava 1979). Additionally,
to further evaluate the relation between the
log-transformed BP-3 concentration and age,
we used age group (20-29, 30-39, 40-49,
and = 50 years of age) as a categorical variable
in the model and generated a bar chart of
LSGM concentrations by age group.

To reach the final reduced model, we
used backward elimination with a threshold
of p < 0.05 for retaining the variable in the
model, using Satterwaite-adjusted F statistics.
We evaluated for potential confounding by
adding each of the excluded variables back
into the final model one by one and examin-
ing changes in the B coefficients of the statis-
tically significant main effects or interactions.
If addition of one of these excluded variables
caused a change in a § coefficient by = 10%,
we re-added the variable to the model.

We also conducted weighted univariate
and multiple logistic regressions to examine the
association of BP-3 concentrations above the
95th percentile with sex, age group, and race/
ethnicity for all ages.

Results

We detected BP-3 in 96.8% of the 2,517
samples at concentrations ranging from 0.4 to
21,700 pg/L; the geometric mean and 95th
percentile concentrations were 22.9 pg/L
(22.2 pglg creatinine) and 1,040 pg/L (1,070
pg/g creatinine), respectively (Table 1).

The final model for adults included sex,
race/ethnicity, age, age squared (p = 0.038),
creatinine concentration (log scale), and the
interaction terms creatinine*sex (p < 0.001)
and age*race/ethnicity (p = 0.04) (Table 2).
Females had significantly higher BP-3 concen-
trations (p = 0.04) than did males, regardless
of creatinine level [see Supplemental Tables S1
and S2 (http://www.ehponline.org/members/
2008/11269/suppl.pdf). Although BP-3 con-
centrations increased linearly as log creatinine
increased for both sexes (p < 0.001), the
increase was more pronounced for males than
for females (f for males, 1.12; for females,
0.65). Also, as age increased, BP-3 LSGM
concentrations showed a significant quadratic
trend for Mexican Americans (p = 0.016) and
a significant linear positive trend for non-
Hispanic blacks (p = 0.022) but no significant
linear or quadratic trend for non-Hispanic
whites (Figure 1). LSGM concentrations of
BP-3 for non-Hispanic whites were signifi-
cantly higher than for non-Hispanic blacks,
regardless of age (p = 0.01), and significantly
higher than for Mexican Americans only for
20- to 29-year-olds (p = 0.01). LSGM concen-
trations of BP-3 were significantly higher for
Mexican Americans than for non-Hispanic
blacks only for 30- to 39-year-olds (p = 0.01)
[sce Supplemental Tables S1 and S2 (htep://
www.ehponline.org/members/2008/11269/

suppl.pdf)].

Exposure assessment of the U.S. population to benzophenone-3

The final model for children and adoles-
cents included sex (p < 0.001), race/ethnicity,
age, creatinine concentration (log scale)
(p < 0.001), and a race/ethnicity*age (p =
0.01) interaction term (Table 2). LSGM con-
centrations of BP-3 increased as log creatinine
increased (§ = 0.77, p < 0.001). LSGM BP-3
concentrations for girls [30.2 pg/L; 95% con-
fidence interval (CI), 21.4-42.6 pg/L] were
significantly higher (p < 0.001) than for boys
(16.1 pg/L; 95% CI, 13.2-19.8 pg/L). BP-3
concentrations also decreased linearly as age
increased (p = 0.0005) for non-Hispanic
whites but not for Mexican Americans and
non-Hispanic blacks [Figure 1; see also
Supplemental Table S3 (htep://www.
ehponline.org/members/2008/11269/
suppl.pdf)]. LSGM concentrations of BP-3
for non-Hispanic whites were significantly
higher than LSGM concentrations for non-
Hispanic blacks, regardless of age, and for
Mexican Americans only at younger ages
[p < 0.001 at 8.5 years, p < 0.01 at 12 years;
Supplemental Table S4 (htep://www.
ehponline.org/members/2008/11269/
suppl.pdf)]. LSGM BP-3 concentrations were
significantly higher for Mexican Americans

than for non-Hispanic blacks only for older
children (p = 0.01, at 12 and at 15.6 years,
= 0.03 at 17.4 years) [Supplemental Table
S4 (http://www.chponline.org/members/
2008/11269/suppl.pdf)].

For participants with urinary concentra-
tions above the 95th percentile of BP-3, sex
(p < 0.001) and race/ethnicity (p = 0.03), but
not age, were significantly associated univari-
ately. In the final multiple logistics regres-
sion, sex (p < 0.001) and race/ethnicity (p =
0.03) were significant [Supplemental Table
S5 (http://www.chponline.org/members/
2008/11269/suppl.pdf)]. Females were 3.5
times more likely than males to be above the
95th percentile [adjusted odds ratio (OR) =
3.5; 95% CI, 1.9-6.5]. Non-Hispanic whites
were 6.8 times more likely to have BP-3 con-
centrations above the 95th percentile
(adjusted OR = 6.8; 95% CI, 2.9-16.2) than
were non-Hispanic blacks, and Mexican
Americans were four times more likely to be
above the 95th percentile (adjusted OR =
4.04; 95% CI, 1.1-15.5) than were non-
Hispanic blacks. We found no significant dif-
ference between non-Hispanic whites and
Mexican Americans.

Table 2. Coefficients for the significant variables from the multiple regression models of the BP-3 urinary
concentration (log-transformed) by age group [B coefficient (p-value)].

Children and adolescents

Adults

Variable (6—19 years of age) (=20 years of age)
Intercept —0.33985(0.14913) —0.08999 (0.73675)
Sex
Male —0.27143 (0.00079) —1.39213(0.00079)
Female Reference

Race/ethnicity
Mexican American
Non-Hispanic white
Non-Hispanic black

Age

Creatinine concentration (log transformed)

Age squared (centered)

Race/ethnicity*age
Mexican American
Non-Hispanic white
Non-Hispanic black

Sex*log creatinine
Male
Female

0.01857 (0.91283)
0.73888 (0.00035)
Reference
—0.00243 (0.73485)
0.76653 (<0.001)

0.24104 (0.15686)
0.48352 (0.00001)

0.00155 (0.50696)
0.64519 (0.00008)
—0.00018 (0.03848)

0.01139(0.4116)
—0.02787 (0.0249)
Reference

—0.00365 (0.2125)?
-0.00784 (0.02026)

0.47423(0.00811)
Reference

=)
=

B Mexican American
3 Non-Hispanic white
1 Non-Hispanic black

aAge centered at 50 years.

LSGM concentration (ug/L)

Al
50
2
20
10
0 85 12 15.6 174

Age (years)

LSGM concentration (ug/L)

30-39
Age group (years)

Figure 1. LSGM concentrations of BP-3 (in micrograms per liter) by age and race/ethnicity: (A) children
and adolescents and (B) adults. Error bars indicate 95% Cls.
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Discussion

The detection of BP-3 in almost all samples
suggests that exposure to BP-3 was widespread
in the U.S. general population during
2003-2004. This high level of detection most
likely resulted from routine use of consumer
products that contain BP-3, such as sunscreen,
skin care lotion, lipstick, and hair spray
(National Library of Medicine 2007). The
wide range of urinary concentrations—10%
of participants had BP-3 concentrations
< 2.3 pg/g creatinine and 5% had concentra-
tions > 1,070 pg/g creatinine (Table 1)—may
be related to lifestyle differences that result in
exposure differences and to individual varia-
tions in bioavailability, distribution kinetics,
or metabolism of BP-3.

The frequent detection of BP-3 and the
magnitude and range of urinary concentra-
tions in NHANES 2003-2004 are compara-
ble with data from two smaller studies in the
United States. In 30 anonymous adult volun-
teers with no documented BP-3 exposure, we
detected BP-3 in 90% of samples, and total
urinary concentration (free plus conjugates)
of BP-3 ranged from the LOD (0.5 pg/L) to
3,000 pg/L (Ye et al. 2005b). In a pilot study
of 90 prepubertal girls from New York City,
New York; Cincinnati, Ohio; and Northern
California, we detected BP-3 in 86% of sam-
ples (Wolff et al. 2007). The creatinine-
adjusted geometric mean concentration of
BP-3 (30.8 pg/g) for these girls was similar to
that for NHANES 2003-2004 children 6-11
years of age (25.8 pg/g creatinine).

The relation between age and LSGM BP-3
concentrations differed by race/ethnicity
(Figure 1). These differences most likely result
from increased use of sunscreen or other per-
sonal-care products containing BP-3 by people
with light skin pigmentation. For instance,
sunscreen use among non-Hispanic whites is
reportedly higher than for non-Hispanic blacks
and other race/ethnic groups of outdoor work-
ers and the general population (Briley et al.
2007; Pichon et al. 2005). Likewise, differ-
ences by age might reflect differences in use of
personal-care products that contain BP-3.
Non-Hispanic white parents may apply sun-
screen regularly to protect their young children
from sunburn, whereas teenagers might not
apply sunscreen as often (Jones and Saraiya
2006; Livingston et al. 2007). Non-Hispanic
white adults in their twenties and forties might
be more preoccupied about their skin appear-
ance than non-Hispanic whites in their thirties
(who may devote more time to work and fam-
ily responsibilities than to themselves) or peo-
ple in their fifties (who may see little benefit in
applying sunscreen at older ages).

We found differences by sex in the
adjusted LSGM concentrations of BP-3.
Compared with males, females tend to use
more sunscreen (Eide and Weinstock 20006;
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Hall et al. 1997; Jones and Saraiya 2006) and
other personal-care products that may contain
BP-3. Therefore, higher concentrations of
BP-3 for females than for males most likely
result from their higher exposure to BP-3.

Females and non-Hispanic whites not
only had significantly higher LSGM concen-
trations than did males and non-Hispanic
blacks, respectively, but also were more likely
to exhibit concentrations of BP-3 above the
95th percentile. In particular, females were 3.5
times more likely than males, and non-
Hispanic whites were 6.8 times more likely
than non-Hispanic blacks to have BP-3 con-
centrations above the 95th percentile.
Mexican Americans were about four times
more likely than non-Hispanic blacks to pre-
sent BP-3 concentrations above the 95th per-
centile. Although young children had LSGM
concentrations of BP-3 comparable with those
of adults in their twenties and forties, age was
not significantly associated with having con-
centrations above the 95th percentile. Our
data suggest that females and non-Hispanic
whites represent two segments of the general
population with higher exposures to BP-3
compared with other demographic groups.

Protection against sunburn and squamous
cell carcinoma by application of sunscreens is
important, even though the use of sunscreen
may not protect against melanoma, the dead-
liest form of skin cancer (Lin and Fisher 2007).
Sun protection is critical for outdoor workers,
who are at higher risk for squamous cell carci-
noma than other population groups (Pichon
et al. 2005), and in situations where sun expo-
sure, even during peak times, is unavoidable. In
other situations, although behavioral measures,
such as wearing a hat, sunglasses, and sun pro-
tective clothes and avoiding the sun during
peak exposure times, can reduce the risk for
skin damage, sunscreens may be the primary
means of sun protection, especially in societies
that value outdoor activities (Lautenschlager
et al. 2007). Toxicologic and epidemiologic
data on BP-3, one of these sunscreens, are lack-
ing. Nevertheless, the NHANES 2003-2004
data demonstrating Americans’ exposure to
BP-3 can be used to establish a nationally repre-
sentative baseline assessment of exposure to this
sunscreen agent and may promote the use of
biomonitoring to complement the question-
naire or survey information in studies designed
to evaluate sun-safety practices. These
NHANES 2003-2004 data could also be of
benefit in a risk assessment for BP-3 if indicated
by toxicologic or epidemiologic studies.
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greater trans-placental transfer potential of 40H-BP. This is the first study to document the occurrence of BPs in
paired urine and blood, and in matched maternal and fetal cord blood.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The toxic potential of UV (ultra violet light) filters, used in a variety
of sunscreen and personal care products to attenuate the negative
effects of harmful UV radiation on skin and hair, has been a concern.
In the U.S., 2-hydroxy-4-methoxybenzophenone (20H-4MeO-BP or
BP-3) is a commonly used sunscreen agent (Environmental Working
Group, EWG, 2012). In China, the use of BP-3 in cosmetics has been
rapidly increasing over the past decade (Gao et al,, 2011).

Because of the extensive use of BP-3 in personal care products,
human exposure to this compound is widespread. BP-3 was found
in >95% of urine samples collected from the U.S. general population
(Calafat et al., 2008; Ye et al., 2005a, 2005b; Wolff et al., 2007), at con-
centrations ranging from 0.4 to 21700 ng/mL. The application of some
personal care products that contain UV filters on the skin and frequent
reapplication can increase the systemic absorption (Janjua et al., 2008;
Jiang et al., 1999; Ledn et al.,, 2010). In some cases, as much as 10% of
the applied dermal dose was absorbed into the systemic circulation
(Jiang et al., 1999). BP-3 was shown to be weakly estrogenic in in
vitro and in vivo (Fent et al., 2008; Schlumpf et al., 2001) and anti-
androgenic in in vitro studies (Schreurs et al., 2005). Thus, BP-3 is a
potential endocrine-disrupting compound. A recent study also reported
a significant association between exposure to BP-3 and an estrogen-
mediated disease, endometriosis in women (Kunisue et al., 2012).

In addition to BP-3, the family of benzophenone (BP)-type UV filters
comprises several structurally related compounds that are used in
cosmetic products as sunscreen agents. These include analogs of
2,4-dihydroxybenzophenone (2,40H-BP or BP-1) to 2-hydroxy-4-n-
octoxybenzophenone (BP-12) and other, less-known compounds,
such as 4-hydroxybenzophenone (40H-BP). It has been reported that,
in humans (Felix et al, 1998) and animals (Jeon et al, 2008;
Kasichayanula et al., 2005; Nakagawa and Suzuki, 2002; Okereke et
al., 1994), BP-3 is metabolized to BP-1 and 22’-dihydroxy-4-
methoxybenzophenone (2,2’0H-4MeO-BP or BP-8). It is noteworthy
that the metabolite, BP-1, possesses greater estrogenic activity than
does BP-3 (Kawamura et al., 2003, 2005; Nakagawa and Suzuki, 2002;
Suzuki et al., 2005; Takatori et al., 2003). In addition, other BPs, such
as 2,2',4,4'-tetrahydroxybenzophenone (2,2’,4,4'0H-BP or BP-2) and
40H-BP, possess estrogenic activities higher than those of BP-3
(Kawamura et al., 2003, 2005). Significant estrogenic effects of BP-2 in
fish were previously reported (Weisbrod et al.,, 2007). Nevertheless, in-
formation on the occurrence of BPs, except for BP-3, in humans is scarce.
To our knowledge, exposure of the Chinese population to BPs has never
been documented previously.

Although some studies have shown that BP-3 is found widely in
various human bodily fluids, such as urine (Calafat et al., 2008;
Kunisue et al., 2010, 2012; Wolff et al.,, 2007; Ye et al., 2005a,
2005b), blood (Ye et al., 2008b), breast milk (Ye et al., 2008a), and
semen (Leén et al., 2010), occurrence and partitioning of BP-3 and
other BPs in paired samples of blood and urine have not been exam-
ined. Measurement of BPs in paired samples of blood and urine
would enable the understanding of the partitioning of these com-
pounds between these two matrices. Further, little is known on
prenatal exposure to BPs in the developing fetus. Because the devel-
oping fetus is more sensitive to the effects of environmental
chemicals than are adults, an understanding of BP exposures during
pregnancy and the mechanisms underlying trans-placental transfer
of BPs is essential.

In this study, we determined total urinary and blood concentrations
(free plus conjugated) of five BPs (ie., BP-1, BP-2, BP-3, BP-8 and

40H-BP) (chemical structures are shown in Fig. 1) in children, adults,
and pregnant women from China. Based on the measured blood and
urinary BP concentrations, gender and age-related accumulation, par-
tition between blood and urine and trans-placental transfer were
examined.

2. Materials and methods

Details of the chemicals and reagents, sample extraction, and in-
strumental analysis are provided in the Supplementary material.
Briefly, urine and whole blood samples were extracted by liquid-
liquid extraction (Kunisue et al., 2010, 2012) and ion-pair extraction
(Zhang et al., 2013), respectively, after enzymatic deconjugation, as
described previously. Total BP concentrations (free plus conjugated)
were determined by high-performance liquid chromatography-isotope
dilution tandem mass spectrometry (HPLC-ID/MS/MS). Creatinine levels
in urine were analyzed by HPLC-MS/MS in an electrospray positive
ionization mode, and the MRM transitions monitored were 114> 44 for
creatinine, and 117>47 for ds-creatinine (Park et al, 2008).
Isotopically-labeled internal standards of '*C-BP-3 and '3C;,-bisphenol
A (13C,,-BPA) as well as ds-creatinine were spiked into samples prior to
extraction.

2.1. Study participants and sample collection

From February 2010 to May 2010, a total of 101 urine samples were
collected from the general adult population in Tianjin (n = 50), Shanghai
(n = 26) and Qigihar (n = 25), China; paired blood and urine samples
were collected from 24 of 50 participants in Tianjin. Further, 20 matched
maternal blood and fetal cord blood samples were collected from women
who were delivering in Tianjin; whole blood samples were collected
from 10 children (1-5 yrs) in Nanchang, China. The sampling locations
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Fig. 1. Chemical structures of the benzophenone-type UV filters analyzed in this study.
Arrows indicate that the metabolic pathway of BP-3 was suggested from some exper-
imental studies (Felix et al, 1998; Jeon et al, 2008; Kasichayanula et al., 2005;
Nakagawa and Suzuki, 2002; Okereke et al., 1994), * represents that BP-1 is mainly
formed from BP-3.
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are shown in Fig. S1. The maternal blood samples were collected in the
preoperative holding area within 1 h prior to delivery, and fetal cord
blood samples were collected at delivery. Urine samples from Tianjin
and Qiqihar, and paired urine and blood samples from Tianjin, were
first morning voids (fasting time: ~8 h). Whole blood samples from
children were randomly collected. Urine samples were collected in
50-mL polypropylene tubes; blood samples were collected in heparin-
ized vacutainers. All whole blood and urine specimens were frozen
at —20 °C until analysis.

All participants were healthy, and none reported work-related ex-
posure to BPs. The mean (range) ages are 2.83 (1-5), 39.0 (19-63),
and 30.0 (21-36) yrs for children, adults, and pregnant women, respec-
tively. Overall, 52 of 101 general adults were males; 70% of pregnant
women were primiparities, and the rest (30%) gave birth to their second
child. Detailed demographic information of the donors is provided in
Table S1. The sample collection and analysis were approved by the Insti-
tutional Review Boards of Nankai University, China, and Wadsworth
Center, New York State Department of Health, Albany.

2.2. Quality assurance and quality control

For every batch of 20 samples analyzed, a procedural blank, an in-
strumental blank, and a matrix-spiked sample were analyzed. Proce-
dural blanks were prepared by substitution of 0.5 mL of Milli-Q water
for blood (n = 3) or urine (n = 3), followed by passage through the
entire analytical procedure; pure solvent (methanol) was injected at
the beginning and after every 10 samples as a check for instrument
contamination that would arise from carryover. BPs were not
detected in procedural or instrumental blanks. Ten nanograms each
of native BP (100 pL, 0.1 ng/puL in methanol) was spiked into sample
matrices (n = 3 for each matrix type) and passed through the entire
analytical procedure. The recoveries of BPs ranged from 73 4+ 18% to
128 + 16% for urine and from 83 + 16% to 101 £ 16% for blood. A
few exceptions, with low recoveries, were noted: BP-8 and BP-2
showed recoveries <50% in blood; however, these BPs were rarely
found in humans in this study or in previous studies (Kunisue et al.,
2010, 2012; Ye et al., 2008a), and the poor recoveries for these two
compounds, therefore, did not affect the interpretation of our results.
The relative standard deviation (RSD) of replicate analysis of selected
samples was <20%.

A calibration curve was prepared every day at the beginning and
at the end of every batch of 20 samples analyzed. The regression co-
efficient of calibration standards, injected at concentrations ranging
from 0.05 to 50 ng/mL, was >0.999. As a check for instrumental
drift in response factors, a midpoint calibration standard was injected
after every 10 samples. The limit of quantitation (LOQ) was deter-
mined based on the linear range of the calibration curve; concentra-
tions in samples that were at least three fold greater than the
lowest acceptable standard concentration were considered valid.
The LOQ for the target analytes was (ng/mL): 0.17 4+ 0.06 (BP-3),
0.07 + 0.01 (40H-BP), 0.08 + 0.01 (BP-1), 0.09 + 0.02 (BP-8), and
0.21 4 0.03 (BP-2) for urine; and 0.47 4 0.06 (BP-3), 0.06 + 0.01
(40H-BP), 0.09 £ 0.03 (BP-1), 0.41 & 0.31 (BP-8), and 0.67 & 0.46
(BP-2) for blood. Dilution factors and the mass of samples taken for
analysis were included in the calculation of LOQ. Quantification was
performed by isotope-dilution; '3C;,-BP-3 was used as an internal
standard for BP-3, BP-1, and BP-8, and '3C;,-BPA was used as an in-
ternal standard for 40H-BP and BP-2. BP concentrations in urine can
fluctuate, depending on the volume of urine output at each sampling
event. To enable the comparisons of concentrations between samples
through reducing variability that would arise from volume of urine
output, we also corrected the data for creatinine levels. Creatinine
adjustment has been suggested to improve the comparability of
chemical measurements across individuals, although this is still a
subject of debate.

2.3. Statistical analysis

Data analysis was performed with SPSS, Version 17.0. Concentra-
tions below the LOQ were substituted with a value equal to LOQ divided
by 2 or the square root of 2 for the calculation of the arithmetic mean
and geometric mean (GM), respectively. Differences between groups
were compared by one-way ANOVA. Data were tested for normality
using the Kolmogorov-Smirnov test. Pearson correlation coefficients
were used for the analysis of relationship between two sets of data
with normal distribution (or log-normal distribution); otherwise, the
Spearman's rank correlation coefficient was used. A value of p < 0.05
denoted significance.

3. Results and discussion

Total concentrations (GM, median, and range) of BPs (free plus
conjugated) in urine from adults, and in whole blood from children,
adults, and pregnant women and their fetuses (i.e., cord blood),
from China are shown in Table 1.

3.1. Urinary BP concentrations

40H-BP, BP-1, and BP-3 were found in 61%, 57%, and 25%, respective-
ly, of 101 urine samples analyzed; BP-8 and BP-2 were detected in only
3% and 5% of urine samples; therefore, these two BPs were excluded
from further discussions. Elevated concentrations of BP-3 [475 ng/mL
or 197 pg/g creatinine (Cr)] and BP-1 (338 ng/mL or 140 pg/g Cr) were
found in a female adult; based on our investigation, this donor reported
frequent use of sunscreen that contains BP-3, for skin protection. These
two outlier values also were excluded from further discussions.

We compared urinary BP concentrations between frequent users of
personal care products (including sunscreen) (n = 7) and non-users of
personal care products (n = 13) and found notably high concentra-
tions of BP-3 and BP-1 in urine from frequent users of personal care
products (Table 1). Our results indicate that sunscreen or other personal
care products are important exposure sources of BP-3 and BP-1, as has
been reported earlier (Kunisue et al., 2012).

The GM concentration of BP-3 (0.26 ng/mL or 0.21 pg/g Cr) mea-
sured in all urine samples was similar to that of BP-1 (0.28 ng/mL
or 0.18 pg/g Cr); the levels of 40H-BP were low (GM: 0.19 ng/mL or
0.12 pg/g Cr). A significant positive correlation was found between
BP-3 and BP-1 concentrations in urine (r? = 0.671; p < 0.001)
(Fig. 2), across all samples. No significant correlation was found be-
tween BP-3 and 40H-BP or between BP-1 and 40H-BP concentrations
(data not shown). These results suggest that the sources of human
exposure to BP-3 and BP-1 are common or related, whereas 40H-BP
originates from a discrete source. In a dermal absorption study
(Felix et al., 1998), a sunscreen product that contains BP-3 was ap-
plied on the skin of volunteers; the major metabolite found in urine
was BP-1. It has been reported that BP-3 is metabolized principally
to BP-1 in rats (Jeon et al., 2008; Nakagawa and Suzuki, 2002;
Okereke et al., 1994), zebrafish (Bliithgen et al., 2012) and piglets
(Kasichayanula et al., 2005). Further, humans can be exposed to BP-1
directly via the use of personal care products, but the use of this com-
pound in personal care products is much lower than that of BP-3
(Environmental Working Group, EWG, 2012). Information on the use
of 40H-BP in personal care products and the evidence of its formation
from other BPs is lacking. However, high detection frequency of
40H-BP in urine (61%) indicates that this compound is extensively
used in China.

To our knowledge, this is the first study on urinary (and blood) BP
concentrations in Chinese populations. The urinary concentrations of
BP-3 (median: <0.22 ng/mL) and BP-1 (median: 0.29 ng/mL) found
in China were much lower than those found in the U.S. (median: 6.1-
82.3 ng/mL for BP-3; 6.1 ng/mL for BP-1) (Calafat et al., 2008; Kunisue
et al,, 2010, 2012; Wolff et al., 2007; Ye et al., 2005a, 2005b) but
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Benzophenone-type UV filter® concentrations in whole blood (ng/mL) from children, adults, pregnant women and fetuses (cord blood); and in urine (ng/mL; pg/g Cr®) from the

adults in China.

Variables n (M/F°) BP-3 40H-BP BP-1
DRY/% GM Median Range DR/% GM Median Range DR/% GM Median Range

BPs in blood

Children 10 (5/5) 30 0.43 <0.52 <0.52-2.20 100 0.31 0.32 0.23-0.40 10 0.03 <0.06 <0.06-0.09

Fetuses® 22 (11/11) 55 0.52 0.59 <0.41-2.55 100 0.41 0.41 0.26-0.51 0 <0.12 <0.12 <0.12

Pregnant women 20 (0/20) 35 0.38 <041 <0.41-2.30 100 0.67 0.58 0.32-1.78 0 <0.12 <0.12 <0.12

Adults 23 (12/11) 83 1.51 2.09 <0.52-3.38 100 043 0.35 0.26-1.29 4 0.03 <0.06 <0.06-0.15

BPs in paired blood and urine

Paired blood 23 (12/11) 83 1.51 2.09 <0.52-3.38 100 0.43 0.35 0.26-1.29 4 0.03 <0.06 <0.06-0.15

Paired urine 23 (12/11) 65 1.63 5.06 <0.11-45.2 48 0.16  <0.06 <0.06-3.70 83 1.32 2.01 <0.07-14.3
0.73 1.48 <0.11-46.1 0.12 <0.06 <0.06-2.32 0.48 0.55 <0.07-14.6

BPs in urine from adults

Total 100 (52/48) 25 0.26 <0.22 <0.11-45.2 61 0.19 0.29 <0.06-8.11 57 0.28 0.23 <0.07-20.3
0.21 <0.22 <0.11-46.1 0.12 0.14 <0.06-5.14 0.18 0.14 <0.07-14.6

BPs in urine by gender and age

Males 52 (52/0) 17 0.18 <0.22 <0.11-24.3 54 0.15 0.25 <0.06-2.82 50 0.21 0.11 <0.07-20.3
0.14 <0.22 <0.11-6.91 0.10 0.10 <0.06-1.79 0.12 0.07 <0.07-5.62

Females 48 (0/48) 33 0.39 <0.22 <0.11-45.2 69 0.23 0.33 <0.06-8.11 65 0.38 0.33 <0.07-14.3
0.31 <0.22 <0.11-46.1 0.16 0.17 <0.06-5.14 0.28 029 <0.07-14.6

18-40 yrs 48 (27/21) 26 0.31 <0.22 <0.11-24.0 74 0.25 0.39 <0.06-8.11 57 0.28 0.20 <0.07-12.4
0.23 <0.22 <0.11-134 0.14 0.15 <0.06-3.29 0.19 0.14 <0.07-8.85

41-50 yrs 23 (6/17) 30 033 <0.22 <0.11-45.2 52 0.16 0.23 <0.06-4.14 79 0.54 0.71 <0.07-14.3
0.26 <0.22 <0.11-46.1 0.15 0.23 <0.06-5.14 0.31 0.23 <0.07-14.6

51-65 yrs 29 (19/10) 17 0.17 <0.11 <0.11-24.3 48 0.12 <0.06 <0.06-3.70 42 0.16 <0.09 <0.07-20.3
0.14 <0.11 <0.11-6.72 0.09 <0.06 <0.06-2.32 0.11 <0.09 <0.07-5.62

BPs in urine by sampling location

Tianjin 49 (27/22) 35 0.34 <0.11 <0.11-45.2 29 0.08 <0.06 <0.06-3.70 61 043 0.74 <0.07-14.3
0.22 <0.11 <0.11-46.1 0.07 <0.06 <0.06-2.32 0.20 021 <0.07-14.6

Shanghai 26 (15/11) 8 0.15 <0.22 <0.22-13.1 88 0.31 0.37 <0.08-8.11 38 0.12 <0.09 <0.09-11.3
0.15 <0.22 <0.22-5.10 0.13 0.14 <0.08-3.14 0.12 <0.09 <0.09-8.85

Qigihar 25 (10/15) 20 0.27 <0.22 <0.22-24.3 96 0.51 0.45 <0.08-4.14 68 0.31 0.25 <0.09-20.3
0.25 <0.22 <0.22-134 0.37 03 <0.08-5.14 0.23 0.18 <0.09-5.62

BPs in urine by lifestyle

PCPs users' 7 (2/5) 86 2.68 5.55 <0.11-45.2 43 0.12 <0.06 <0.06-2.08 86 2.35 3.08 <0.07-14.3
1.17 2.14 <0.11-46.1 0.10 <0.06 <0.06-1.35 0.75 1.64 <0.07-14.6

Non-PCPs users 13 (8/6) 31 0.28 <0.11 <0.11-7.90 15 0.06  <0.06 <0.06-1.20 77 0.87 1.95 <0.07-2.66
0.15 <0.11 <0.11-148 0.04 <0.06 <0.06-0.15 0.18 0.25 <0.07-0.47

¢ BP-8 and BP-2 were not detected in blood samples, and were only detected in <5% of urine samples, the data were not shown; one urine sample containing outlier value of
475 ng/mL for BP-3 and 338 ng/mL for BP-1, and those outlier values were excluded for calculation.

b Bold italic: creatinine-adjusted concentration (pg/g Cr).
¢ M/F = male/female.
4 DR = detection rate.

€ The concentration of benzophenone-type UV filters in cord blood was considered to be blood BP levels for fetuses at the time of delivery.

T PCPs users = personal care products (include sunscreen) users.
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Fig. 2. Correlation between (creatinine-unadjusted) urinary concentrations (n = 100)
of BP-3 and BP-1.

comparable to those from Japan (median: <0.45-0.52 ng/mL for BP-3;
<0.14 ng/mL for BP-1) (Kawaguchi et al., 2009; Kunisue et al, 2010;
Wolff et al., 2008). However, the concentrations of 40H-BP in urine
from China (median: 0.29 ng/mL) were similar to those reported for
the U.S. (median: 0.36 ng/mL) (Kunisue et al., 2010, 2012) but higher
than those reported for Japan (<LOQ for all samples) (Kunisue et al.,
2010). These results suggest that the Chinese population is exposed to
lower concentrations of BP-3 and BP-1 than is the general U.S. popula-
tion. The differences are likely the result of the widespread use of sun-
screens or other personal care products that contain BP-3 (or BP-1) in
the U.S. (Environmental Working Group, EWG, 2012), whereas the
use of sunscreen products in China and Japan is uncommon. Another
possible reason for lower concentrations of BP-3 found in China in this
study than those reported in the U. S. might be due to the use of first
morning voids, because the urine collection time is simply out of the ex-
posure window. Moreover, sampling season has an important influence
on the levels of BPs; people are exposed to high doses of BPs during the
summer months (Kunisue et al., 2010, 2012; Wolff et al., 2007, 2010).
In this study, all urine samples from China were collected during winter
or spring; the differences in urinary concentrations of BP-3 and BP-1
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between China and the U.S. could be ascribable, in part, to the sampling
season.

3.2. Blood BP concentrations

BP-3 was found in the blood of 83% of investigated adults, fol-
lowed, in decreasing order, by pregnant women (35%) and children
(30%) (Table 1). The GM concentration of BP-3 in the blood of adults
(1.51 ng/mL) was at least three times higher than that determined for
children (0.43 ng/mL) and pregnant women (0.38 ng/mL). This sug-
gests higher BP-3 exposures in adults than in children or pregnant
women. 40H-BP was found in all blood samples (100%) analyzed. This
finding reiterates the widespread exposure to the Chinese population
of 40H-BP. BP-8 and BP-2 were not detected in any blood samples.
BP-1 was found in 2 of 75 blood samples, although it was found more
frequently (83%) in urine samples analyzed; BP-1 measured in urine
was expected to arise mainly from the metabolic transformation of
BP-3 (Felix et al., 1998; Jeon et al., 2008; Kasichayanula et al., 2005;
Nakagawa and Suzuki, 2002; Okereke et al., 1994). The low detection
frequency of BP-1 in blood suggests the lack of direct exposure to this
compound.

An earlier study (Ye et al., 2008b) conducted by the Centers for
Disease Control and Prevention (CDC) analyzed BP-3 in 15 serum sam-
ples collected in the U.S. between 1998 and 2003; this compound was
not detected in any samples [limit of detection (LOD) = 0.50 ng/mL].
Lower blood BP-3 concentrations found in the U.S. than those from
China were unexpected.

3.3. Gender, age, and regional differences in urinary BP concentrations

Although the differences were not statistically significant (p > 0.05),
females had higher urinary BP-3 and BP-1 concentrations (both
creatinine-adjusted and -unadjusted concentrations) than did males
(Table 1 and Table S2), except for similar urinary concentrations of
BP-3 between males and females from Qigihar. Overall, females had
marginally significantly higher (p = 0.062 for creatinine-adjusted,
p = 0.055 for creatinine-unadjusted) concentrations of 40H-BP than
did males, and the difference was pronounced in samples from Tianjin
(p < 0.05) but not in samples from Shanghai and Qiqihar (Table S2).
For all participants with urinary concentrations above the 90th percen-
tile value for BP-3 (12.1 ng/mL), BP-1 (4.93 ng/mL), and 40OH-BP
(1.61 ng/mL), sex was significantly associated univariately. Females
were 4.0, 9.0, and 2.5 times more likely than males to have concentra-
tions above the 90th percentile for BP-3, BP-1, and 40H-BP, respectively.
A similar trend was previously reported for the general population in the
U.S. (Calafat et al., 2008; Kunisue et al., 2010). Our data suggest that fe-
males are exposed to higher concentrations of BPs than are males. The
greater use of cosmetics and skin care products by females than males
can explain this finding.

We categorized the urine samples from adults into three groups
on the basis of donor's age: 18-40, 41-50, and 51-65 yrs; the wide
age range for the group of 18-40 yrs was due to the small sample
size of n = 5 available for ages of 31-40 yrs. This categorization
was performed individually for each city (Table S2) and for the entire
sample set (Table 1). The lowest urinary concentrations of BP-3, BP-1,
and 40H-BP were found for the age group 51-65 yrs, although the
differences were not significant among the three age groups. Further,
urinary concentrations of BP-3 (p < 0.05) and BP-1 (p < 0.05) were
significantly negatively correlated with age for an adult population
from Tianjin (Fig. S2 and Fig. S3) when the two outlier values were
excluded. However, this age-related trend was not observed for the
Shanghai and Qiqgihar populations, due to the small sample size. Our
data suggest higher exposures to BP-3 and BP-1 by young adults than
the elderly in Tianjin. In the U.S. (Calafat et al., 2008; Wolff et al.,
2007), no age-related exposures were found, although non-Hispanic
whites who were in their twenties and forties had significantly higher

urinary BP-3 concentrations than did those who were in their thirties
and fifties (Calafat et al., 2008).

The urine samples collected from Qigihar had significantly higher
40H-BP concentrations than those from Shanghai (p < 0.05) and
Tianjin (p < 0.05). However, the urinary BP-3 and BP-1 concentra-
tions in samples from Tianjin were comparable to those from Qigihar
but were marginally higher than those from Shanghai (p = 0.0508
for creatinine-unadjusted levels). It is worth noting that urine sam-
ples from Tianjin and Qiqihar were first morning voids, whereas
urine samples from Shanghai were spot samples; therefore, our
results should be interpreted with caution. Further studies with
large sample sizes are needed to explore the influence of demographic
factors on BP exposures in China.

3.4. BP-1 versus BP-3 in urine

BP-3 can be metabolized principally to BP-1 in humans (Felix et
al., 1998) and animals (Bliithgen et al., 2012; Jeon et al., 2008;
Kasichayanula et al., 2005; Nakagawa and Suzuki, 2002; Okereke et
al.,, 1994). To assess the differences in metabolic transformation, a coef-
ficient, f, to elucidate the distribution of metabolites of BP-3 (e.g., BP-1)
in relation to sum concentrations, was calculated using Eq. (1):

G

f:q+c2 (1)

where C; and C, (ng/mL) are the individual urinary concentration of
BP-3 and BP-1, respectively, for each adult. The f values (range: 0.06-
0.62) varied among 25 participants with measurable concentrations of
both BP-1 and BP-3 in urine (>LOQ). The GM values of f were 0.28,
0.21, and 0.22 for participants from Tianjin, Shanghai, and Qiqgihar, re-
spectively. Our results suggest considerable differences in the propor-
tions of BP-1 and BP-3 in humans. This information is important for
the assessment of risks associated with BP-3 exposures because the me-
tabolism of BP-3 yields more estrogenic BP-1 (Kawamura et al., 2003,
2005; Nakagawa and Suzuki, 2002; Suzuki et al., 2005; Takatori et al.,
2003).

We examined gender and age-related differences in f values for
Tianjin's population. No significant gender-related differences in f
values (GM: 0.27 for males, 0.24 for females) were found. Neverthe-
less, a significant inverse relationship was found between In (f) and
In (age) (p <0.05) (Fig. 3) as well as between the values of f and
age (1> = —0.242; p < 0.05) (Fig. S4). The age group of 18-40 yrs
had significantly higher (p <0.01) f values (GM: 0.34) than did
those of the age group of 41-62 yrs (GM: 0.19). Although the number
of samples analyzed is small, the age-related differences in f values

0.0

In (f)

202 — 0242 )
p <0.05

3.0 34 3.8 4.2
In (age)

Fig. 3. Correlation between In (f) [ratio between urinary concentrations of BP-1 and
sum of urinary concentrations of BP-3 and BP-1] and In (age) of donors (n = 18)
with measurable concentrations of both BP-1 and BP-3 in urine (>L0OQ).
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suggest faster metabolism of BP-3 by younger age groups than that by
elderly people.

3.5. Partition of BPs between blood and urine

Among the 23 individuals from Tianjin who donated matched
blood and urine, BP-3 was found in 19 blood and 15 urine samples.
Concentrations of BP-3 ranged from <LOQ to 4.41 ng/mL in blood and
from <LOQ to 45.2 ng/mL in urine (Table 1). Higher concentrations of
BP-3 observed in urine than in blood suggests that this compound ex-
cretes readily in urine. 40H-BP was detected in all blood samples, at
concentrations ranging from 0.26 to 1.29 ng/mL and, in 11 of 23 urine
samples, at concentrations ranging from 0.23 to 3.70 ng/mL.

The ratios of concentrations of BPs between blood and urine (PB/PU
ratio) were calculated by dividing blood BP concentrations by
creatinine-unadjusted urinary BP concentrations. The GM (range) PB/PU
ratio for BP-3 was 0.21 (0.07-0.92) in the 15 blood-urine pairs that
contained measurable concentrations of BP-3; the PB/PU ratio for
40H-BP was significantly higher (p < 0.01) than that of BP-3, with a GM
value of 0.36 (range: 0.12-1.42) for the 12 blood-urine pairs with detect-
able concentrations of 40H-BP (Table 2). This finding suggests that
40H-BP has a slower clearance rate than that of BP-3 from human bodies.
In general, hydrophilic chemicals excrete into urine relatively more quick-
ly than do hydrophobic chemicals. Although some BPs are hydrophobic
(or lipophilic) chemicals, 40H-BP is more hydrophilic (log Kow = 3.07)
than is BP-3 (log Kow = 3.52) (Zhang et al., 2011). Therefore, the
PB/PU ratio of 40H-BP was expected to be lower than that of BP-3.
Previous studies have shown that BPs excrete as conjugated forms
(e.g., glucuronidated or sulfated) in urine (Gonzalez et al., 2006,
2008; Ye et al., 2005b). The physicochemical properties (e.g., hydro-
philicity/hydrophobicity) are expected to be different between con-
jugated and free-form of BPs. Needham and Wang (2002) found that
conjugated chemicals are more hydrophobic than are the correspond-
ing free forms. Therefore, the differences in hydrophilicity between con-
jugated and free forms of 40H-BP and BP-3 may be an important factor
that drives the differential partitioning of these two compounds be-
tween blood and urine. However, no information is available on the
log Kow of conjugated BPs. Further studies are needed to clarify the
factors that influence partitioning of BPs between blood and urine.

To our knowledge, this is the first study to report BP concentrations
in paired blood and urine samples from the general population. No sig-
nificant relationship existed between concentrations of BP-3 or 40H-BP
(creatinine-adjusted and creatinine-unadjusted) in blood and urine. No
gender/age-related differences in PB/PU ratios were found for BP-3 and
40H-BP (Table 2).

Table 2
Concentration ratios of BP-3 and 40H-BP between blood and urine from an adult
population and between cord blood and maternal blood.

Partition ratios between blood and urine® Trans-placental transfer

ratios®

All <40 yrs >40yrs Males Females All Males® Females®

BP-3

GM 021 025 0.19 030 017 048  0.64 0.32

Median 0.24  0.27 0.20 030 0.15 051 055 0.33

Range 0.07- 0.10-  0.07- 0.11- 0.07- 0.24- 051- 0.24-
092 092 0.66 092  0.66 092 092 0.43

40H-BP

GM 036 028 0.41 034 037 0.61 053 0.67

Median 036  0.29 037 038 036 0.68 0.56 0.75

Range 0.12- 0.14-  0.12- 0.15- 0.12- 021- 021- 0.23-
142 067 1.42 067 142 1.61 1.61 1.29

¢ Partition ratios were calculated as blood BP-3 and 40H-BP concentrations divided
by creatinine-unadjusted urinary concentrations.

b Trans-placental transfer ratios were calculated as fetal cord blood BP concentra-
tions divided by maternal blood BP concentrations.

¢ Gender of fetus.

3.6. Placental transfer of BPs

40H-BP was found in all matched fetal cord blood and maternal
blood samples, at concentrations ranging from 0.26 to 0.51 ng/mL in
cord blood, and from 0.32 to 1.78 ng/mL in maternal blood. 40H-BP
concentrations in maternal blood were higher than those found in
cord blood. The ratio of concentrations of 40H-BP between cord
blood and maternal blood (CB/MB ratio) varied among the 22
mother-fetus pairs analyzed. The GM (range) value for the CB/MB
ratio of 40H-BP was 0.61 (0.21-1.61) (Table 2). BP-3 was found in
12 cord blood (range: 0.55-2.55 ng/mL) and 7 maternal blood samples
(0.74-2.30 ng/mL). The CB/MB ratios of BP-3 were lower than those of
40H-BP, with a GM value of 0.48 (range: 0.24-0.92) (Table 2).
Vela-Soria et al. (20114, 2011b) determined BP-3, 40H-BP, and other
BPs in 66 placental tissues collected from Spain and reported frequent
detection of 40H-BP, while BP-3 was not found in placenta samples.
These results indicated that BP-3 did not efficiently cross the placental
barrier. The lower CB/MB ratios found for BP-3 than those for 40H-BP
could, in part, be due to greater lipophilicity of the former than the latter
(Zhang et al., 2011).

4. Conclusions

This study provides the first report on the occurrence of and
human exposure to five BPs by children, adults, and pregnant women
in China. Body burdens of BP-3 and BP-1 in Chinese were lower than
those reported for the U.S. populations. As previously reported and con-
firmed in the present study, females were considerably more exposed
to BP-3 than males. Our comparison of benzophenone concentrations
between paired blood and urine as well as between fetal and maternal
blood provided novel information. BP-3 and 40H-BP in blood were
readily partitioned into urine. BP-3 and 40H-BP can be transferred by
trans-placental routes from mother to fetus.
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Determination of benzophenone-UV filters in human milk samples using ultrasound-
assisted extraction and clean-up with dispersive sorbents followed by UHPLC-MS/MS
analysis.

Rodriguez-Gémez R1, Zafra-Gémez A2, Dorival-Garcia N1, Ballesteros 01, Naval6n Al.
Author information

Abstract

A new sample preparation method for the determination of five benzophenone UV-
filters in human breast milk has been developed. The procedure involves the
lyophilization of the sample, and its subsequent extraction by ultrasound sonication
using acetonitrile. In order to reduce matrix effects produced by milk components that
are coextracted, mainly proteins, sugars and lipids, a further clean-up step with a
mixture of dispersive-SPE sorbents, C18 and PSA, was applied. Extraction parameters
were optimized using experimental design, and the compounds were detected and
quantified by ultrahigh performance liquid-chromatography tandem mass
spectrometry (UHPLC-MS/MS) in positive ESI mode. Analytes were separated in 10
min. BP-d10 was used as internal standard. The limits of detection (LODs) were
between 0.1 and 0.2 ng mL(-1), and the limits of quantification (LOQs) were between
0.3 and 0.6 ng mL(-1) for the target analytes. The inter- and intra-day variability was
<12%. The method was validated using matrix-matched calibration and recovery
assays with spiked samples. Recovery rates were between 90.9 and 109.5%. The
method was successfully applied for the determination of these compounds in human
milk samples collected from volunteers lactating mothers with no known occupational
exposure to these compounds who live in the province of Granada (Spain). The
analytical method developed here may be useful for the development of more in-
depth studies on the prenatal exposure and biomonitoring of these commonly used
UV-filters.
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Aloha Chair and Maui County Council,
Mahalo Nui Loa for inviting us to provide testimony before your committee. It was an honor and privilege.

We are submitting the attached studies to you, as requested by the Infrastructure and Environmental
Management committee after our presentations on Oxybenzone and Octinoxate’s effects on marine life and
human health. After reviewing the attached studies, we are confident that you will all feel comfortable with your
vote to support the legislation to ban the sale of SPF Sunscreen products containing Oxybenzone and/or
Octinoxate.

Mahalo,
Craig Downs — Executive Director — Haereticus Environmental Laboratory
Joe DiNardo — Retired Personal Care Industry Toxicologist & Formulator

Notes:
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HEL Monograph or Octinoxate HEL Monograph) and the references used to support the main article will be
included.
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concerns you may have associated with terminology:

1) Oxybenzone = Benzophenone-3 (BP-3) and metabolites maybe noted as Benzophenone-1 and
4-Methylbenzophenone
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Concentrations of Environmental Phenols and Parabens in Milk,
Urine and Serum of Lactating North Carolina Women
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Abstract

Phenols and parabens show some evidence for endocrine disruption in laboratory animals. The
goal of the Methods Advancement for Milk Analysis (MAMA) Study was to develop or adapt
methods to measure parabens (methyl, ethyl, butyl, propyl) and phenols (bisphenol A (BPA), 2,4-
and 2,5-dichlorophenol, benzophenone-3, triclosan) in urine, milk and serum twice during
lactation, to compare concentrations across matrices and with endogenous biomarkers among 34
North Carolina women. These non-persistent chemicals were detected in most urine samples
(53-100%) and less frequently in milk or serum; concentrations differed by matrix. Although
urinary parabens, triclosan and dichlorophenols concentrations correlated significantly at two time
points, those of BPA and benzophenone-3 did not, suggesting considerable variability in those
exposures. These pilot data suggest that nursing mothers are exposed to phenols and parabens;
urine is the best measurement matrix; and correlations between chemical and endogenous
immune-related biomarkers merit further investigation.
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Introduction

Humans, house pets, and parts of our food chain are exposed to a mixture of man-made
chemicals through industrial pollution, pesticide use, consumer and personal care products,
house dust, drinking water, and food packaging. The National Health and Nutrition
Examination Survey (NHANES), conducted by the Centers for Disease Control and
Prevention (CDC), has demonstrated widespread exposure to some of these chemicals, such
as phenols (e.g., bisphenol A [BPA], triclosan) and parabens, among the U.S. general
population [1]. As these particular chemicals are commonly found in cosmetics, UV filters,
anti-microbial soaps, lotions and plastics used in toys and food storage, at-risk populations
(i.e., pregnant women, infants, children, and the elderly) may have more potential for
exposure due to enhanced use.

Some persistent environmental chemicals, such as brominated flame retardants (BFRs) and
perfluoroalkyl substances (PFAS) can be measured at higher serum concentrations in
children than adults [2, 3]. It is not known whether this is due to different metabolic rates,
varied exposure patterns, or smaller blood volumes in children compared to adults. Of note,
PFASs and BFRs can also be found in breast milk and can be transferred to the infant [4, 5].
However, few studies have examined the extent to which many non-persistent chemicals are
found in breast-feeding women and their milk [6-8]. Characterization of chemical exposure
in breastfeeding women and the potential for transfer of those chemicals or their metabolites
to breast milk would aid in exposure assessment in infants/children and is of interest to risk
assessors [9].

Certain phenols and parabens have endocrine disrupting effects in cell lines and animal
models [10-12]. In laboratory animals, exposures to some phenols and parabens have been
linked to pathologies or disorders such as obesity, thyroid dysfunction, and breast cell hyper-
proliferation [13-17]. NHANES and other studies have reported the concentrations of certain
phenols and parabens in the serum or urine of adults [18-21], but information on the transfer
to milk, and the ratios of the chemical concentrations in the various matrices of at-risk
populations, such as lactating women [6-8], especially women from the USA, is limited.

Because early life is a critical and influential period for potential health effects of endocrine
disrupting factors [22], our goals were to develop or adapt methods to collect biological
matrices (i.e., milk, serum, urine) from lactating women and measure the total
concentrations of phenols and parabens in these different biological specimens (total and
free in serum) at two time points (i.e., visits). These methods are integral for evaluating the
effects of environmental exposures in longitudinal health studies, such as the National
Children's Study [23, 24] or large developmental cohort studies conducted in other countries
[25-27]. Those types of studies also have interests in major health afflictions of children,
such as puberty timing, obesity, diabetes, allergy and asthma. We had previously validated
assays that may serve as health biomarkers and were endogenous components of the
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matrices we collected [28]. Therefore, we also assessed correlations between phenol and/or
paraben concentrations and endogenous components of milk [glucose, triglycerides,
secretory immunoglobulin A (slgA), prolactin, estradiol, interleukin-6, and tumor necrosis
factor-alpha (TNF-a)] and serum (including the aforementioned milk biologics with the
addition of IgE, IgM, 1gG, and IgA instead of sIgA) for the individuals in our study. We did
this hypothesizing that there may be significant correlations between these chemical
exposures and endogenous components that would mirror correlations reported in animal
model studies, especially those indicating estrogen agonist activity (i.e., BPA). We also
evaluated correlations between measured concentrations of these chemicals and potential
exposure routes, using information gathered from an extensive questionnaire administered at
the first of two visits [28].

Materials and Methods

MAMA Study Details

Healthy (no acute illness at the time of sample collection), lactating, English-speaking
women between the age of 18 and 38 were recruited for the Methods Advancement in Milk
Analysis (MAMA) study by the US Environmental Protection Agency (EPA) contractor,
Westat (Chapel Hill, NC). The women visited the US EPA Human Studies Facility clinic in
Chapel Hill, NC, between December 2004 and July 2005. Participants (n=34) were asked to
fast before sample collection and to avoid the use of breast creams. The method of
recruitment and demographic information on the participants has been previously reported
[28] with study design including the use of a convenience sampling of women with limited
ethnic diversity, e.g., majority Caucasian. The research with human subjects was approved
by the Institutional Review Boards (IRBs) of the University of North Carolina-Chapel Hill
Medical School under IRB number 03-EPA-207 and the CDC under IRB number 3961.
Study volunteers were briefed on the study goals, risks and inclusion and exclusion criteria
and provided informed consent (verbal and written) prior to donation and answering an
extensive questionnaire.

Milk, urine and serum were collected at 2-7 weeks and 3-4 months postpartum into
polypropylene containers using a previously described protocol [29]. Breasts were cleaned
with water and a cloth towel before milk collection. Women provided all of the milk
(including hind milk) available at the time of collection (volume was to equal/exceed 3
ounces). A log was kept to record details of the sample collection, including date and time of
day. The samples from multiple matrices were collected within an hour of each other. All
samples, including freshly collected, mixed milk samples were aliquoted into multiple tubes
at collection and stored at or below -20 °C until analysis. Aliquots of each sample were
available for endogenous biomarker analyses and analytical chemical analyses. A
questionnaire was administered to the women at the first visit and it was aimed at
understanding the sources of their potential chemical exposures, including age, race/
ethnicity, education, years at current address, personal care product use (i.e., nail polish, hair
styling products, hair color, foundation makeup), number of prior children and number
breastfed, pregnancy complications (diabetes, preeclampsia, excess weight gain),
information on current breastfeeding, source and amount of water consumed daily, and body
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mass index. Many answers were categorical (i.e., none, seldom, moderate, often) and others
were continuous.

Analytical Chemical Measurements

Details of the analytical procedures used to measure the total (free plus conjugated) or free
concentrations of the environmental chemicals can be found in the Supplementary Data.
Specifically, we measured the total (free plus conjugated) concentrations in urine, milk, or
serum, but only the free concentrations in serum. Briefly, the target analytes in urine, milk,
or serum were pre-concentrated by online solid phase extraction, separated from other
matrix components by reverse-phase high performance liquid chromatography, and detected
by atmospheric pressure chemical ionization or atmospheric pressure photoionization—
isotope dilution—tandem mass spectrometry with peak focusing as described before [30, 31].
Because certain compounds measured in this analysis are ubiquitous in the environment,
quality control procedures, including the use of blanks, were used at all steps to monitor for
BPA contamination from the procedures for sample collection, handling, and analysis
[32-34].

The number of samples available for chemical analysis varied due to the method
development nature of this study. Two urine, serum and milk (Milka= stored at -20 °C;
Milkg= stored at -80 °C to compare stability of these chemicals in milk) aliquots per
participant were collected for analyses in this study. One of the two aliquots of serum was
previously analyzed for other chemicals (i.e., PFASSs) prior to BPA and benzophenone-3 (2-
hydroxy-4-methoxybenzophenone) measurements [35]. We measured concentrations of
parabens (methyl-, ethyl-, butyl- and propyl), BPA, benzophenone-3, 2,5- and 2,4-
dichlorophenol, and triclosan (2,4,4’-trichloro-2’-hydroxydiphenyl ether) in urine, serum and
milk. Measurements of phenols and parabens were made on 15t visit (V1) milk (n=1), 2"
visit (V2) milk (n=9), V1 serum (n=34), V2 serum (n=30), V1 urine (n=33), and V2 urine
(n=30) samples. Only 10 milk samples (representative of 9 women) were analyzed for
phenols and 8 milk samples for parabens because the initial collection protocol added a
preservative (potassium dichromate) to the milk at collection that adversely affected the
performance of the method used for analysis of parabens and phenols. This problem was
identified after sample collection had begun and the methodology was altered to not include
the preservative in the remaining samples.

Measurements of Endogenous Immune-Related Biomarkers

Concentrations of serum IgG, IgM, IgA, IgE, glucose, triglycerides, estradiol, prolactin,
IL-6, and TNF-a and milk slgA, IL-6, leptin, prolactin, TNF-a, triglycerides, glucose and
estradiol were measured for each MAMA study participant by LabCorp Inc. (Burlington,
NC) as defined in the detailed protocols previously reported [28]. Serum was assayed on the
same day as or within 24 hours of their co-paired milk samples. Unlike the analytical
methods described above, the preservative did not interfere in these assays, therefore the
n=31 for V1 milk and n=21 for V2 milk end points. The n for serum samples is identical to
those reported above (34 and 30, respectively, for V1 and VV2). The assay coefficients of
variation and limits of detection have been previously reported [28].
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We report milk, serum and urine concentrations of benzophenone-3, BPA, methyl paraben
and propyl paraben for each woman. The minimum, maximum and 201-80t" percentile
concentrations of the endogenous immune-related biomarkers have been previously reported
(Table 4 in [28]). Concentration distributions are described for each compound, but
comparisons across matrices and across visits were done only for compounds detected in >
50% of samples [36]. Spearman correlations were calculated to evaluate the relationships
within and between phenol and paraben concentrations to compare V1 and V2 for the same
compound and to examine interrelationships among parabens and phenols. For
concentrations below the limit of detection (LOD; reported in Table 1 by analyte and
matrix), we assigned a value equal to the LOD divided by the square root of 2 [63].
Comparisons across Vvisits were not performed for milk concentration because only one milk
sample was available at V1 and power was limited (total n=10).

Questionnaires were completed at V1 to capture usual behavior and demographic
characteristics. We examined questionnaire data to determine associations between 1)
demographic, behavioral and dietary characteristics and 2) phenol and paraben
concentrations. Spearman correlations and analysis of variance were used to assess
relationships between questionnaire variables and the concentrations of the target analytes.
Adjustments were not made for multiple comparisons given the exploratory nature of the
study and our intent to identify signals that could be useful to suggest future avenues of
investigation. In addition, we note that substantial variability was observed and with our
limited power, we only comment in the text on questionnaire data that were associated with
a compound at both study visits. However, all correlations are reported in supplemental
tables (see Supplemental Data Tables S1-S3). We conducted all analyses using SAS
Enterprise Guide 4.1 (SAS Inst., Cary, NC). Significance was denoted at p < 0.05.

Parabens and phenolic compounds detected in MAMA samples

Table 1 lists the detection frequency of the parabens and phenols in specific matrices (milk,
serum or urine) by visit. Even though the LODs were comparable across all matrices (Table
1), urine yielded the highest number of detectable concentrations, and for all compounds
evaluated, the majority of individual urinary concentrations were detectable. As a chemical
class, the parabens were the most frequently detected compounds across all matrices. With
the exception of methyl paraben, detected in nearly 100% of all samples in all matrices at all
visits, other parabens were more often detectable in urine than in serum. Parabens were
detected in the majority of milk samples, but no milk samples contained detectable
concentrations of butyl paraben.

For the phenols, BPA was the most frequently detected in milk and urine (80-90%) but was
seldom detected in serum. 2,4- and 2,5-dichlorophenol were rarely detected in milk (and
were thus not measured in serum), but were detected in the majority of urine samples.
Benzophenone-3 was detectable in about half of milk samples, in the majority of urine
samples and in less than 30% of serum samples. Triclosan was detected in one third of milk
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samples, in nearly 90% of urine samples, and in only one serum sample. Although not
shown in Table 1, the chlorinated compound triclocarban was measured but not detected in
milk.

of concentrations of parabens and phenols in various matrices

To better understand the disposition of these chemicals in the individual participants, and
how that may vary across the participants, we compared the concentrations of chemicals
across matrices. First, we evaluated chemical concentrations in serum and urine of all
women with 2 collections (n=30). In Table 2, we show the urine:serum ratio of methyl and
propyl paraben, at visit 1 and 2, as they were the only chemicals detected in the serum of at
least 50% of the samples. There was wide variation across participants, and for the majority
of participants there was a change in concentrations between visits, with both parabens
changing in the same direction over time.

To better understand the potential transfer of the parabens and phenols into breast milk, we
also evaluated the ratios of chemicals in all the participants that donated milk in which we
could make measurements. In Tables 3-6, we present the concentrations of the parabens or
phenols (benzophenone-3, BPA, methyl paraben and propyl paraben) that were detected in
greater than 50% of the samples. Corresponding individual urine and serum (total and free)
concentrations are also reported in these tables.

For benzophenone-3 (Table 3), the milk:urine concentration ratio was heavily skewed
toward urine, with ratio values ranging from 1:57 to 1:738. The milk to urine BPA ratios
ranged from 1:1 to 1:80 (Table 4), with 3 of 5 individuals (for which a M:U concentration
ratio could be calculated) suggesting a <1:10 relationship. Although methyl paraben (Table
5) was detected in all milk samples, the milk concentrations were 21-764 times lower than
the urinary concentrations from the same women. Milk and total serum methyl paraben
concentrations were not as varied as the difference in milk and urine concentrations, but
concentrations in serum were consistently higher (11-30 fold) than in milk. Comparing
across matrices, propyl paraben (Table 6) was detected at the highest concentrations in urine
(ranging from 0.5 to 279 pg/L), and for individual participants, the milk and total serum
propyl paraben concentrations were comparable, while the milk to urine ratio was heavily
skewed toward urine (5 to nearly 700 fold higher).

Correlations of paraben and phenol concentrations across visit

Because of the relatively short biological half-lives of the compounds measured and the
likely episodic nature of the exposures, we hypothesized that there would be a large
variability between the concentrations of an individual compound between visits
(collections). Table 7 shows median, minimum, maximum, and selected percentiles of the
nine parabens and phenols measured in urine (total samples: n=33, V1; n=30, V2), separated
by visit. The Spearman correlations demonstrate the relationship/ranking of each woman's
set of measures, reflecting variation by individual (not with respect to absolute values).
These correlations indicate that the relative rank of a woman is significantly related from
one visit to the other. Surprisingly, there was a significant correlation between V1 and V2
measurements for 7 of 9 phenols and parabens measured when both collections and all
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participants are considered. Benzophenone-3 median concentrations were higher in V2 than
in V1 and were not significantly correlated between visits. These findings suggest varied or
changing exposures to benzophenone-3 over time, but they may also reflect the variation in
timing of sample collection at one or both visits in relation to an individual's potential
exposure events. BPA concentrations in urine were also not correlated across time, and our
data could not determine if it was due to exposures changing over time or due to the timing
of sample collection after a potential exposure.

We made similar comparisons for the concentrations in serum, but were limited in our
analysis because from the nine compounds analyzed in serum, only methyl paraben and
propyl paraben were detected in greater than 50% of samples. Median, minimum,
maximum, and selected percentiles of paraben and phenol concentrations in serum,
separated by visit are shown in Table 8. As was the case in urine, there was a significant
correlation for both serum methyl paraben and propyl paraben between visits, with the
serum range being nearly identical over time for both individual parabens. Butyl paraben
was detected in 9% of V1 samples and 17% of V2 samples with a maximum value of 0.7
pg/L. Ethyl paraben was detected in 38% of V1 samples and 35% of V2 samples with a
maximum value of 2.4 pg/L. Triclosan was detected in serum samples from two women
with a maximum value of 1.5 pg/L, very close to the LOD of 1.1 pug/L.

Only methyl paraben and propyl paraben had detectable concentrations in greater than 50%
of both urine and serum samples (as shown in Table 2). Expanding upon this further, methyl
paraben urine to serum concentration correlations were significant for V1 (rho=0.40,
p=0.02) but not V2 (rho=0.15, p=0.42). Propyl paraben concentrations were not significantly
correlated between urine and serum at the same study visit (V1 rh0=0.32, p=0.07; V2
rho=0.23, p=0.22). These findings suggest a consistent exposure pattern for the parabens
when measured within a matrix over time, but predictions should not be made across
matrices based on single collections.

Correlations of parabens and phenols with questionnaire data

Questionnaire data (collected at visit 1) provided information on living, working, and dietary
habits, overall health, water source, education, breast feeding practices, how long the
participant lived in her locale, and some information on how much time she spent in her car/
home/yard, near a computer, and how often she used makeup, nail polish, hair styling
products, etc. Those data were analyzed for associations with phenols and parabens
concentrations from matrices in which the compounds were detected in more than 50% of
the samples (no milk analysis for VV1). Detailed questionnaire data results are reported in the
supplementary data section of this publication (Supplementary Data Tables S1-S3).
Spearman correlation analysis of questionnaire data yielded significant correlations at V1
and V2 for urine methyl paraben and nail polish use (Table S1); urine and serum propyl
paraben and nail polish use (Tables S1 and S2); serum methyl paraben and hair styling
product use (Table S2); and an inverse correlation between urine concentrations of BPA and
education and hair styling product use (Table S3). Other significant outcomes lacked a
consistent pattern, with certain correlations appearing at V1 or V2, but not both visits. The
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spreadsheets denoting both positive and negative correlations are included in Supplementary
Data Tables S1-S3.

Correlation of parabens and phenols concentrations with endogenous immune-related

biomarkers

Correlations between the phenol and paraben concentrations and endogenous immune-
related biomarkers (cytokines, immunoglobulins, hormones, glucose or triglycerides), which
were only measured at visit 1, were explored to try to get a better understanding of potential
health related indices associated with these exposures. Data for seven different compounds
are reported in Supplementary Data Tables S4-S10. These immune-related biomarkers were
measured in all three of the matrices described and significant correlations are denoted based
on matrix (see subscripts). Milk IL-6 had significant positive correlations with most of the
phenols and parabens measured (all Rho > 0.5): BPAy1, 2,4-dichlorophenolyyy, 2,5-
dichlorophenoly, ethyl parabengl, ethyl parabenyy,, methyl parabens,, propyl parabengl
and propyl parabeny,. Milk slgA also had significant correlations, some highly correlated
(i.e., Rho values of 0.74 and 0.75 with parabens), with many phenols and parabens: BPA1,
2,4-dichlorophenoly,, 2,5-dichlorophenoly,, ethyl parabeny,, and methyl parabengl. Serum
IgA had significant correlation with benzophenone-3 ;1 and ethyl parabengl. Serum and
milk IgM had significant correlation with methyl paraben o and propyl parabeny,
respectively. Serum TNF-a had a significant correlation with propyl parabeny;. Glucose
and triglycerides had negative and positive significant correlations with BPA; and
benzophenone-3y,1, respectively. None of the parabens or phenolic compounds had
significant correlations with circulating or milk-derived hormone concentrations (estradiol
or prolactin).

Discussion

We report concentrations in multiple matrices of parabens and phenols measured at 2
different periods of lactation from individual women. One of our goals was to determine
which matrices provide useful data (easily collected, analysis successful in that matrix, and
over 50% detects for these chemicals). Urine provided the most useful data, with all
parabens and phenols yielding detectable measurements in greater than 2/3 of the individual
samples at both visits. Milk concentrations, albeit limited due to the methods development
nature of this study, were detectable in >50% of samples for ethyl paraben, methyl paraben,
propyl paraben, benzophenone-3 and BPA, suggesting potential usefulness of larger milk
biomonitoring efforts on these endocrine active compounds. Measurements in serum were
not worthwhile for many of these compounds, as only methyl and propyl paraben were
detectable in >50% of samples.

As a methods development study on novel endpoints, we conducted exploratory analysis
without adjustment for multiple comparisons. Because we provided data on only a small
number of lactating women, our results should be confirmed in future studies. However, we
learned several things that should advance this field: 1) Relatively high detection incidence
(56-100%) in breast milk of ethyl, methyl and propyl parabens, BPA and benzophenone-3,
so this matrix could be used for exposure analysis in future studies; 2) Relatively low
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milk:urine concentration ratio for BPA, so although this is a short-lived compound in the
body, it may transfer to milk; 3) Statistically significant between-visit correlations for 7 of 9
of these compounds, suggesting consistent and/or recurrent exposure to these compounds
over time; and 4) Consistently positive correlations of some of these compounds with
immune end points in the milk of the study participants (see Supplementary data),
suggesting further studies into the relationships of phenols and parabens with immune
response may be fruitful.

Many of the chemicals measured in these lactating women are hormonally active in
laboratory animals. BPA is employed in the manufacture of polycarbonate plastics and
epoxy resins used in dental sealants, and as coatings lining food and soda cans [20], among
other applications. In this study, individual urinary BPA concentrations were inversely
related with the maternal education level and her reported use of hair styling products (Table
S3). We did not evaluate the correlation between education and hair styling product use
during pregnancy/lactation, but theorize that they are related. In rodent studies, BPA is
associated with multiple adverse health outcomes following early life exposures [37]. Our
data add to the limited reports of BPA concentrations in individual breast milk samples from
US women analyzed mainly for method development studies [7, 30, 38-40]. Other
researchers measured BPA in colostrum of Japanese women (n=110) by ELISA [41].
However, ELISA lacks adequate analytical selectivity and specificity, and matrix effects
may induce performance anomalies for BPA quantification in human samples [37]. Studies
in rats directly exposed to BPA report very low transfer of the compound to milk [42, 43],
but the limited number of samples in our study show BPA is present in >50% of milk
samples. However, because BPA is a ubiquitous environmental contaminant, we cannot rule
out completely the potential for external contamination with BPA during collection, storage,
or analysis [33]. We rarely detected total BPA in the serum, but we detected BPA in most
urine samples. These data confirm previous reports [44] [45] that serum is not an adequate
matrix for biomonitoring of BPA in adults or children, or to estimate dose in most rodent
studies.

Benzophenone-3, often used as an ingredient in sunscreen, ultraviolet light stabilizer in
plastics, and to inhibit photodegradation [12], has also been shown to be estrogenic [10, 18].
Our report of a mean milk concentration of 3.7 ug/L for the 7/10 samples (from 9
participants) with detectable concentrations adds to the limited data on benzophenone-3
concentrations in milk from US women [30, 39]. Previous studies have suggested that
exposure to benzophenone-3 may vary by season [46] and race/ethnicity [19]. The majority
of the samples in the current study were collected within the winter and spring season and
most women (85%) were white. Benzophenone-3 had been previously reported in milk from
Swiss women (n=34) with a median concentration of 19.8 ng/g lipid [6] and detection
frequency of ~18% (LOD = 2 ng/g). The other phenols examined show similar interquartile
ranges and medians in urine to data reported in a recent study on pregnant Spanish women
and their children [47].

Chlorophenols are found in biocides including pesticides, fungicides, and insecticides [31],
and are used in dye synthesis intermediates, moth repellants, room deodorizers, and in
treated wood. 2,5-dichlorophenol, the primary metabolite of p-dichlorobenzene, is common
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in US populations [1]. Exposure to high doses of 2,4-chlorophenol in laboratory animals
causes immunological and liver related effects, in addition to smaller litters and offspring
with decreased birth weight [48]. There are a couple of technical manuscripts devoted to
analytical method development that report rarely detecting 2,4- and 2,5-dichlorophenol in
milk [39, 49]. By contrast, these dichlorophenols are detected in the urine of the majority of
the US general population [1], in residents of a California agricultural community [50], and
in pooled serum samples of US children [45]. In the present study, we detected 2,4-
dichlorophenol in 11% of the milk samples, whereas 2,5-dichlorophenol was undetectable;
both compounds were detected in >82% of the urine samples, consistent with previous
results.

Triclosan is added to some detergents, toothpastes, cosmetics, clothing and plastics to
prevent microbial growth. Triclosan has been shown to depress serum testosterone at high
doses in male rats without effects on puberty (pre-putial separation) or reproductive organ
weight [17]. In female mice, triclosan is an exogenous estrogen enhancer in the weanling
uterotrophic assay [11]. The first report of triclosan in human milk was a Swedish study in
which five randomly collected samples were analyzed. In 3 of 5 samples triclosan was
detected, although the method of sample collection was unknown [51]. Another Swedish
study carefully collected samples from 34 women who either used or did not use triclosan
containing products [52]. Triclosan was present in the serum of all women tested (even the
“controls”) and in the milk of nearly half of the controls and all of the exposed women.
When 62 U.S. milk bank samples were tested for triclosan [53], it was present in 51 of them
above the LOD of 150 ng/kg and concentrations were highly variable, as was seen in our
study. In another study, triclosan was detected (LOD = 1 ng/mL) in two of the four breast
milk samples analyzed [30]. In these studies, the milk collection method was unknown.
Triclosan has been measured in serum of breast-feeding women [51, 52], in the urine of
young American girls [54], and in the general US population [1, 19]. The urinary
concentrations of triclosan in these MAMA participants are similar to those reported in
NHANES [1] and by Wolff et al [54] although these are all vastly different populations
(lifestage, sex, age). Also, women from earlier studies had lower milk triclosan
concentrations than they did serum concentrations [52]; our data did not allow for these
comparisons because we detected triclosan in only one serum sample and in one third of
milk samples. In the present study, we assured a fastidious collection procedure with no
triclosan-containing product coming in contact with the biological sample or the skin. In our
study we detected triclosan in nearly 90% of urine samples, which likely reflects the
accurate exposure of the woman to this compound.

Parabens are antimicrobial agents found in personal care products including lotions,
cosmetics, medicines, and soaps [55] and certain parabens are approved for food use in the
USA [37]. Parabens have weak estrogenic activity [56] and can induce proliferation of
breast cancer cells [13]. In male rodents, butyl or propyl paraben exposure decreased sperm
production, fetal testosterone, and/or epididymal weight [57, 58], and caused epigenetic
changes in sperm [59].

Parabens have been measured in 100% of urine samples from pregnant women and children
previously [47], which is identical to the data on lactating women in the present study. There
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are currently only two publications that have measured parabens in human milk samples. In
the first one, a method development paper, the authors analyzed four samples and detected
(LODs = 0.1 ng/mL) methyl paraben in all of them, but propyl paraben in only one [30]. In
the second study, methyl, ethyl and propyl parabens were detected in 54 carefully collected
breast milk samples [6]. Neither dataset reported detectable concentrations of butyl paraben
in milk, identical to our findings. Previous data show methyl paraben and propyl paraben
had the highest concentrations in urine with mean values of 43.9 and 9.05 ug/L, respectively
[60]. Earlier studies on measures of urine parabens in women and men reported substantial
temporal variability [61, 62], and we observed significant correlations within paraben
concentration over time, but greater than two collections would give increased clarity to
inter-individual variability over time. Interestingly, propyl and methyl paraben had
significant correlations with nail product use (Table S1) and methyl paraben concentration
was associated with hair product use (Table S2) in our study. Furthermore, the parabens
were the class of chemicals with the most correlations with endogenous biomarkers.
Consistencies across parabens were seen in correlations with milk IL-6 and milk Ig (sIgA
and IgM), and for ethyl, methyl and propyl paraben, these correlations were with urine and
serum concentrations of the chemicals. These findings deserve further investigation.

In summary, there are strengths of this study that set it apart from others. These strengths
include the first report of collection of multiple matrices (urine, serum and breast milk)
obtained at two separate visits, from each individual, and analytical measurements by a
highly experienced laboratory using validated methods, allowing for an initial assessment of
disposition and variability of exposure over time and matrix. There are also limitations.
They include the relatively small “n”, with multiple comparisons, and exploratory nature of
the exposures and outcomes (e.g., immunological biomarkers). Because this was a pilot
study, the milk data are limited but still provide interesting insights for future investigation.
Given those limitations, these data suggest that serum is not an appropriate medium for
detection of these non-persistent compounds. Urine, and, to a lesser extent milk, represent
better matrices for detecting select phenols and parabens. These data provide support to risk
assessors working on these non-persistent organic compounds and insight for future studies
that may look at the partitioning of phenols and parabens in breast feeding women. Finally,
these data suggest that trace levels of phenols and parabens can be present in breast milk, but
should not preclude women from breastfeeding. Detection of the total concentrations of
these phenols and parabens in breast milk is not proof that a nursing infant will actually
absorb the target chemical. The target chemical in breast milk may be inactive, particularly
if it is a metabolite. The chemical may be bound to other compounds in milk and have low
bioavailability, or it may not be absorbed from the infant Gl tract in an active form (e.g., a
form capable of binding to target receptors). Breast milk is proven to be an extremely
beneficial start to a child's life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CDC Centers for Disease Control and Prevention
FDA Food and Drug Administration

GRAS Generally Recognized as Safe

IgA Immunoglobulin A

19G Immunoglobulin G

IgM Immunoglobulin M

IL-6 Interleukin 6

LOD Limit of Detection

MAMA Methods Advancement in Milk Analysis
NHANES National Health and Nutrition Examination Survey
PFAS Perfluoroalkyl substance

sl Serum from visit 1

s2 Serum from visit 2

slgA Secretory Immunoglobulin A

TNF-a Tumor Necrosis Factor Alpha

ul Urine from visit 1

u2 Urine from visit 2

US EPA or EPA United States Environmental Protection Agency
Vi1 Visit 1

V2 Visit 2
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Abstract The purpose of this article is to summarize bio-
logical monitoring information on UV-absorbing compounds,
commonly referred as organic UV filters or sunscreen agents,
in aquatic ecosystems. To date a limited range of species
(macroinvertebrates, fish, and birds), habitats (lakes, rivers,
and sea), and compounds (benzophenones and camphors)
have been investigated. As a consequence there is not enough
data enabling reliable understanding of the global distribution
and effect of UV filters on ecosystems. Both liquid chroma-
tography and gas chromatography coupled with mass
spectrometry-based methods have been developed and ap-
plied to the trace analysis of these pollutants in biota, enabling
the required selectivity and sensitivity. As expected, the most
lipophilic compounds occur most frequently with concentra-
tions up to 7112 ng g ' lipids in mussels and 3100 ng g~
lipids (homosalate) in fish. High concentrations have also
been reported for 4-methylbenzilidenecamphor (up to
1800 ng g ' lipids) and octocrylene (2400 ng g ' lipids).
Many fewer studies have evaluated the potential bioaccumu-
lation and biomagnification of these compounds in both fresh
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and marine water and terrestrial food webs. Estimated bio-
magnification factors suggest biomagnification in predator—
prey pairs, for example bird—fish and fish-invertebrates. Eco-
toxicological data and preliminary environmental assessment
of the risk of UV filters are also included and discussed.

Keywords UV filters - Biota - Chromatography - Mass
spectrometry - Bioaccumulation - Toxicity

Introduction

UV filters, including both inorganic and organic sunscreen
agents, constitute a group of emerging environmental pollu-
tants, potentially hazardous compounds that have been re-
ceiving steadily growing attention over the last decade as
society has become aware of the dangerous effects of UV
solar radiation. These chemicals can be found not only in
cosmetics but also in other personal care products, food
packaging, pharmaceuticals, plastics, textiles, and vehicle-
maintenance products to prevent photodegradation of poly-
mers and pigments [1, 2].

Incomprehensibly, there are scarce data about, and limit-
ed understanding of, the environmental occurrence, fate,
distribution and effects of many UV filters and their metab-
olites and other transformation products, despite their ex-
tensive use. According to market studies, sunscreen product
sales were higher than half a billion US dollars in 2005, and
it is estimated that 10,000 tons of UV filters are produced
annually for the global market [3].

It is likely that usage of sunscreen agents is going to
increase in the future, because of the recommendations of
health authorities on the prevention of skin cancer. One of
the main reasons for the scarcity of data was the lack of
suitable analytical methods capable of detecting emerging
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pollutants at trace levels in, usually, complex environmental
matrices. However, as a consequence of increasing concern
about the potential effects of sunscreens on ecosystems and
humans, in last five years environmental analytical scientists
have developed sensitive and selective analytical methods.

Eco-toxicological data on both UV filters and their deg-
radation products is also missing. Despite the small amount
of information available about their toxicity, the low envi-
ronmental concentrations reported so far suggest a low
potential risk. However, the long-term risk associated with
the pseudo-persistence of these chemicals in the environ-
ment is largely unknown.

The purpose of this review is to summarize scarce and
scattered information about the profiles of UV filters in
aquatic organisms, analytical methods, bioaccumulation/
biomagnification, ecotoxicity, and environmental analysis
and risk assessment (ERA). Finally, the article identifies
current gaps in our knowledge and potential future research
needs in ERA.

Physicochemical properties

UV filters are substances with almost null absorption of
visible radiation but important light absorption in the UVA
(315-400 nm) and UVB (280-315 nm) ranges [4].
Sunscreens can be classified into organic (chemical) absorb-
ers and inorganic (physical) blockers on the basis of their
mechanism of action. Organic UV filters absorb UV radia-
tion with excitation to a higher energy state. Excess energy
is dissipated by emission of higher wavelengths or relaxa-
tion by photochemical processes, for example isomerization
and heat release. They include camphors, benzophenones,
cinnamates, triazines, among others. Inorganic sunscreens,
i.e. titanium dioxide and zinc oxide, protect the skin by
reflecting and scattering UV radiation.

The focus of this review is on organic UV filters. A
feature common to all of these is the presence of an
aromatic moiety with a side-chain with different degrees
of unsaturation. Their structures and other physicochemical
properties are listed in Table 1. Some, for example 4-
methylbenzylidene camphor (4MBC), ethylhexylmethoxy
cinnamate (EHMC), and octocrylene (OC), are chiral com-
pounds. Although the enantiomers of these compounds are
not expected to have different physicochemical properties,
isomers and enantiomers may differ in biological behavior.
Commercial formulations contain mainly geometrical (E)
isomers, although some UV filters (e.g., methoxycinna-
mates) contain both the (£) and the (Z) isomers. Because
of the high lipophilicity and poor biodegradability of
many UV filters (mostly with log K, 4-8) they end up
in sewage sludge during wastewater treatment [5-8], and
accumulate in river sediments [9—12] and biota [13-20].

@ Springer

Analytical methodology
Sampling and sample preparation

Sampling procedures for analysis of residues of UV filters in
aquatic biota mainly involve traditional fishing, either by
native fishers or by electric fishing, for which special per-
mission is often needed. Unlike other matrices, there is the
added difficulty of the availability of samples of the desired
species, which often depends on external factors which are
difficult to control. Moreover, the variability between indi-
viduals of the same species (size and living cycle) hinders
comparison of results. Most studies have focused on fish, a
representative matrix of the aquatic environment assumed to
be able to retain and bioaccumulate UV filters because of
the lipophilicity of the compounds. The most usual sample
analyzed is muscle, probably because of its low lipid content
in comparison with other tissues and because it is part of
the human diet. Studies have also been conducted on
macrozoobenthos, mussels, and birds. Selected tissues
are homogenized by blending and often freeze-dried
before extraction.

Extraction and clean up

Extraction of UV filters from tissues has been achieved by
conventional Soxhlet extraction (which has become less
attractive because of the time and solvent consumed) [16,
18], pressurized-liquid extraction (PLE) [14], solid-liquid
extraction [13—15, 17, 19], and microwave-assisted extrac-
tion (MAE) [20]. These techniques lead to coextraction of a
lipid fraction that must be removed before determination of
the UV filters. Clean-up of biota sample extracts is usually a
two-stage process. The sample extracts can first be subjected
to gel-permeation chromatography (GPC), primarily to re-
move lipids, followed by adsorption chromatography on
silica or Florisil columns. Quite often RP-HPLC has also
been used for extraction and purification.

In the first work published on UV filter levels in biota
[18], benzophenone-3 (BP3), 4MBC, homosalate (HMS),
EHMC, ethylhexyl dimethyl PABA (OD-PABA), isopropyl
dibenzoyl methane (IDM), and butyl methoxy dibenzoyl
methane (BM-DBM) were extracted from fish tissue by
Soxhlet extraction. The tissue was first homogenized and
dried with sodium sulfate, then extracted with petroleum
ether—ethyl acetate 2:1 (v/v). Lipids and other potential
matrix interferences were removed by GPC (Bio Beads
SX-3) with cyclohexane—acetone 3:1 (v/v) as mobile phase.
For analysis of IDM and BM-DBM, CH;I/NaH was added
to half of the extract to form their derivatives for further
GC-MS analysis. This half of the extract was then purified
on a silica column (elution with hexane—ethyl acetate 7:3 (v/
v)). The other half was also loaded on to a silica column and
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Table 1 Physicochemical properties of the organic UV filters addressed in this review. In parentheses, the key system adopted herein

Name (INCI nomenclature)” | CASno. [ Structure [ Molecular weight (g mol™) | Log Koy | Solubility (g L))"
Benzophenones
Benzophenone-1 (BP1) 131-56-6 OH @ 214.22 3.15°¢ 0.39°
HO ! l
Benzophenone-2 (BP2) 131-55-5 OH o OH 246.22 2.787 0.98°
HO ! ! OH
Benzophenone-3 (BP3) 131-57-7 O OH 228.24 3.797 0.10°
(T 0
e N CH,
Benzophenone-4 (BP4) 4065-45-6 T oH 308.31 0.993¢ 11°
s
L P
SOH
4,4'-Dihydroxybenzophenone (4DHB) 611-99-4 o 214.22 2.197 0.6°

p-Aminobenzoic acid derivatives

Ethylhexyldimethyl PABA (OD-PABA) 21245-02-3 e o 277.4 5.412° 47x 107
H,C
Ethyl-PABA (Et-PABA) 94-09-7 9 165.19 1.86" 1.31°
He” o
NH,
Salicylates
Homosalate (HMS) 118-56-9 N 262.35 5.947¢ 0.021°
<8 L
OH
Cinnamates
Ethylhexyl methoxycinnamate (EHMC) 5466-77-3 9 290.4 5.8 6.4 x 1073¢
WOW{)H:
HaCO CHa
Camphor derivatives
4-Methylbenzylidene camphor (4AMBC) 36861-47-9 b g ' . 254.37 4.95 0.017
3-Benzylidene camphor (3BC) 15087-24-8 ~ 240.34 2.84 0.034

Dibenzoylmethane derivatives

Butylmethoxydibenzoylmethane (BM-DBM)| 70356-09-1 P 310.39 4.191 4.3 x 1073
|
N | r oei,
",
j\ o
S e
7< OCH,
Isopropyldibenzoylmethane (IDM) 63250-25-9 0 9 266.33 4.382 0.027
70w
CHg
Crylenes
Octocrylene (OC) 6197-30-4 | /7 o 361.49 6.88 3.6x 104
L Y R
Vo “CH.

#INCI (International Nomenclature for Cosmetic Ingredielnt)festablished by CTFA and COLIPA

°In water at 25 °C

¢ Calculated by use of Advanced Chemistry Development (ACD/Labs) Software V11.02 (1999-2011 ACD/Labs)
9 Experimental values from database of physicochemical properties; Syracuse Research Corporation: http:/www.syrres.com/esc/physdemo.htm
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the same solvent mixture in a different proportion (91:9 v/v)
was used for elution.

A similar method was developed by Meinerling and
Daniels [16] for analysis of 4MBC, BP3, EHMC, and OC
in the muscle of rainbow trout. In this case Soxhlet extrac-
tion with n-hexane—acetone 9:1 (v/v) was followed by GPC
(Bio Beads SX-3) with cyclohexane—ethyl acetate 1:1 (v/v)
as eluent. In a further clean-up step, a Florisil column was
used to remove polar compounds.

In the procedure followed by Balmer et al. [14] for analysis
of 4AMBC, BP3, EHMC, and OC, fish samples were homog-
enized with sodium sulfate and column extracted or PLE
extracted with dichloromethane (DCM)-cyclohexane 1:1 (v/
v). The extracts were then cleaned by GPC on a Biobeads S-
X3 column with DCM—cyclohexane 35:65 (v/v) as eluent,
followed by silica purification. Buser et al. [15] extracted
4MBC and OC by successive extraction with potassium oxa-
late (2 mL, 35 %), ethanol (100 mL), diethyl ether (50 mL),
and n-pentane (70 mL). After extraction, matrix components
were removed by GPC and silica purification.

The methods described above are only suitable for
extracting UV filters with similar physicochemical proper-
ties. A method for simultaneous determination of nine UV
filters, from polar to lipophilic, in fish has been reported by
Zenker et al. [17]. Mid-polar and lipophilic UV filters were
extracted from homogenized tissue by solvent extraction
with ethyl acetate—n-heptane—water 1:1:1 (v/v) and further
purified by reversed-phase RP-HPLC. The fraction contain-
ing mid-polarity UV filters was analyzed by HPLC-MS
whereas the fraction containing the lipophilic ones was
determined by GC-MS. Polar and medium-polarity UV
filters were extracted with a mixture of methanol (MeOH)
and acetonitrile (ACN), followed by HPLC-MS analysis.
This is the procedure requiring the smallest amount of
sample (4 g); good limits of detection are achieved for most
compounds. The same method proved to be suitable for
analysis of macrozoobenthos and bird samples also.

Bachelot et al. [20] developed a method for determination
of EHMC, OC, and OD-PABA in marine mussels. MAE was
performed with 25 mL acetone-heptane 1:1 (v/v). After ex-
traction, the liner was rinsed with the same solvent mixture.
The extracts were percolated through anhydrous sodium sul-
fate. Further purification was performed by RP-HPLC on a RP
Spherisorb ODS2 column (4.6 mmx 150 mm, 5.0 pm) fol-
lowing a procedure adapted from Zenker et al. [17].

GPC or column purification with silica or Florisil is
useful whenever compounds with similar physicochemical
properties must be separated from interfering matrix sub-
stances, for example lipids, present in the sample. When
these methods are used for a mixture of compounds with
different physicochemical properties they are less effective.
RP-HPLC is a suitable alternative when UV filters with a
large range of physicochemical properties must be analyzed.

@ Springer

Instrumental analysis

LC is the technique of choice for the analysis of UV filters in
cosmetic products. In contrast, GC is preferred for their envi-
ronmental analysis. Nevertheless, both techniques have been
applied to the analysis of biological samples. The low con-
centration of the target analytes in biota samples requires high
sensitivity and selectivity. Therefore, mass spectrometric
(MS) detection is the most suitable technique for determina-
tion of these compounds in such complex matrices. Relevant
data on analytical methods are summarized in Table 2.

GC-MS

UV filters are, with very few exceptions (e.g., octyl triazone
(OT) and BM-DBM), amenable to GC. Matrix effects are
not critical for the ionization modes, e.g. electron impact
(EI) or chemical ionization (CI), typically used in GC-MS.
As a consequence, method detection limits (MDL) are usu-
ally quite low [21]. On the other hand, this technique can
only be successfully applied to a limited number of non-
polar and volatile compounds. For more polar or thermally
unstable compounds an additional derivatization step is
required; here differences in matrix components may result
in quite different derivatization efficiencies which may affect
both precision and accuracy of the analysis.

Analysis has always been performed in electron-impact
mode (GC-EI-MS). Quantification is achieved by operating
in selected ion monitoring mode (SIM). The fragment ions
usually selected for the quantification and confirmation of
the analytes are listed in Table 2.

BM-DBM, IDM, 4MBC, OD-PABA, HMS, EHMC, and
BP3 have been analyzed by GC-MS on a SE-54-CB column
(50 mx55 mm, 0.25-pum film), working in SIM mode [18].
Balmer et al. [14] analyzed 4MBC, BP3, EHMC, and OC in
fish by GC-EI-MS using two different columns a BGB-5
(30 mx0.25 mm; 0.25 wm) and an SE54 (25 mx0.32 mm;
0.25 pm). In that study '*C,,-PCB 77 was used as surrogate
standard. Under the same GC—EI-MS conditions Buser et al.
[15] analyzed 4MBC and OC in fish tissue, using '*Ns-
musk xylene as internal standard. Zenker et al. and Fent et
al. [17, 19] analyzed nine UV filters with a large range of
physicochemical properties (log K, from 0.9 to 5.7) in fish,
macrozoobenthos, and bird tissue. Four out of the nine UV
filters investigated, BP3, 3BC, 4MBC, and EHMC (the
most lipophilic) were detected by GC-EI-MS on an
Optima-5-MS (50 mx0.2 mm; 0.35 pum) column. In this
study benzophenone-d;, was used as surrogate standard.

Mottaleb et al. [13] analyzed 4MBC and OC with 10
other personal care products in fish tissue by both GC-EI-
MS and GC-EI-IT (with an ion trap mass spectrometer).
The GC-EI-MS analysis was carried out with a XTI-5
capillary column (30 mx0.25 mm; 0.25 pum) operating in
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Table 2 Analytical methodology and occurrence data for the UV filters addressed in this review

Matrix Specie Tissue UV filter Sample amount Extraction Purification Technique

Fish Bluegill (Lepomis Muscle 4MBC, OC lg Rotatory extraction Silica GC-EI-MS
macrochirus) with acetone

Sonora sucker Muscle, belly 4MBC, OC lg Sonication with GPC Silica GC-EI-IT
(Catostomus flap and skin acetone
insignis)

Fish White fish Muscle 4MBC, BP3, Sg ASE extraction: GPC (EnviroSep-ABC GC-EI-MS

(Coregonus sp.) EHMC, OC Homogenized with or Biobeads S-X3)
diatomaceous earth Silica
3 cycles DCM/
cyclohexane
(1:1, v/v) at room
temperature
Roach (Rutilus rutilus) 20g Homogenized with
sodium sulphate
Perch (Perca fluviatilis) Column extracted with
DCM/cyclohexane
(1:1, v/v))

Fish Brown trout Muscle plus 4MBC, OC 10-25 ¢ Homogenized in 100 ml GPC (EnviroSep-ABC GC-EI-MS
(S.Trutta fario) adipose tissue water with hand blender or Biobeads S-X3) Silica

under the skin Solvent Extraction using
potassium oxalate
(2 mL, 35 %), ethanol
(100 mL), diethyl ether
(50 mL) and
n-pentane (70 mL)

Fish Rainbow trout Muscle 4MBC, BP3, 10g Homogenized with GPC (Biobeads S-X3) LC-ESI-MS/MS
(Oncorhynchus EHMC, OC sodium sulphate Florisil
mykiss) Soxhlet extracted with

n-hexane/acetone
9/1, v/v)

Fish Barb (Barbus barbus) ~ Muscle plus 4MBC, 3BC, 4¢g Solvent extraction using RP-HPLC (RP Spherisorb LC-ESI-MS/MS
and Chub (Leucisus adipose tissue BP1, BP2, ethyl acetate, n-heptane ODS?2 column (4.6 mm x and GC-EI-MS
cephalus) under the skin 4DHB, BP3, and HPLC water 150 mm, 5.0 pm)

BP4, EHMC, (1:1:1, v/v/v) or Solvent
Et-PABA extraction with
MeOH:ACN (1:1, v/v)
Barb (Barbus barbus) ~ Muscle plus BP4, 4DHB, BP1, lg Solvent extraction with Syringe filtration LC-ESI-MS/MS
and Chub (Leucisus adipose tissue BP2, Et-PABA MeOH/ACN (1:1, v/v)
cephalus) under the skin
Fish Roach (Rutilus rutilus)  Muscle, offal, rest IDM, BM-DBM, Homogenized with GPC (Biobeads S-X3) GC-EI-MS
and whole fish 4MBC, sodium sulphate
Perch (Perca fluviatilis) OD-PABA, Soxhlet extracted with

HMS, EHMC, BP3

petroleum ether:Etyl
acetate (1:1, v/v)
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Table 2 (continued)

Matrix Specie Tissue UV filter Sample amount Extraction Purification Technique

macrozoobenthos  Mussels (Dreissena Whole BPI1, BP2, BP3, BP4, 4 g (fraction 1) and Fraction 1: Solvent extraction Fraction 1: RP-HPLC (RP LC-ESI-MS/MS
polymorpha) macroinvertebrate 4DHB, Et-PABA, 1 g (fraction 2) using ethyl acetate, Spherisorb ODS2 column and GC-EI-MS

EHMC, 4MBC, 3BC n-heptane and HPLC water (4.6 mm x 150 mm, 5.0 um)
(1:1:1, v.v:v) or Solvent Fraction 2: Syringe filtration
extraction with MeOH:
ACN (1:1, v/v)
Gammarus sp Fraction 2: Solvent

Fish Chub (Leuciscus Muscle plus adipose extraction with MeOH:

cephalus) tissue under the skin ACN (1:1, v/v)
Brown trout

(Salmo trutta)
Barb (Barbus

barbus)
Eel (4Anguilla

anguilla)

Bird Cormorants Muscle
(Phalacrocorax sp)

Mussel® Mytilus edulis Soft tissue EHMC 3g MAE extraction with Filtered (0.2 pum)) through GC-EI-IT
and Mytilus oC acetone:heptane 10 g anhydrous sodium
galloprovincialis OD-PABA (1:1, v/v) sulphate

RP-HPLC (RP Spherisorb
ODS2 column (4.6 mm x
150 mm, 5.0 pm)
Matrix Chromatographic Column MS/MS transition or SIM ions Recovery (%) MLOD Concentrations (ng/g lipid) Reference
Fish XTI-5 capillary column 4MBC: 115, 98-99 5.3-17 ng/g nd 13
(30 m x 0.25 mm; 0.25 pm) 211, 254
OC: 177,
249, 361
VF-5 MS capillary column 4MBC: 211>169,155 57-79 36-120 ng/g nd
(30 m x 0.25 mm; 0.25 pm) OC: 250>248, 221
Fish BGB-5 (30 m x 0.25 mm; 0.25 pm) 4MBC: 254, 239 93-115 7-380 ng/g lipid 72 (OC) 14
or SE54 (25 m x BP3: 228, 229
0.32 mm; 0.25 pm) EHMC: 178, 290
0OC: 249, 361 3-37 ng/g lipid 44-94 (4MBC), 66-118 (BP3),
64 (EHMC)
10-56 ng/g lipid 166 (4MBC), 123 (BP3),
25(0C)

Fish BGB-5 (30 m x 0.25 mm; 0.25 pm) 4MBC: 254, 239 No data 5-20 ng/g lipid 50-1800 (4MBC) 15

or SE54 (25 m x 0.32 mm; 0.25 pm) OC: 249, 361 40-2400 (OC)

Fish PerfectSil 120 ODS-2 4MBC: 255>105 86-108 2.4 ng/g muscle 214 (4MBC), 193-525 (BP3), 16

(125 mm x 3 mm, 3.5 pum)

EHMC: 291>161 414 (EHMC), 300 (OC)

09¢

Te 10 010110 J-03eD) J
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Table 2 (continued)

Matrix Chromatographic Column MS/MS transition or SIM ions Recovery (%) MLOD Concentrations (ng/g lipid) Reference
BP3: 229>151
0OC: 362>250
Fish Zorbax SB-C18 (150 mm x 3.0 mm, BPI1: 213>213 76-99 (BP4 no 8-205 ng/g lipid 45-700 (EHMC) 17
3.5 um) and OPTIMA-5-MS BP2: 245>245 extracted)
(50 m x 0.2 mm; 3.5 pm) BP4: 307>307
4DHB: 213>213
Et-PABA: 166>138
EHMC: 178, 290
3BC: 240, 197
4MBC: 254, 237
BP3 : 228, 227
Zorbax SB-C18 BP1: 213>213 80-99 1.8-10.7 ng/Kg 17
(150 mm+3.0 mm, 3.5 um) BP2: 245>245 body weigh
BP4: 307>307
4DHB: 213>213
Et-PAB: 166>138
Fish SE-54-CB IDM: 105, 147, 294 89-106 50-90 ng/Kg Muscle: 810 (4MBC), 310 18
(50 m x 0.55 mm; 0.25 pm) BM-DBM: 135, 161, 338 body weigh (EHMC), 298 (BP3), 3100
. (HMS); offal: 880 (4MBC),
4MBC: 211, 239, 254 283 (BP3), 185 (HMS); rest:
OD-PABA: 148, 165, 277 990 (4MBC), 50 (EHMC),
HMS: 109, 138, 262 40 (BP3), 79 (HMS) whole
. fish: 930 (4MBC), 120 (EHMC),
EHMC: 161, 178,248 150 (BP3), 791 (HMS):
BP3: 165, 225, 242 Muscle: 161 (4MBC), 41
(EHMC), 230 (BP3), 720 (HMS),
150(IDM); offal: 106 (4MBC),
270 (BP3), 970 (HMS), 210
(BM-DBM); rest: 60 (4MBC),
16 (EHMC), 22 (BP3), 41 (HMS),
9(IDM), 18 (TDM); whole fish:
78 (4MBC), 20 (EHMC), 78 (BP3),
237 (HMS), 29 (IDM), 44
(BM-DBM)
macrozoobenthos Zorbax SB-C18 (150 mm+3.0 mm, BP1: 213>213 70-105 6-50 ng/g lipid 22-150 (EHMC) 19

3.5 um) and OPTIMA-5-MS
(50 m x 0.2 mm; 0.35 pm)

BP2: 245>245
BP4: 307>307
4DHB: 213>213
Et-PABA: 166>138
EHMC: 178, 290
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3BC: 240, 197

4MBC: 254, 237
BP3: 228, 227

91-133 (EHMC)
23-79 (EHMC)

Fish

91-151 (BP3), 11-173 (EHMC)

9-337 (EHMC)

<LOQ (BP3), 30 (EHMC)
16-701 (EHMC)

Bird

3-256 ng/g (EHMC) 20

2-7112 ng/g (OC)

2 ng/g dw

89-116

EHMC: 178>121, 132, 161

SGE-BPXS5 capillary column

Mussel®

OC: 248>220, 219, 176

(30 m x 0.25 mm, 0.25 pm)

OD-PABA: 165>91, 118, 148

# Concentrations expressed in ng/g (not ng/g lipid), nd not detected

SIM mode, and with benzophenone-d;, and '*Cg-p-n-non-
ylphenol as surrogates. Analysis performed on samples of
bluegill (Lepomis macrochirus) muscle, with only 0.4 %
lipid content, provided good results. When this method
was applied to samples of sonora sucker (Catostomus insig-
nis), with an average of 4.9 % lipid content, GC-EI-MS
failed to provide acceptable results. Analysis of spiked
sample extracts that had not previously been subjected to
GPC purification resulted in substantially compromised
chromatographic performance. In this case, addition of a
GPC step was essential. This additional purification enabled
continuous analysis of sonora sucker samples with no com-
promise in chromatographic performance compared with
GC-EI-MS analysis of spiked bluegill tissue. However,
dramatic increases in background signal and/or reduction
in analyte sensitivity were observed for several analytes. As
a consequence some compounds, including 4MBC, were
indistinguishable from the background. To increase the sen-
sitivity and reduce the background signal observed, the
method was improved by the application of tandem mass
spectrometric detection. GC—EI-IT analysis was performed
with a VF-5 MS capillary column (30 mx0.25 mm;
0.25 pwm) under the same chromatographic conditions and
with detection in selected reaction monitoring mode (SRM).
The optimized transitions used are listed in Table 2. Never-
theless, this approach only slightly improved detection of
4MBC and a few other compounds, but to much less an
extent than expected (this aspect will be further discussed in
the section “Limits of detection™).

Similarly, GC-EI-IT with an ion-trap mass spectrometer
was used by Bachelot et al. [20] for determination of
EHMC, OC and OD-PABA. In this work an SGE-BPX5
capillary column (30 mx0.25 mm, 0.25 pum) was used for
the separation. Data were acquired in SIM mode for the
isotopically labeled internal standard chrysene-d;, and in
SRM mode for the UV filters.

LC-MS

This technique enables analysis of a wide range of com-
pounds and significantly increases the possibility of analysis
of metabolites, which are usually more polar that the parent
compounds, without the need for derivatization.

For ionization of the UV filters three different techniques
have been used—electrospray ionization (ESI) (which is by
far the most commonly used for trace analysis of these
pollutants in environmental samples), atmospheric-pressure
chemical ionization (APCI), and atmospheric pressure pho-
toionization (APPI). All the approaches used for LC-MS
analysis of UV filters in biota use ESI mode, which achieves
efficient ionization of the analytes even though ESI is as-
sumed to be susceptible to signal suppression or signal
enhancement by components of sample matrix, as shown
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by previous studies on UV filters in complex matrices such
as sewage sludge [8]. Isotopically labeled compounds
should be used as internal standards to compensate for the
matrix effect. Quantification of UV filters in biota samples
by external standard calibration is not recommended.

Meinerling and Daniels [16] developed an LC-MS-MS
method for analysis of 4AMBC, OC, BP3, and EHMC. Chro-
matographic separation was performed on a PerfectSil 120
ODS-2 (125 mmx*3 mm) column with MeOH and water
(each containing 0.05 % acetic acid) as mobile phase. Anal-
ysis was performed with a triple-quadrupole mass spectrom-
eter fitted with electrospray interface operated in positive
mode under SRM conditions (LC-ESI(+)-MS-MS). In this
study external standard calibration was used.

Zenker et al. [17] analyzed nine UV filters by LC-ESI-
MS-MS. Chromatographic separation was achieved on a
Zorbax SB-C18 column (150 mmx3.0 mm, 3.5 pum) with
a binary gradient prepared from a mixture of 0.1 % (v/v)
formic acid in HPLC-grade water and 0.1 % (v/v) formic
acid in ACN. Data acquisition was performed in SRM
mode. Benzoic-ds acid was used as internal standard.

Method performance
Method recovery

High recovery was achieved in all the methods reported,
especially when the lipid content of the biological sample
analyzed was low.

Nagtegaal et al. [18] achieved recovery from 89 % to
96 % when extracting compounds with a Soxhlet-based
procedure. Most studies analyzing lipophilic UV filters used
solvent extraction and further clean up by GPC, and usually
achieved good recovery (86—115 %). Mottaleb et al. [13]
analyzed 4MBC and OC in fish tissue with low lipid con-
tent, with recovery of 98 and 99 %. In analysis of samples
with higher lipid content lower recovery (57-79 %) was
achieved.

Zenker et al. [17] used a mixture of ethyl acetate and n-
heptane as extraction solvent; this enabled efficient extrac-
tion of eight of the nine UV filters with a wide range of
polarity. Average recovery ranged from 76 to 99 % (SD
from 0.3 to 4 %). However, extraction of the polar filter
BP4 was feasible only with ACN and MeOH. Bachelot et al.
[20] achieved even higher recovery, from 89 to 116 %, in
analysis of lipophilic UV filters in mussel soft tissue
extracted by MAE then further RP-HPLC purification.

Limits of detection
Method limits of detection were calculated by extraction of

samples of fish spiked with low concentrations of analytes
which can be detected in the presence of possible matrix

effect. For biota samples MLODs are in the sub-ng g '
range, although authors normalize their results differently,
depending on the matrix, and express them in ng g ' lipid or
simply ng g '. The presence of UV filters in blanks is even-
tually reflected by higher MLODs.

MLODs are highly dependent on the matrix analyzed.
Biological matrices may be quite different depending on the
organism selected, the species, and the tissue chosen; even
so0, there is still great variability. As an example, Balmer et
al. [14], in analysis of four lipophilic UV filters, obtained
three significantly different MLODs ranges, 3-37, 10-56,
and 7-380 ng g ' lipid, as a function of the fish species
analyzed. To compare MLODs between different methods
and for different matrices is complicated. MLODs are usu-
ally lower when analysis is performed by GC-MS because
matrix effects are usually smaller. Table 2 summarizes the
MLODs obtained in each study.

Zenker et al. [17] developed a method for analysis of nine
UV filters by GC—EI-MS and LC-ESI-MS-MS. In the first
of these the limits of detection ranged between 8 and
36 ng g ' lipid. For UV filters analyzed by LC-MS-MS
limits of detection were between 86 and 205 ng g ' lipid.
These different MLODs are because of the greater matrix
effect in analysis using electrospray interfaces, which can
affect analyte ionization.

Mottaleb et al. [13] analyzed bluegill tissue (with low
lipid content, 0.4 %) by GC—EI-MS and sonora sucker tissue
(high lipid content, 4.9 %) by GC-EI-IT, which is, a priori, a
more sensitive and selective technique. MLODs for most
compounds in the GC—EI-IT study were higher than those
obtained for bluegill tissue by use of GC—EI-MS (especially
for 4AMBC, 23-fold higher). Differences in detectability be-
tween the two approaches cannot be explained solely by
differences in extraction efficiency. The authors suggest
inefficient fragmentation of precursor ions in the ion trap.
Because all MS-MS precursor ions are produced by EI, a
relative hard ionization technique, it is likely that generation
of product ions via collision-induced dissociation may even-
tually be problematic (precursor ions may be sufficiently
stable, which makes further fragmentation unlikely). The
MLODs afforded by GC—EI-IT exceeded the corresponding
environmentally relevant concentration range identified in
the literature. OC and 4MBC were not detected in any
sample in the study.

Critical aspects in the analysis of UV filters

Background contamination is a common problem in the
determination of UV filters at environmentally relevant lev-
els. Therefore, several measures must be taken to prevent
this problem. All glassware should be carefully cleaned. A
typical procedure consists in washing and heating at 380 °C,
then sequentially rinsing with different high-purity organic
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solvents. Furthermore, gloves should be worn during sample
preparation; separate solvents and only previously unopened
packages of solvents, chemicals and other supplies, and
glassware should be used.

In addition, a set of at least two operational blanks should
be processed together with each batch of samples. Because
many of the compounds analyzed undergo photodegrada-
tion, stock standard solutions should always be covered with
aluminium foil and stored in the dark.

The presence of matrix effects has the potential to lead to
compromised results, so precautions should be taken to
minimize this effect. Measurements are further hindered by
the lack of appropriate commercially available reference
standards. Currently, only BP3-ds and 4MBC-d, are com-
mercially available; none of the studies reported herein used
these. Other isotopically labeled compounds, namely
benzophenone-d;o, '*N3-musk xylene, and '*Cg¢-p-n-nonyl-
phenol were used for quantification. Development and fur-
ther marketing of a wider range of isotopically labeled
compounds for use as surrogate and internal standards is
an important need for analysis of sunscreen agents in com-
plex matrices.

Biota levels

UV filters enter the aquatic environment directly, as a result
of swimming and other recreational activities or indirectly
via wastewater treatment plants (WWTPs). Thus, it is
expected that, because of the lipophilic properties of these
compounds, they can reach and accumulate in tissues of
aquatic organisms. Several fish species have been investi-
gated together with, although to a lesser extent, mollusks,
crustaceans, and birds. Table 2 summarizes UV filter occur-
rence data in biota.

A study carried out by Nagtegaal et al. [18] provided the
first data on the occurrence of UV filters in fish. Perch
(Perca fluviatilis) and roach (Rutilus rutilus) from Maar-
felder Lake (Eifel, Germany) were analyzed and the pres-
ence of seven UV filters with total concentrations of
approximately 2000 ng g ' lipid and 500 ng g ' lipid,
respectively, in whole fish were reported. This early study,
besides providing the first data on bioaccumulation of UV
filters in fish, reported prevalence profiles in different fish
tissues (muscle, offal, the rest, and whole fish). Results
indicated that 4MBC and HMS can be selectively accumu-
lated depending on the species; perch accumulates 4MBC in
muscle and HMS in offal. In contrast, roach had higher
levels of 4AMBC in offal and of HMS in muscle. In contrast,
EHMC and BP3 had similar bioaccumulation profiles in
both species.

In Switzerland similar concentrations were found in lake
fish. 4MBC, BP3, EHMC, and OC were detected in white
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fish (Coregonus sp.), roach and perch in the range 25—
166 ng g ' lipid, and from 45 to 700 ng g~ lipid for EHMC
in barb (Barbus barbus) and chub (Leucisus cephalus) [17].
Meinerling et al. [16] reported concentrations from 193 to
525 ng g ' lipid in rainbow trout (Oncorhynchus mykiss).

Higher levels for 4MBC and OC (up to 1800 and
2400 ng g ' lipid, respectively) were found in fish (brown
trout, S. Trutta fario) from rivers downstream from a
WWTP discharge [15], revealing its impact on the ecosys-
tem. Buser et al. [28] demonstrated that the enantiomeric
composition of 4MBC in perch was much different from
that observed in the surrounding lake water. In contrast, the
enantiomeric composition of 4MBC in roach was similar to
that of the lake water indicating that bioconcentration or
metabolism of a compound can be quite different from one
species to another. The factors responsible for the differ-
ences in the enantiomeric composition of 4MBC found in
fish remain unclear.

Concerning organisms other than fish, Fent et al. detected
EHMC in crustaceans (Dammarus sp.) and mollusks (Dreissena
polymorpha) at concentrations between 22 and 150 ng g ' lipid.
EHMC was also detected in different fish species at concentra-
tions up to 337 ng g ' lipid and in cormorants (Phalacrocorax
sp.), at levels above 700 ng g . BP3 was also detected, but at
lower concentrations, in brown trout (Salmo trutta) and eel
(Anguilla anguilla). These results suggest that biomagnification
occurs through the food web; this aspect will be further discussed
in the section “Bioaccumulation and biomagnification”) [19].

Bachelot et al. proved the presence of UV filters residues
in marine mussels (Mytilus edulis and Mytilus galloprovin-
cialis) of the Mediterranean French coast [20]. In that study
all mussel samples contained EHMC, at concentrations up
to 256 ng g ' dw. In addition, 55 % of the samples contained
OC also. In particular one of these samples had the highest
concentration reported so far for an UV filter in biota,
7,112 ng g ' dw.

Besides WWTP discharges, another important factor af-
fecting accumulation in aquatic biota samples is the season of
the year, with summer being the period when peak concen-
trations of sunscreens are observed. As an example, the con-
centrations reported for OC in fish in September were found to
be three to five-fold higher than those corresponding to May,
before the swimming period [15]. Similarly, a study carried
out by Fent et al. showed that concentrations in freshwater
mussels collected in a lake with recreational activity were
higher after the summer [19].

UV filter 4MBC and other benzotriazole compounds
have been analyzed in a great variety of aquatic species,
for example tidal flat organisms, fish, coastal birds, and even
hammerhead sharks of the Japan coast, by Nakata et al. [22].
4MBC was not detected in any of the samples analyzed,
even though this common sunscreen agent has been detected
in samples in different studies in Europe. The authors of that
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study suggested these results were evidence of the different
production and usage profiles of UV filters among countries.

As shown in Table 2, of all the sunscreen agents inves-
tigated, EHMC is the most frequently found, but at lower
concentrations that those usually observed for UV filters of
similar log Ky, ¢.g. HMS (log K, 6.16) and OC (log Ky,
4.95). On the other hand, other sunscreens with log K, in
the same range, OD-PABA (log K, 6.15) and 3BC (log
Kow 4.49) were never detected, suggesting fast and effective
metabolism.

Bioaccumulation and biomagnification

The net accumulation of a chemical by an organism from its
combined exposure to water, food, and sediment is known
as bioaccumulation. Species higher in the food web can be
exposed to all the chemicals that lower-order species accu-
mulate (biomagnification). Bioaccumulation models are
useful tools for understanding the biomagnification of such
substances [23]. The extent of biomagnification for a given
contaminant is expressed in terms of the biomagnification
factor (BMF), the ratio of the concentration of the contam-
inant in a predator to its concentration in prey. A BMF
above 1 indicates biomagnification of the contaminant.
However, the most conclusive evidence of the accumulation
of chemicals by organisms and biomagnification in food
webs is expressed by the trophic magnification factor
(TMF) [23, 24], which is used to estimate the accumulation
of contaminants through trophic levels of different food
webs, for instance between fresh water and marine water
systems.

Because of the lipophilic character (low water solubility)
of most UV filters they may be expected to accumulate in
biota and in humans and be stored rather faster than they are
metabolized or excreted. A recent study by Leon-Gonzalez
et al. [25] revealed that the metabolites of OD-PABA were
detected in human urine after 8 days of single cutaneous
application of a cream, indicating slow metabolism. Despite
this, only one field-based study has examined biomagnifi-
cation through food webs [19]. EHMC bioconcentration
was proven in macrozoobenthos, fish from different trophic
levels, and cormorants (Phalacrocorax sp.) a species of fish-
eating birds, in Switzerland. For example, estimated BCF
for fish were far above unity, in the range 167-1500. Bio-
magnification was also assessed, but higher concentrations
of EHMC in cormorants than in fish were not statistically
significant. Despite this, estimated BMF, occasionally slightly
higher than unity, were indicative of possible positive trophic
magnification of EHMC. Nevertheless, a possible explanation
of'this finding may be found in feeding ecology; because birds
and mammals are homeotherms their rates of feeding higher
than for fish and invertebrates (poikilotherms) [26]. Higher

BCFs were, however, reported by Balmer et al. [14] for 4-
MBC in fish from Lake Ziirich. In particular, BCFs for roach
ranged from 2,300 to 9,700.

Biological and chemical factors, for example size, sex, age,
life cycle, and metabolic activity, are important when assess-
ing bioaccumulation and trophic transfer of contaminants in
food webs. The lipid and protein content of tissue, which vary
according to season, reproduction, migration, feeding rate,
diet composition, growth rate, and food chain length, should
be taken into account in analysis of UV filters [27].

The phenomenon of chirality exists in all biological
systems. All proteins, enzymes, and carbohydrates are chi-
ral. Because biological processes may be stercoselective
(favor one structural form over the other), enantiomers of
chiral compounds, both parent compounds and transforma-
tion products (metabolites, products of photodegradation,
and disinfection byproducts) must be investigated separately
to obtain reliable information about their bioavailability and
biomagnification through the food web. It must be taken
into account that metabolites of achiral compounds can also
be chiral. Buser et al. [28] investigated the enantiomeric
pattern of 4-MBC in lake fish. This compound exists as
two stereoisomers, (Z) and (F), as a consequence of an
exocyclic C=C bond. Both are chiral compounds with two
stereocenters provided by the camphor moiety of their
chemical structure. First, HPLC separation of the (F) and
(2) isomers of 4AMBC was performed on a Nucleosil 120-5
C-18 reversed-phase column (250 mmx4 mm) with ACN—
water 60:40 (v/v) as mobile phase. Enantiomeric separation
of 4MBC was subsequently achieved by GC on a
laboratory-prepared column containing 2,6-bis-(fert-butyl-
dimethylsilyl)-y-cyclodextrin in 70 % PS086. Detection
was performed in full scan and SIM (GC-MS) or SRM
(GC-EI-IT) modes.

Although the study did not reach a sound conclusion, the
isomer ratio observed seemed to indicate preferential accu-
mulation of the (E) isomer. With regard to potential enan-
tioselective fish metabolism of 4-MBC, results were
completely different for roach and perch; roach accumulates
both enantiomers whereas perch is unable to metabolize the
[1R,45-(E)-4-MBC] stereoisomer only.

Ecotoxicological considerations

The ecotoxicological implications of exposure of biota to
sunscreens have been addressed quite frequently. Despite
this, the sparse studies available are conclusive [29]. Fish
have long been regarded as tracers for assessing the extent
of lipophilic contamination of aquatic ecosystems. As a
consequence most ecotoxicological studies on the effect of
UV filters have been conducted on different fish species for
“in vivo” testing. Several sunscreens have been found to
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have estrogenic hormonal activity, in particular, two which
are extensively used 4-MBC and OMC; moreover, some
have been shown to have multiple endocrine-disrupting
activity, for example androgenicity or antiestrogenicity. Ad-
verse effects on fecundity and reproduction have also been
observed for BP3, benzophenone 2 (BP2), and 3 benzyli-
dene camphor (3BC). Analysis of vitellogenin (VTG) in
rainbow trout and Japanese medaka (Oricias latipes) after
aqueous exposure to BP3 indicated, however, that high
effective concentrations in the range 620-749 pg g~ ' were
needed to induce these effects [30]. These concentrations are
greater than the reported level (19 ng L™") of BP3 in estro-
genic fractions of effluent wastewater extracts [31]. When a
similar test was conducted on 4MBC and EHMC [32],
4MBC had high estrogenic potency.

In male fathead minnows (Pimephales promelas), con-
centrations of BP2 of 1.2 mg L' and higher were found to
induce VTG, modify gonad histology, and emasculate sec-
ondary sex characteristics; oocyte production in female fish
was also inhibited significantly [33, 34]. In the same fish
species, 3BC had high estrogenic potency, inducing VTG at
doses of 435 pg L™ and higher [35]; at concentrations near
predicted environmental levels (3 pg L") significant VTG
induction, loss of secondary sexual characteristics, and in-
hibition of spermatogenesis were observed for male speci-
mens. Loss of gender-specific mating behavior and
cessation of milt production were, moreover, observed at
74 ug L' and 285 pug L', respectively [34, 35]. In females,
at the same concentrations, first oogenesis was inhibited,
followed by cessation of egg production and release of
mature oocytes.

Effects on algae have also been assessed. In a test on
inhibition of reproduction of the green alga Scenedesmus
vacuolatus OC and 4MBC had no activity whereas EHMC,
BP3, and OD-PABA at predicted no-effects concentrations
(PNEC; calculated from ECso with a safety factor of 1000)
in the range 0.17-0.76 ug L' were found to significantly
inhibit algal growth [36]. In a similar study, exposure to
BP3, 3BC, 4MBC, and EHMC resulted in inhibition of the
growth of Desmodesmus suspicatus, with 72-h EC10 values
in the range 0.21-0.56 mg L' [37]. Potential endocrine and
toxic effects of BM-DBM, EHMC, and OC on infaunal and
epibenthic invertebrates and zebra fish (Danio rerio) em-
bryos was recently investigated by the same authors [38].
Test results revealed toxicity of these sunscreens was low
(Table 3), with effect concentrations far higher than those
reported in the environment. In particular, EHMC was found
to have a toxic reproductive effect on Potamopyrgus anti-
podarum and on Melanoides tuberculata with no-observed
effect concentrations (NOECs) of 0.08 mg kg ' and
2 mg kg ', respectively; it also had sub-lethal effects on
zebra fish with even higher NOEC, 100 mg kg '. Toxic
effects on reproduction of the crustaceans Daphnia magna
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[19] and Acartia tonsa [39] have also been reported for BP1,
BP3, and BP4.

In an early study by Donavaro and Corinaldesi [40] the
affect of sunscreen agents on marine ecosystems was also
demonstrated. These authors observed that UV filters in-
creased virus production via prophage induction in marine
bacterioplankton. Most recently the same authors also pro-
vided scientific evidence of the effect of these chemicals on
hard corals and their symbiotic algae in the Celebes Sea, the
Caribbean Sea, the Andaman Sea, and the Red Sea, by
inducing rapid and complete coral bleaching even at ex-
tremely low concentrations [41]. Coral bleaching, the loss
of intracellular endosymbionts (symbiodinium, also known
as zooxanthellae, which impart specific colors, depending
on the particular clade) as a result of expulsion under stress
situations, has a negative effect on biodiversity and func-
tioning of the great reef ecosystems of tropical seas.

Despite studies are mainly focused on solely one chem-
ical, an organism is exposed not to single environmental
chemicals but to mixtures of many. According to the litera-
ture, assessment of the effects of mixtures of chemicals has
attracted increasing attention in recent decades. With regard
to UV filters additive effects of mixtures are largely un-
known, and are an important concern in environmental
studies, because these substances are usually formulated as
complex mixtures to achieve the high sun protection factors
(SPF) currently demanded. Taking into account the large
number of sunscreens used, and other endocrine-disrupting
compounds, hormonally-active UV filters, may act additive-
ly. Indeed, cumulative interactions have been shown in a
few studies [34, 42—44]; in particular, these papers report
significant synergistic effects of combinations of UV filters
mixed at NOECs of the individual compounds.

The lack of environmental occurrence and ecotoxicolog-
ical data for most UV filters and matrices hinders reliable
and integral environmental risk assessment for comprehen-
sive protection of the environment. Moreover, for complete
risk assessment metabolites produced by the organisms
should also be considered and their prevalence and their
ecotoxicity be. Nevertheless, preliminary ERA has recently
been conducted by Fent et al. [34, 45] using the limited data
available. According to calculated hazard quotients, a po-
tential risk to aquatic ecosystems may be posed by 3BC,
4MBC, and EHMC.

Conclusions and future research perspectives

The biomonitoring data so far available have been provided
by a limited number of research groups. Different sample
characteristics, for example location, species, season, tissue,
target analytes, and the analytical methods used, hinders
comparison among studies, which in turn also hinders
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Table 3 Summary of toxicity

Aquatic invertebrates ECso (mg L™')  Algae ECso (mg L™!)  Ref.

data available in the literature for UV filter Fish LOEC (mg L™
UV filters
BP1 —
0.005"
BP2 0.001°
BP3 -
0.75¢
0.62°
BP4 -
EHMC —
#Under different experimental -
conditions -
*yumol L' 9.87°
Different endpoints 3BC -
YVitellogenin induction in rain- -
bow trout 0.003°
“Vitellogenin induction in medaka 4MBC _
YVitellogenin induction in fat- _
head minnow B
DM, Daphnia magna; AT, Acar- 9.9¢
tia tonsa; EV, Scenedesmus ’
vacuolatus; LV, Lumbriculus IAMC -
variegatus; PA, Potamopyrgus OD-PABA -
antipodarum; LOEC, lowest ob- Et-PABA  0.004F

served effect concentration

0.49-1.5% (AT) - [38]

- [34]
- - [34]
1.67 (DM) - [37]
1.9 (DM) - [45]
- - [30]
- - [30]
- 0.36 (EV) [36]
50 (DM) - [45]
0.57 (DM) - [37]
- 0.19 (EV) [36]
0.29 (DM) - [45]

- [32]
3.61 (DM) - [37]
26.9-5.95>¢ (LV) - [48]

- [34]
0.80 (DM) - [37]
4.6° (PA) - [46]
0.56 (DM) - [45]
- - [32]
- 0.76 (EV) [36]
- 0.17 (EV) [36]
- - [34]

reliable assessment of the fate and effects of UV-absorbing
compounds in aquatic ecosystems. Expression of the data in
different units (body weight, lipids-basis) should be standard-
ized, enabling comparison among similar studies. Researchers
have used quite different analytical approaches, although most
are based on solvent extraction, GPC clean-up, and analysis by
GC-MS. The sensitivity and selectivity afforded are suitable for
environmental trace analysis and recovery is also very good,
with values close to 100 % when the lipid content of tissues is
not high. Fish and, specifically, muscle has been the preferred
sample for analysis, despite results which seem to indicate that
individual compounds are selectively accumulated in muscle or
offal, depending on the species.

Besides smart experimental design, for accurate compar-
ison of contamination levels among different tissues, spe-
cies, and locations, reporting of range and median values
may be quite useful. Moreover, reporting of sunscreen con-
centrations in a specific organ, instead of a whole burden
estimate approach, may lead to overestimation of BMFs and
TMFs. Stable isotope analysis should be conducted to prop-
erly identify the trophic position of every species for further
biomagnification considerations.

Ecotoxicological assessment of exposure to UV filters is
a challenging task. Despite being scattered and limited,
current ecotoxicological data indicate that the potential risk

posed by these widely used chemicals requires further in-
vestigation. The estrogenic activity of most of the common-
ly used sunscreen agents is in the range of other well-
characterized estrogenic chemicals. Findings indicate that
some UV filters have endocrine-disrupting activity in, and/
or affect reproduction of several species, although at con-
centrations higher than those measured in the environment.
However, a propensity for rapid accumulation and temporal
effects at environmentally relevant concentrations and the
potential of mixture effects indicate the need for further
studies to evaluate the effects of long-term exposure of biota
to UV filters. Moreover, ecotoxicological studies indicate
the need to consider multicomponent mixtures when evalu-
ating hormonal activity of UV filters in aquatic organisms,
for use in risk assessment to consider potential synergistic
and/or antagonistic effects.

There should be greater emphasis on measurement of
ecological, biological, and physicochemical variables in
field studies conducted to analyze contaminants in species,
and, more importantly, when comparing data between stud-
ies. In particular, the chemical characteristics of the UV
filters should be considered on the basis of their different
structural forms, including isomers and enantiomers. Pre-
liminary findings indicate that stereochemical aspects of
sunscreens should be included in future environmental and
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toxicological research for proper characterization of their
global prevalence in the environment and for elucidation
of the processes of biodegradation of theses contaminants,
because these properties may result in different potential for
accumulation, as observed for other contaminants (per-
fluorinated compounds, halogenated flame retardants, etc).

Marine and, particularly, terrestrial environments should
be more widely investigated in future studies to better un-
derstand the fate and effects of UV filters. The effect of
climate change should also be considered, because seasonal
changes in ice formation, temperature, drought—flood epi-
sodes, or food webs might have important effects on bio-
accumulation and/or biomagnification of contaminants. For
UV filters this is especially relevant, because higher levels
of sunlight radiation, a consequence of increased depletion of
the ozone layer, would increase the use of such chemicals.

Combining monitoring field studies with work on species
biology, behavioral science, and exposure biomarkers, among
others, would significantly contribute to improving our
knowledge about these compounds.
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the concentrations were always below 300 ng g~ ! dw. The risk assessment expressed in terms of hazard quo-
tients (HQs) revealed that most UV-Fs were not likely to produce adverse ecotoxicological effects against the liv-
ing organisms assayed in river waters and influent wastewaters at the concentrations observed. However, HQs
above 1 were obtained for BZT and MeBZT in effluent wastewaters discharged to the river.
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1. Introduction

Excessive UV radiation exposure constitutes a well-known
origin of pathological conditions such as skin burn, erythema, pre-
mature skin aging, photodermatoses, immunosuppression and skin
cancer (Gasparro, 2000). As a consequence, nowadays UV radiation
is considered a public health treat all over the world. UV filters
(UV-Fs) are a wide group of chemicals that provide effective
protection from UV radiation. These compounds are used in many
consumers' goods, such as personal care products, and are also
valuable additives in industrial products, where they prevent the
deterioration of physical properties of materials, including
decolouring and cracking (Fent et al., 2010). Benzotriazoles consti-
tute a family of high production additives present in daily use prod-
ucts such as dishwasher detergents, corrosion inhibitors, and
defrosting products as anti-icing agent. Benzotriazole is also a
precursor of several derivatives which have UV light stabilizing
capacities such as UV320 and UV327. These benzotriazole deriva-
tives can be found for instance in textiles and plastic materials,
including food and beverage containers, to preserve the integrity
of materials and foodstuff (Molins-Delgado et al., 2015; Zhang et
al.,, 2011).

These compounds are released into the environment through urban
and industrial sewage waters or via recreational aquatic activities for
UV-Fs or de-icing operations in aeronautics for benzotriazoles, making
them ubiquitous. Previous studies have reported their occurrence in
surface waters at concentrations in the range 1-862 ng 17!
(Ekpeghere et al., 2016; Gago-Ferrero et al., 2013a; Kasprzyk-Hordern
et al., 2008; Tsui et al., 2014), in groundwater (Jurado et al., 2014;
Serra-Roig et al., 2016) up to 55 ng 1~ ! and 1980 ng 1~ 'respectively,
and in the range 1-8900 ng 1~ ! in wastewaters (Ekpeghere et al.,
2016; Langford et al.,, 2015; Liu et al., 2012). UV-Fs have been found to
adsorb onto sediments (Gago-Ferrero et al., 2011a; Langford et al.,
2015) at concentrations in the range 3.2-870 ng g~ ' dry weight (dw),
and in sewage sludge (Gago-Ferrero et al., 2011b) between 260 and
970 ng g~ ! dw. These studies also pointed out that the removal of
these chemicals in wastewater treatment plants (WWTPs) was pretty
variable, depending on the physical-chemical properties of the sub-
stances and the water treatment applied. The most lipophilic UV-Fs
tend to bioaccumulate, for instance in fish (Fent et al., 2010;
Gago-Ferrero et al., 2013c), mussels (Cunha et al., 2015), and dolphins
(Gago-Ferrero et al., 2013b). The occurrence of these compounds has al-
ready been reported in human breast milk (Zafra-gémez et al., 2015),
semen (Ledn et al., 2010), and human placental tissue (Valle-Sistac et
al,, 2016; Vela-Soria et al., 2014).

There are little data currently available on the adverse effects
the continuous exposure to these compounds may cause to living
organisms. In vitro and in vivo assays have shown that these xenobiotics
may interfere with the normal development in aquatic and terrestrial
organisms (Klammer et al., 2007; Weisbrod et al., 2007). Some UV-Fs
have been found to have similar estrogenic effects as those displayed
by the natural sex hormone 17-PB-estradiol (Fent et al, 2014;
Klann et al., 2005; Kunz and Fent, 2006). Besides, the properties and
environmental behaviour of the formed metabolites and other transfor-
mation products are yet mostly unknown. Data on the toxicity of
benzotriazoles is scarce; they have been found to be toxic to aquatic
organisms and slightly toxic to humans (Breedveld et al., 2002; Hem
et al.,, 2003).

The aim of this study was to assess the occurrence of UV-Fs and
benzotriazoles, in surface waters from the Besos River and
Llobregat River, in the wastewaters from 6 WWTPs along the two
basins, in the suspended particulate matter and in the sediments
from the urban aquatic environment of the large populated city of
Barcelona, Spain. The compounds' removal rates in the WWTPs as
well as the risk posed to selected aquatic species were also
investigated.

2. Experimental
2.1. Reagents and materials

Highest purity (>99%) benzophenone-1 (BP1), benzophenone-3
(BP3), 4-hydroxybenzophenone (4HB), 4,4’-dihidroxybenzophenone
(4DHB), ethylhexyldimethyl PABA (OD-PABA), octocrylene (OC),
ethylhexyl methoxycinnamate (EHMC), ethyl PABA (EtPABA) and ben-
zotriazole (BZT), were obtained from Sigma-Aldrich (Steinheim, Ger-
many); 4-methylbenzylidene camphor (4MBC, 99% purity) was
supplied by Dr. Ehrenstorfer (Augsburg, Germany) and 5-methyl ben-
zotriazole (MeBZT, >99% purity) by TCI (Zwijndrecht, Belgium). Isotopi-
cally labelled standards 2-hydroxy-4-methoxy-benzophenone-
2/,3'4'5'6’-ds (BP3-ds) and 3-(4-methylbenzylidene-d,)camphor
(99% purity) from CDN isotopes (Quebec, Canada) were used as internal
standards.

Solvents HPLC-grade water, methanol (MeOH), acetone, ethanol
(EtOH) and acetonitrile (ACN) were from J.T. Backer (Deventer, The
Netherlands). Formic acid and alumina (aluminium oxide, 99%) were
provided by Merck. The nitrogen (99% purity) used to evaporate sam-
ples was supplied by Air Liquide (Barcelona, Spain). The PURADISC sy-
ringe filters and the glass fibre filters (1 um) and nylon membranes
(0.45 um) provided by Whatman International Ltd. (Maidstone, UK).

Standards and isotopically labelled internal stock standard solutions
were prepared in MeOH at 200 mg 1~ ! and stored in the dark at — 20 °C.
From these solutions, a mixture standard solution containing all the UV
filters and benzotriazoles was prepared in MeOH at 20 mg 1~ !. Working
solutions were freshly prepared by appropriate dilution of the mixed
stock standards solution in MeOH. Table A1 in the Supporting Informa-
tion summarises the name, abbreviation, and the Chemical Abstract Ser-
vice (CAS) number of the selected UV-Fs.

2.2. Sampling area

In this study we performed a comprehensive analysis of environ-
mental water and sediment samples collected in two Mediterranean
river basins and in the WWTPs located in their basins close to Barcelona.
Numerous cosmetic companies, as well as other kind of industries
(pharmaceutical, pigments, textiles, plastic production...) are located
along the basin of the studied rivers. The considered urban ecosystems
constitute a good example of highly transformed environments, as a
consequence of decades of human pressure, industrial contamination,
resource depletion and natural ecosystem transformations.

Barcelona is the second biggest city in Spain, and one of the most
industrialised cities in the Mediterranean coast (Palanques and Diaz,
1994). The city is enclosed by the mouths of the rivers Llobregat and
Besods and by the Serra de Collserola. Having 102.2 km?, the metropolis
has a permanent population of >1.6 million inhabitants (inhs) and a
population density of 15,867 inhs. km~2 (Ajuntament de Barcelona,
2013). Besides, the surrounding Metropolitan Area of Barcelona
(AMB), composed by 36 municipalities under direct influence of the
city, has a population of 4.8 million inhs. with a density of
1926 inhs. km™2 (Institut d'Estadistica de Catalunya, 2013).

The Llobregat River is a fast-flowing Mediterranean river that alter-
nates from dry to torrential flows, with a mean flow rate of 19 m®s—!
(Agéncia Catalana de I'Aigua, 2013). Spreading along 5000 km?, the
river basin is composed of several tributary rivers, Cardener and Anoia
Rivers being the most important ones, as shown in Fig. 1 (Rodriguez,
2001). The Llobregat's mouth constitutes the southwestern frontier of
the city of Barcelona. Contamination is of great concern as this river is
the main drinking water source to many municipalities of the AMB
and part of Barcelona (Piedrafita, 1995).

Bounding Barcelona to the North, the Besos River's mouth is at the
end of a basin that occupies 1038 km? The main river has only
17.7 km, but its basin integrates several tributary drainage rivers, i.e.
the Congost, Mogent, Tenes, Riera de Caldes and Ripoll Rivers which
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make important contributions to its water flow (see Fig. 1). The Besds
basin has the typical characteristics of Mediterranean rivers similar to
those of the Llobregat River.

The water quality of these two basins highly depends on weather
conditions. River flows vary greatly from summer to winter. The de-
creased flows during summer lead to the aggravation of the water
poor quality and increased concentrations of contaminants, due to the
diminished or inexistent dilution factor that causes the increase the pro-
portion of effluent waters in the total river flow (Gonzalez et al., 2012).
The water contamination of the mentioned basins is driven, to some ex-
tent, by a vast domestic and industrial WWTP network (pharmaceutical,
pigments, textiles, plastic production...). However, the incomplete re-
moval of many contaminants from the wastewaters results in their in-
troduction into the water bodies receiving the effluent streams,
jeopardizing the drinking water resources.

Currently, the Llobregat River has 70 WWTPs distributed along its
basin, treating a total wastewater volume of 261,473 m> d~!
(9.5 million m® y~1). In the Besos River basin 25 WWTPs treated
203,815 m> d~ 'wastewater (74.5 million m® y~') (Agéncia Catalana
de I'Aigua, 2012). Six WWTPs from both basins were studied in this
work. Table A2 lists the operational information about the selected
WWTPs.

2.3. Sample collection

Samples were collected along the Llobregat River basin (Llobregat
River and tributaries Cardener and Riera de Rubi) and the Besos River
basin (Besos River and tributaries Ripoll and Riu-Sec) in February
2014. River water samples were collected upstream and downstream
from WWTPs within a distance of 0.5 km. River water was gathered in
pre-cleaned amber glass bottles, and sediments were collected in alu-
minium containers. Time-averaged (24 h) composite influent and efflu-
ent wastewater samples were also collected at the facilities in pre-
cleaned amber glass bottles. All the water samples were shipped to
the laboratory under cool conditions in portable refrigerators. Upon re-
ception, 150 ml of each water sample was vacuum filtered through a 1
um glass fibre filter, followed by a 0.45 um nylon membrane filter to sep-
arate the suspended particulate matter from the water phase. Both glass
fibre and membrane filters were dry weighted before and after the fil-
tration, in order to quantify the suspended solids content in the corre-
sponding water samples. For the analysis of the water samples, an
aliquot of 25 ml of the filtered water was stored. Sediment samples
were lyophilised and sieved. The particles <63 pm diameter were sepa-
rated and preserved. All samples were then stored at — 20 °Cin the dark
until analysis. Extended information on the samples is provided in Table
A3.

24. Sample extraction and purification

24.1. Water samples

The analysis of the water samples was carried out by on-line solid
phase extraction-liquid chromatography-tandem mass spectrometry
(SPE-HPLC-MS/MS) (Gago-Ferrero et al., 2013a, 2013b, 2013¢) in a
Symbiosis™ Pico (SP104.002, Spark, Holland) liquid chromatograph
coupled to a hybrid quadrupole-linear ion trap 4000 QTRAP mass spec-
trometer (Applied Biosystems-Sciex; Foster City, CA, USA) using an
electrospray ionization