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“C MEASUREMENTS ELUCIDATE ISOTOPIC DIFFERENCES BETWEEN NAILS AND
HAIR IN MODERN HUMANS
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ABSTRACT. In forensic sciences, radiocarbon found in modern human nails and hair is evaluated to determine the year of
death. However, '“C analyses presented herein of fingernails and hair from the same infant demonstrated “C values of hair
that were lower than would be expected (e.g. depleted relative to the fingernails by at least 10%o). These results prompted
a series of '“C measurements on infant hair strands, fingernails, and infant shampoo, which suggested the presence of C
contamination due to cosmetic products. To further evaluate these discrepancies, several hair strands and fingernail samples
from multiple donors were collected, pretreated by several approaches, and measured using isotopic analysis (8'*C, 8"°N, and
C/N as well as “C accelerator mass spectrometry). SEM images of the surface of chemically pretreated hair strands were also
taken to inspect the performance of the chemical pretreatments applied. Our '*C and stable isotope results show that modern
human hair is likely contaminated with fossil-fuel-derived carbon, which is found in most hair care products. Currently, the
various chemical pretreatments available in the literature and presented herein show that it is not possible to completely
remove foreign carbon contaminates. Thus, the human “C and 6"*C values between keratinous tissues (fingernails and hair)
are not in agreement. From these observations, it becomes apparent that isotopic interpretations using human hair should be
used with extreme caution and additional work is needed for its use in forensic and dietary research.

INTRODUCTION

Radiocarbon measurements from fast turnover tissues have been used by forensic scientists to pre-
cisely determine the year of death using the high concentration of “C in Earth’s atmosphere as a re-
sult of thermonuclear weapons testing carried out between 1953 and 1963 (Hodgins 2009; Lynnerup
et al. 2010). As 'C is incorporated into the food chain through photosynthesis, its concentration
can be measured and used to determine the time of tissue formation. Fingernails and hair may be
suited for “C and isotopic measurements since both tissues linearly and permanently record varia-
tions through time (Hodgins 2009). Since hair and fingernails are composed of keratin with nearly
identical amino acid profiles (Langbein et al. 1999), bulk protein isotopic values from both tissues
in a single individual should in principle yield similar *C measurements and stable isotopic values.
O’Connell et al. (2001) compared isotopic values (6'*C and 3°N) of fingernails and hair from 12 in-
dividuals, and found that hair was *C enriched by 0.2 + 0.4%o and "N depleted by 0.6 & 0.2%0 when
compared to fingernail keratin.

A recent longitudinal study of fingernails and hair from the same infant, collected from 2002-2004
(Figure 1), were measured using '“C accelerator mass spectrometry (AMS). The "C values of the
infant’s hair were depleted by 10%o relative to the fingernails. To investigate this unexpected dis-
crepancy, Santos et al. (2011) performed isotopic measurements on hair and fingernail tissues from
different individuals and a commercially available infant/toddler shampoo to determine a potential
source of carbon contamination. The shampoo yielded a bulk *C age of ~8.8 kyr BP and an aver-
age 6"°C value of —29.2%o (n = 2). The hair was "“C depleted by 8%, with larger offsets for “older”
hair located farther from the roots. Similarly, Hodgins (2009) had also reported '*C-depleted values
while studying hair samples from deceased females with a known year of death. Since their diets
were unknown, except for isotopic results, a dietary reservoir effect could not be excluded as the
cause of all or a substantial part of the observed *C differences. Depending on where the “C result
is located along the bomb curve, a "*C offset of 10%o or more can cause an erroneous 2 to 3 yr calcu-
lation of the precise year of death (Hua et al. 2013). Such an erroneous determination of the precise
year of death could lead the forensic investigation in the wrong direction or not provide any relevant
information on an individual’s recent past (Wild et al. 2000; Lynnerup et al. 2010).
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Figure 1 C values are expressed here as Fraction modern Carbon (FmC).

Data presented are from a single infant (Santos et al. 2011, unpublished

data). Samples were acquired from an archived work on stable isotope an-

alyzes of carbon and nitrogen of human infants during breastfeeding and

weaning (Fuller et al. 2004, 2005).
The objectives of this paper are threefold. The first is to provide some background information on
how the hair structure can be modified by hair care products, which contain petrochemicals and
botanical and animal extracts. The second is to demonstrate that these substances can introduce
contaminates into the hair and bias isotopic results. For this purpose, longitudinal hair samples
collected from a small group of individuals were measured by “C AMS coupled with stable isotope
results and quality control indicators (%C, %N, and C/N). Fingernails from the same subjects were
also processed and measured to serve as a reference point to the hair. To assure that the contam-
ination is indeed from petrochemical derivatives, rat hair was also evaluated. Third, in order to
determine whether hair subjected to permanent dye coloring can be cleaned of exogenous carbon
(C) contaminants that are incorporated into the keratin structure, various chemical treatments were
evaluated. Scanning electron microscope (SEM) images were used to evaluate how the chemical
cleaning processes tested affected the hair structure, and the treatment’s ability to remove some of
the contaminated layers. Here, we discuss the implications of C-contaminated hair for the fields of
forensics and dietary reconstruction.

KERATINOUS TISSUE AND COSMETIC HAIR CARE PRODUCTS

Fingernails and hair are composed of a-keratin, an extremely resilient protein that is insoluble un-
der natural conditions. Although considered members of the keratin family, fingernails and hair
are subtly different in their amino acid composition (Odland and Goldsmith 1991; Langbein et al.
1999). Weathering processes such as abrasion from washing, brushing, and exposure to UV light
and heat can strip the hair of its protective outer layer (cuticle) and allow foreign substances to be-
come trapped within the hair matrix (Tsanaclis and Wicks 2008; Stenstrom et al. 2010; Auerswald
et al. 2011). Hair also undergoes various cosmetic treatments that alter the chemical composition of
the keratin structure. Hair dyeing, bleaching, shampooing, and conditioning can cause the cuticle
to open up and expose the inner layers of the hair shaft to contamination (Wennig 2000; Clausen et
al. 2006; Wilson et al. 2010). Hair strands can also become contaminated before emerging from the
hair follicle. Cosmetic hair care products are designed to penetrate and treat the scalp (Oshimura et
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al. 2007), allowing an opportunity for contaminates to incorporate themselves into freshly formed
hair. Cosmetic hair care products contain several ingredients that vary from brand to brand, but in
general all share a set of chemicals that are universal (Hunting 1983, 1987). A significant number of
these chemicals are petroleum based. Some of the known petrochemical derivatives are propylene/
butylene glycol, petrolatum, liquid paraffin or mineral oil, color additives or dyes, and surfactants
to name just a few (Evans and Wickett 2012). Hair care products also contain substances that are
extracted from plants and animals or are synthesized using petroleum to mimic naturally occurring
compounds (Hunting 1983, 1987). These compounds are known to facilitate and enhance the pene-
tration of chemical reagents beyond the cuticle layer (Mainkar and Jolly 2001; Kuzuhara and Hori
2003; Oshimura et al. 2007; Feigenbaum 2009; Evans and Wickett 2012).

Similar to hair, fingernails grow at various rates that are dependent on the health, gender, and age
of an individual. Fingernails record an individual’s dietary habits as cells are expelled from the skin
forming the nail plate that continues to grow until it extends beyond the fingertip (Hopps 1977,
Zaias 1990; Hodgins 2009). Fingernails are also subjected to weathering processes and to contam-
ination such as cosmetic treatments and medications that can open up micropores on the nail plate
and introduce foreign substances (Hao and Li 2008).

MATERIALS AND METHODS
Subjects and Sample Collection

Fingernail and hair samples from humans were collected from a group of 4 healthy volunteers (Ta-
ble 1). In addition, a control group of 3 adult rats raised using a commercial rodent diet were studied.
Subjects were selected due to their particular grooming habits and general diet. These individuals
were from different ethnic backgrounds, and demonstrated some level of loyalty towards their orig-
inal food traditions. Since they were living in the same region (southern California) at the time of
sample collection, they were all subjected to today’s globalized food supply (Nardoto et al. 2006;
Von Braun and Diaz-Bonilla 2008; Hodgins 2009). After explaining the purpose of the study, all
volunteers or their guardians gave informed consent for participation. Participants’ hair was collect-
ed and cut every 1 cm from the root to the tip.

Fingernails were collected to serve as references (analyzed in bulk) to the hair of each individual.
Since nail growth rates range from 1.5 to 3 mm per month, it takes about 4 to 6 months for the nail
cuticle to reach the fingertip before sampling (Lehn et al. 2011). In order to match fingernails to the
timeframe of hair growth (in cm), we used the average growth rates of fingernails and hair provided
in the literature (Lehn et al. 2011) and the date of collection. In addition, a control group of 3 adult
rats raised using a commercial rodent diet was studied. The fingernails and hair of the control group
were not exposed to cosmetic products and serve as an independent reference to evaluate if C con-
tamination was the source of the nail-hair offsets observed previously (Santos et al. 2011).

Sample Chemical Pretreatments

In order to remove contaminates prior to analysis, a modified chemical pretreatment known as ac-
id-base-acid (ABA; Santos and Ormsby 2013) was selected as a reference for comparison to other
chemical pretreatments applied in this study. The alkaline portion of the ABA pretreatment was
carried out at room temperature to avoid keratin degradation and loss (Clausen et al. 2006). Samples
were then washed with 18.2MQ DDH,O water until pH neutral, and dried in a vacuum oven with no
heat. The ABA pretreatment was used on all hair samples, except those that underwent specialized
chemical pretreatment regiments, as indicated in Table 2.

Several pretreatments to remove hair dye as well as other cosmetic products were developed for
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human hair (Table 2). A procedure using a commercial hair dye remover for 60 min coupled with
detergent (Conrad®) washes was tested. The detergent was used to remove lipids and to strip off
the hair scales (as suggested by Taylor et al. 1995). Following this specialized treatment, an ABA
treatment (as mentioned above) was applied to remove detergent residue (if any), and for addition-
al cleansing of hair samples prior to isotopic analysis. A chemical pretreatment using sequential
(6-10) hydrogen peroxide (3% H,0,) baths at 60°C was used due to its ability to break apart hair
dye pigment compounds (Clausen et al. 2006). We applied this treatment for ~30 min until the hair
appeared colorless, indicating that the breakdown of the melanin pigments within the hair strands
and dye had reached completion. A combination of commercial hair dye remover and hydrogen
peroxide (3% H,0,) was also examined without the addition of the ABA procedure (Table 2). Once
the chemical pretreatments were completed, samples were washed with 18.2MQ DDH,O water until
pH neutral and dried in a vacuum oven with no heat.

Table 1 Subjects’ general information, such as age, gender, diet, general grooming habits, and the
rationale used for inclusion in this study are indicated. Adult rats were selected as controls as their
keratinous tissues (analyzed in bulk vs. subsectioned) were free of cosmetic products.

Age Grooming

Subject (yr) Gender Diet habits Rationale

Human (A) 20 Female 90% terrestrial (mostly Painted nails, Subject uses typical cos-
grains, vegetables, fruits hair washingf,  metic treatments for her age
and nuts) and 10% marine  hair styling group

treatment

Human (B) 45 Female 90% terrestrial (mostly Hair washingf, Subject uses extremely
fruits, vegetables, and hair dying” aggressive cosmetic treat-
dairy products, followed ments to cover gray hair
by meat and eggs) and
10% marine

Human (C) 3 Male ~95% terrestrial (mostly Hair washingt  Subject uses mild cosmetic
fruits, vegetables, and meat products for his age group

followed by eggs and dairy
products) and <5% marine

Human (D) 23 Male 90% terrestrial (mostly Hair washingt; Subject makes mild use of
meat and corn) and 10% hair styling cosmetic products
marine treatment
Rat (1) >1*  Male Rat feed Self-groomer Control (no cosmetic
products)
Rat (2) >1*  Male Rat feed Self-groomer Control (no cosmetic
products)
Rat (3) >1*  Male Rat feed Self-groomer Control (no cosmetic
products)

fHair washing = cleaning of hair with shampoo and conditioner. *Hair styling treatment = application of chemical
products to hair. "Hair dying = use of dying agents to alter hair color. *At this age, most male rats are fully grown and
developed.
The fingernail samples from all subjects were polished using sandpaper to remove surface contam-
inates; however, subject (A) required nail polish remover before this procedure could be applied.
Once collected, samples were cryogenically crushed into <3-mm fragments. To avoid variability
due to fingernail growth, each fingernail type (thumb and digits) was homogenized before analyses.
Fingernail fragments were sonicated in acetone for 60 min followed by ethanol for an additional
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60 min to remove contaminates. Several 18.2MQ DDH,O water washes were applied for 10 min
until samples solutions were pH neutral. This protocol was adapted from the cleaning procedure of

O’Connell et al. (2001). Once pretreated, the samples were dried using a vacuum oven without heat.

Table 2 Specialized chemical pretreatments developed to remove cosmetic dye from hair.

Hair dye Time Time  Foreign carbon Time

Treatment removal (min) Scale removal (min)  removal (min)

1 L’Oreal® dye 60 Conrad® detergent 30 Acid-base-acid 30-60-30
remover

2 L’Oreal dye 60 Conrad detergent 30 (Acid-base-acid)  30-60-30
remover x2

3 L’Oreal dye 60-30 N/A N/A N/A N/A
remover -
Hydrogen perox-
ide (3%)

4 Hydrogen 30 N/A N/A N/A N/A
peroxide (3%)

ANALYTICAL ANALYSES

Radiocarbon Analysis

For “C AMS measurements, CO, was produced by combustion using approximately 1.6 mg of
pretreated material loaded into prebaked quartz tubes with Ag wire and CuO. The tubes were then
evacuated of atmospheric gases, sealed, and baked at 900°C/3 hr. The CO, evolved was cryogeni-
cally cleaned and reduced to graphite in the presence of H, at 550°C over an iron powder catalyst
(Santos et al. 2007). Graphite samples were measured using a compact AMS system (NEC 0.5MV
1.5SDH-1) with a typical precision of 2-3%o (Beverly et al. 2010). “C results were normalized
to a set of 6 independent targets of oxalic acid I (primary standard). For quality control, samples
were followed by '“C-free samples (USGS coal) and secondary standards of organic nature (FIRI-G
barley) prepared in the same manner as the unknowns. We chose to report the “C results as FmC
(Fraction modern Carbon, equivalent to the F'“C as advocated in Reimer et al. 2004) in Table S1
(online Supplementary file) and Figures 2 and 6 to facilitate the direct comparisons of tissues '“C
results with bomb-'“C records. Hair results are reported with respect to the length from root to tip
(left to right on the x axis, Figure 2). However, many of these “root-hair” samples were lost during
chemical pretreatments or did not produce enough CO, for an accurate measurement.

Stable Isotope Analysis

Stable isotope results are measured as the ratio of the heavier isotope to the lighter isotope (**C/*C
or "N/"N) and reported as 6 values in parts per 1000 or per mil (%o) relative to internationally
defined standards for carbon (Vienna Pee Dee Belemnite, VPDB) and nitrogen (ambient inhalable
reservoir, AIR) (Schwarcz and Schoeninger 1991). Here, aliquots of chemically clean fingernail
fragments and hair ranging from 0.6 to 0.7 mg each were weighed into tin containers. For compar-
ison, we also performed stable isotope measurements on some of the bulk cosmetic hair products
used by our volunteers. Samples were then combusted to CO, and N, in an automated carbon and
nitrogen mass spectrometer (Finnigan Delta-Plus CF-IRMS) interfaced with a Fisons NA 1500NC
elemental analyzer (EA). This instrument has a typical precision of 0.1%o based on measurements
of several in-house reference materials (atropine, cysteine, lysine, and tryptophan), which are con-
stantly tested and calibrated against standard gas mixtures.
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SEM Imaging

Scanning electron microscope (SEM) images were taken along longitudinal sections of hair strands
that were subjected to specialized chemical pretreatments (Table 2). Before imaging, the hair strands
were mounted on double-sided carbon tape adhered to aluminum stubs, and made conductive by
coating with gold/palladium (VG/Polaron SC 7620 sputter coater). Samples were then loaded into
a Schottky thermal field emission FEI/Philips XL-30 SEM with back-scattered electron detector.
Images were obtained at various magnifications.

RESULTS AND DISCUSSION
Human Radiocarbon Analysis

Figure 2(a—d) shows all *C results from the human subjects tested, and the hair results (1.0232
to 1.0385 FmC) show a significant scatter, that if alone could be attributed to dietary preferences.
However, the hair samples are clearly “C depleted (~5-13%o) when compared to the fingernail
references. Furthermore, the scatter from the fingernail *C results (1.0408 to 1.0445 FmC) is much
smaller, regardless of the fact that the subjects studied here are from different age groups, genders,
and nutritional profiles (Table 1). A marine diet reservoir effect could cause shifts in the expected
ages, as observed by Arneborg et al. (1999). However, this explanation is not valid in this case, as a
marine diet reservoir effect should influence all the tissues and not just hair. Santos et al. (2011) pre-
viously showed that even an infant/toddler hair shampoo can contain small amounts of fossil-fuel-
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Figure 2 (a—d) Radiocarbon results of all human subjects are reported in FmC. Hair length is measured from the root to
the tip (left to right). Nail results represent an average growth of 1 to 1.5 months and are provided for comparison. We
estimated an error of 2 weeks (equivalent to 0.5 cm of hair growth) to the timeframe of the fingernails. The fingernail
position was aligned to the timeframe represented in relation to the hair. All subjects’ hair values are '“C depleted with
respect to the nail. The nail-hair offsets for each subject are (A) = 5.4%o, (B) = 12.9%o0, (C) = 6.0%o, and (D) = 10.8%o.
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derived carbon (FmC = 0.3331 £+ 0.0009; n = 2; equivalent to ~8.8 kyr BP). Although we have
not “C measured a large array of hair care products used by the subjects in this study, our hair '“C
results support the argument that carbon contaminants found in some shampoos, conditioners, and
treatment products can be incorporated within the hair structure, biasing the '*C values. Moreover,
it appears that this contamination is nonsystematic towards modern or depleted values. This is not
unexpected, as hair care products contain a wide assortment of naturally occurring and petroleum-
based synthesized ingredients (Hunting 1983, 1987; Evans and Wickett 2012). In addition, our hu-
man subjects did not use just one cosmetic product during the lifetime (which consists of continuous
growth of hair prior to shedding; Bergfeld and Mullinari-Brenner 2001) of their hair strands prior to
collection. Without a continuous use of a single cosmetic product, any apparent patterns of sequen-
tial decreasing or increasing of '“C values in hair could not to be detected.

On the other hand, the nail-hair offset is most noticeable in subject (B), who regularly used dark per-
manent hair coloring (known to contain petroleum-based dye; see the large nail-hair offset of 12.9%o
in Figure 2b). Subject (A) uses nail polish (also a known fossil-fuel-derived cosmetic product). This
contamination is not apparent in the "C results, possibly due to its superficial application, which can
be removed before sampling. Nail polish remover was used [subject (A) only] in addition to fine
sandpaper to remove the top layer of the nail plate in situ, before performing chemical pretreatment.

Stable Isotope Analysis of Humans and Hair Care Products

Stable isotope ratios are important as a way to track variations in primary source materials and
dietary reconstruction (Meier-Augenstein 2011). The 8'°C values can be used to estimate the flow
of carbon in the food chain from diet to subject tissue, while 6'°N is used to estimate trophic level
position (Schwarcz and Schoeninger 1991). Tissue protein stable isotope values can be checked
for contamination and degradation using quality control indicators such as %C, %N, and C/N (van
Klinken and Hedges 1995; Contrino et al. 1996). For well-preserved bone collagen, an atomic C/N
ratio of 2.9-3.6 was established by DeNiro (1985). However, for fingernails and hair, O’Connell et
al. (2001) reported a C/N range of 3.4-3.6 and 3.0-3.8, respectively. This wide range in C/N values
for hair is not suitable to detect C contamination (as seen in the '“C data mentioned above; Table S1).
This is evident in the hair of subjects (A), (C), and (D) who are well within the C/N range described
by O’Connell et al. (2001), but show evidence of “C contamination (Figure 2a,c,d). The *C nail-
hair offset is lower by 0.3-0.4%o, and "N elevated by 0.4%o (Figure S1; Figure S2a,c,d). Although
we do not have an explanation for this offset, it has been suggested by O’Connell et al. (2001) that
this could be due to amino acid compositional differences between nail and hair.

The hair of subject (B) is '*C depleted relative to the nail by 0.8%o (Figure S1b). The hair C/N values
(~4.0—4.6) and the total %C (45.8-50.4) of subject (B) are elevated. In contrast, the observed %N
(12.0-13.8) is lower compared to the other subjects (Table S1). Hair care products measured (one
styling gel, one permanent coloring from a dark-brown dye kit, and two shampoos, including the in-
fant/toddler mentioned earlier) were 42 to 78% C and displayed a 8"3C range of —31.5 to —29.0%o (n
= 13). These values reflect the use of petroleum-based distillates (which are '“C-free), which gener-
ally display "*C-depleted values (=50 to —23%o; Meier-Augenstein 1999). No useful information was
obtained for nitrogen, as it appears that volatile N compounds were removed during the evaporation
of hair care products before the measurement was performed.

The presence of fossil-fuel-derived C contamination in the hair of subject (B) is clearly confirmed
by the “C results (Figure 2b); however, we cannot determine if fossil fuel compounds from cos-
metic treatments may result in a loss of hair nitrogen as well. An alternative explanation for this
apparent nitrogen loss could be the use of protein hydrolysates (derived from plants and animals)
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in commercial shampoos and conditioners (Jones and Chahal 1997; Villa et al. 2013 and reference
therein). A significant percentage (>50%) of protein hydrolysates are able to penetrate into the hair
structure (Jones and Chahal 1997). Therefore, it is difficult to determine the amount and type of
contaminants (fossil fuel compounds and/or proteins hydrolysates) and chemical mechanism (gain,
replacement, and losses of C and N) involved in their assimilation onto/into the hair matrix without
further systematic analyses.

Subject (A) possibly demonstrates the effects of protein hydrolysates on human hair. The %C val-
ues for the hair of subject (A) that are farther from the scalp are elevated when compared to more
recently formed hair. These portions of hair have had additional time to accumulate these protein
hydrolysates into their structure (Jones and Chahal 1997). With an increase of C contamination, the
C/N values (~3.5-3.7) are elevated towards the higher end of the acceptable C/N (3.8) ratio set by
O’Connell et al. (2001). This contamination would go unnoticed if not for the longitudinal compar-
isons (%C, %N, C/N) done for subject (A) (Table S1).

Although diet reconstruction was not in the scope of this research, the general diet-related stable
isotope trends can still be observed and will be discussed below. Isotopic results agree with the
general food intake of the subjects and their expected trophic level position in the food chain (Ta-
ble 1). Subject (A) is pescatarian, but her major protein consumption comes from a large mixture of
C,- and C,-based products (wheat, soybean, dairy, and local vegetables). Subjects (B) and (C) share
a household, and consequently their basic diet is somewhat similar, except for the overall quanti-
ties. They both consume meat (red and white), dairy products, rice, pasta, fruits, and vegetables.
However, subject (B) limits the consumption of red meat (mostly beef), primarily consuming large
amounts of dairy products, grains, chicken, and some seafood, while subject C does the opposite
(more red meat, less dairy products, and <5% seafood). Subject (D) consumes predominantly beef
and corn-based products.

Specialized Chemical Pretreatments

In order to determine if more aggressive chemical pretreatments can remove foreign carbon contam-
ination present on and within the hair strands (especially for hair dye samples), we applied several
dye removal procedures, including a commercial hair dye remover. It is uncertain whether dye
removal products eliminate the dye from the hair or simply neutralize the pigments within the dye
itself. After the application of the dye remover, detergent was applied to strip off the hair scales, ex-
posing the cortex, and assist in the removal of any persistent cosmetic residues (Taylor et al. 1995).
Hydrogen peroxide (3%) was also used due to its bleaching properties. The specialized treatments
are outlined in Table 2, and results are depicted in Figure 3. However, the specialized pretreated hair
1C results did not show any significant improvement compared to the ABA chemical pretreatment
(i.e. the hair '*C values are farther from the nail reference). We suspect that the specialized pretreat-
ments applied left remnants of the most-aged exogenous C from the dye, which might explain the
decrease in '“C values. Further analyses are needed to confirm this hypothesis.

SEM images were obtained from various hair pretreatments. Figure 4a shows the hair surface before
chemical pretreatments were applied. After the application of ABA and detergent, the hair cuticles
appear intact (Figure 4b). While surface morphology between ABA-pretreated and untreated hair
is indistinguishable, the hair scales after dye removal or hydrogen peroxide treatments are clearly
damaged (Figure 4c,d). Nevertheless, it is apparent that the scales were not entirely removed (even
when the detergent procedure was repeated 3 times). In addition, Figure 3 indicates that exogenous
carbon from the specialized chemical pretreatments was deposited onto the cuticle layers, and this
accounted for the larger *C offsets than the standard ABA pretreatment.
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Figure 4 SEM images of hair strands after chemical pretreatments, clockwise from top left: (a) untreated hair strand
(3500x magnification); (b) ABA-treated hair strand coupled with detergent washes (2500x magnification); (c) hair
strand subjected to dye remover, detergent, and ABA (treatment #2; Table 2) shows significant damage but not com-
plete removal of scales (800x magnification); and (d) hair strand subjected to hydrogen peroxide (3%) pretreatment
(treatment #4; Table 2) also displays scale breakage due to disintegration of the sulfide bonds within keratin (2000x
magnification).
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Human vs. Rat Prospective

To investigate whether anomalous C/N results from human nail-hair parings are due to isotopic
fractionation along with the observed discrepancies in "C values, we tested nails and hair of rats for
comparison (Table S1). The control group was comprised of adult rats, which were not subjected to
cosmetic products and were raised on a commercial diet. Due to the short length of the rat hair, bulk
isotopic analyses were performed and measured in duplicate. The control group samples underwent
the same chemical cleaning procedures as the human subjects (e.g. ABA for hair and acetone/etha-
nol/MQ water for nails).

The "C results of the humans and rats are plotted in Figure 5a,b. Note that we plotted average '*C
values of human hair segments against single bulk human fingernail measurements, and mean bulk
rat hair and nail values. Contrary to the '*C results obtained from human nail-hair parings, the rats
show no "C differences between keratin tissues (Table S1). Rat '“C values depict a much tighter
spread than the human subjects. All nail and hair *C results overlap within uncertainties (+2¢) and
range from 1.0359 to 1.0404 FmC. The average atomic C/N values are 3.4 + 0.2 (n = 3) for nails
and 3.6 £ 0.1 (n = 3) for hair. In addition, rat 3"*C values were within the analytical error of the mass
spectrometer (+£0.1%o). However, the rat 8'°N values were more varied, and this might be attributed
to individual food selection practices (Table S1).
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Figure 5 'C FmC values of keratinous tissues from humans and rats are
shown in panels (a) and b). Roman numerals represent duplicate analyses of
rat hair and nails from the same rat.

In order to evaluate whether all nail and hair FmC results closely followed the '*C atmospheric val-
ues, we plotted our keratin tissue results from all human subjects and rats against an extrapolation
of the Northern Hemisphere (NH; 40°N latitude and regions close to the Equator that follow the
summer intertropical convergence zone) atmospheric *C curve (Figure 6). This curve includes mea-
surements from air and tree rings, and it is believed to closely represent the present atmospheric '“C
values for the NH (Hua et al. 2013). A linear regression line was calculated with Sigmaplot, using
the atmospheric '“C data set from 1999 to 2010. For clarity, Figure 6 only shows atmospheric data
between 2003 and 2010. An R? value was also determined (0.96) and a 95% confidence interval was
added to the figure to account for any variability associated with seasonal differences.
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Figure 6 Average results for all humans and rats are plotted against the atmospheric '*C bomb curve. All
human hair measurements represent an average bulk value of the hair subsections, whereas the human
nail is a single bulk value (Table S1). For the rat hair and nails, we averaged the “C results of bulk values
obtained (as also shown in Table S1).

All subjects have nail '“C results that are closer to the extrapolated regression curve for the time-
frame when the samples were collected. In contrast, the human hair values are '“C depleted, which
can lead to erroneous year-of-death calendar ages after calibration (especially on the downslope
of the bomb peak after 1964 to 2000). The human keratinous “C values were not corrected for the
time-lag associated with the uptake of atmospheric “C by plants via photosynthesis, propagation
through the food chain and/or storage, and the formation of new tissues (Hodgins 2009). Never-
theless, those facts should not affect our interpretation of the data. In contrast, the rat '*C nail-hair
pairing results are a perfect match to the timeframe of sampling (within uncertainties). This simple
test was not intended to be exhaustive, but rather to show how our data agree overall with the present
NH compilation data set for the region studied (Hua et al. 2013).

Our results, which make use of *C AMS measurements coupled with 8"3C, 8"°N, %C, %N, and C/N
values, support the finding that foreign C contamination (likely from fossil-fuel-derived products in
hair treatment products) is biasing '“C ages and *C stable isotope results. This fossil fuel contam-
ination appears to be dominant, although some N contamination cannot be completely excluded,
as some hair-care products used on a daily basis by humans also contain plant and animal proteins
(Jones and Chahal 1997; Villa et al. 2013). So far, all hair pretreatment methods used within this
research failed to achieve desirable results (O’Connell and Hedges 1999, ABA and specialized
chemical pretreatments), as we demonstrated that contaminates are not just superficially associated
with the hair strands (O’Connell and Hedges 1999; O’Connell et al. 2001). The assumption that the
bulk stable isotope nail-hair offsets are simply due to the isotopic composition of individual amino
acids (O’Connell et al. 2001) will remain open until efficient chemical pretreatments are developed
to remove all foreign contaminates from hair.

CONCLUSION AND PROSPECTIVE

From our research, the anomalous offsets between nail and hair in modern human subjects are most-
ly due to fossil fuel carbon contamination onto/into hair strands. Since cosmetic products such as
hair dyes, shampoos, and conditioners are designed to open hair scales and allow foreign substances
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to become trapped, this finding is not surprising. The nail-hair 'C offsets as a result of C contamina-
tion due to hair care products in modern humans is validated by the lack of an observed difference in
the nails and hair of modern rats, which do not make use of cosmetic products. Although the number
of samples tested in the control group was limited, the “C AMS measurements and stable isotopic
values are consistently reproducible.

The C results from specialized chemical pretreatments applied to chemically treated hair (hair
coloring) also showed '“C-depleted values when compared to the fingernails. The SEM images
showed that the specialized pretreatments did not remove the hair scales, and therefore did not help
to eliminate foreign carbon from the hair strands. Thus, human hair strands are not suitable for '*C
determination of the year-of-death in forensic science cases until further chemical pretreatments are
developed to effectively remove fossil fuel C contamination. In addition, C and N contamination
from protein hydrolysates (from botanical and animal extracts) in cosmetic products may also play
an important role in affecting stable isotope values, although the latter is still in need of further in-
vestigation. We conclude, if available, human fingernails should be the tissue of choice in the fields
of forensics and dietary studies.
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