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in the peptide. This change is referred to as a single amino acid polymorphism (SAP).

Genetically variable peptides (GVPs) occur when the SAP produced causes changes to

the overall protein structure and function, leading to greater variation among

individuals.[14,21] Proteomic analysis has observed GVPs within the proteins in hair and

bone.[14, 22-25,] Despite the successes of proteomic hair analysis, the intricacies of technique

can be inconvenient, especially in forensic science applications. For example, methods

may require the proteins to remain whole throughout the procedure. As a result, new

methods make use of the same concept as the proteomic analysis of these GVPs, but

instead analyze the amino acid composition of the hair, bypassing the need to keep any

proteins intact.[14,21-25]

Figure 2: Codon chart showing the possibilities for synonymous and non-synonymous SNPs.[26]
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GC-MS Analysis of Human Hair

Amino acid composition analysis was derived from GVP analysis as a simpler

and more convenient method to observe the genetic differences among individuals. This

method often utilizes gas chromatography- mass spectrometry (GC-MS). Gas

chromatography is a separatory technique that utilizes a gaseous mobile phase and

nonvolatile liquid or inert solid stationary phase to separate sample components. In GC, a

heated injection port is utilized to convert samples to the gas state. The components of the

gaseous sample are then separated based upon their interaction with the stationary phase,

as well as their boiling point. The time that a specific compound requires to be eluted

from the column is referred to as its retention time. Based on the quantity of each

compound eluted at a given retention time, the GC can produce a total ion chromatogram

(TIC). A TIC depicts the retention times of the various compounds as peaks, with the

area under a given curve representing the quantity of that particular substance.

The separate constituents then enter the mass spectrometer (MS), which is a

technique that generates, separates and detects gas phase ions. These ions are created by

exposing the sample to a beam of high energy electrons. The resulting ions are allowed to

travel through the mass analyzer, which makes use of an electric field to separate the ions

based on their mass-to-charge (m/z) ratio. The ions are then detected in the order in which

they exit the mass analyzer. This process involves both qualification and quantification of

the ions detected. The resulting mass spectrum can be utilized in the identification of a

substance, and is said to be a chemical fingerprint. A mass spectrum depicts the

abundance for ions of each mass-to-charge ratio detected, and can be interpreted to

provide information regarding a substance’s structure, molecular weight, and
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composition. Mass spectra collected from unknowns can also be compared to those in

existing databases.[27]

Amino acid composition analysis using GC-MS resolves the issue of fragility

previously discussed regarding the GVP analysis. When looking at the amino acids

specifically, the analyst no longer needs to worry about keeping certain fragments intact,

and can instead digest the entire hair sample to get the individual residues. This is

beneficial because if protein degradation has previously occurred, it will not impact the

analysis since they will be broken down into their constituent amino acids regardless.[28-29]

As this technique would not suffer from the negative impacts of degradation, it has the

potential to be a useful forensic hair examination method in cases where degradation

prevents MHC or the successful production of a DNA profile.[28-29]

ATR-FTIR Analysis of Human Hair

Novel methods of forensic hair analysis can even look past the protein products of

the DNA, and focus on the functional groups of these proteins, which is possible and

convenient with attenuated total reflectance- Fourier transform infrared spectroscopy

(ATR-FTIR). IR analyses involve the stimulation of sample molecules with infrared

radiation. The resulting spectrum depicts the % transmittance versus the wavenumber.

Peak locations, intensities, and shapes can provide information as to the functional groups

present in the samples. For example, NH, OH, CH, C=C, or C=N, which are all types of

bonds present in amino acids, will appear at different wavenumbers and have slightly

different appearances from one another (Figure 3).[31]
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Figure 3: Various functional groups seen with infrared spectroscopy and the wavenumbers that
they are denoted by.[30]

In an ATR-FTIR analysis, the sample doesn’t require additional sample

preparation, and can be examined directly in its liquid or solid state. This is possible due

to the use of an optically dense crystal, which has a greater refractive index than the

sample. The instrument directs a beam of IR radiation at the crystal, and the resulting

internal reflectance produces a wave that surpasses the crystal’s surface to enter the

sample. At wavenumbers where the sample absorbs the IR radiation the wave will be

attenuated, or reduced in intensity as a result of its path.[31] This altered beam then returns

to the crystal, exits through the opposite side, and is directed to the detector to be

recorded.[31] This is a convenient form of analysis for hair because there is so little sample

preparation required, and spectra can be obtained quickly. As will be further discussed in

the literature review section, current research suggests that the functional groups

observed with ATR-FTIR can aid in amino acid analysis and ion analysis, which may

21



help differentiate between cosmetic treatments and individuals.[32] As such, the analysis of

the functional groups in the hair can be used to complement current methods based on the

chemical components of their hair.[31-32]

LIBS Analysis of Human Hair

New analysis techniques can even venture one step further, examining the

individual elements that compose the functional groups of the amino acids within the

proteins created by the unique DNA. This can be accomplished using laser induced

breakdown spectroscopy (LIBS), which is an elemental analysis technique. As implied by

the name, LIBS creates a microplasma at the sample surface by subjecting it to repeated

laser pulses.[33-34] After the final pulse of the laser, the plasma is allowed to cool.

Simultaneously, light is emitted from the plasma and corresponds to electrons of the

atoms and ions at the excited electronic states falling back down to their ground

states.[33-34] The detector identifies the wavelengths of light emitted during this process,

and records them. A library search function can be used to identify the various peaks

within the spectrum, which is possible because different elements produce different

spectral peaks based on the unique wavelength of light emitted when going through these

energy state transitions. Thus, the chemical composition of a sample can be rapidly

discerned via LIBS analysis. Studies suggest changes to elements such as C, H, N, O, Ca,

Na, and K can be detected in hair after cosmetic treatments.[34] The analysis of the

elements in the hair can be used to complement current identification methods based on

the chemical components of their hair.[33-34]
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Chemical treatments

Bleaching

Bleach is a common cosmetic treatment utilized to lighten the color of the hair.

During the process of bleaching, the hair is lightened by destroying the pigment’s

chromophore, which is the actual group responsible for the coloring of the hair.[2] The

coloring of a hair strand arises from a multitude of factors, including the transparency of

the cuticle, whether air is present in the medulla, and the pigment granule density and

makeup.[2] Species referred to as melanin reside within the hair’s pigment granules, which

exist in the cortex of the hair.[2] Bleach is typically at a pH of between 9 to 11, as the

alkaline pH softens the cuticle, allowing for access into the cortex.[2,35] This is typically

accomplished by a powder mixture of ammonia or a type of metasilicate, as well as

persulfate salts.[2,35] Bleach products formulated for hair also contain hydrogen peroxide

to destroy these melanin granules, resulting in lightened hair. Bleaching has also been

found to alter the amino acid residues in hair, including decreases in levels of cysteine,

tyrosine, histidine, threonine, methionine, and lysine.[2,35] The impact on cysteine has

been found to be the most significant, as bleaching causes the disulfide bonds associated

with these residues to be cleaved oxidatively.[2,35] Analysis of the hair’s amino acids,

functional groups, or elements may therefore detect differences between an individual’s

untreated and bleached hair.[2, 35-36]

23



Dyeing

Although there are many types of hair dyes, there are four main categories;

temporary, semi-permanent, demi-permanent, and permanent dyes.[37] These groupings

are designated based upon the longevity of the dye imparted. Hair dyes can also be

broadly labeled as either non-oxidative or oxidative. Oxidative hair dyes utilize an

oxidizing agent such as hydrogen peroxide to yield chemical changes to the hair shaft.

Non-oxidative hair dyes only deposit color with the use of preformed dyes onto the hair,

and thus do not require oxidation to occur.[37, 7, 35]

Temporary non-oxidative hair dyes have a low lifespan, and generally depart the

surface of hair after a single wash. These types of dyes are typically acidic with a high

molar mass. As mentioned, acidic conditions cause hardening of the cuticle. This

response, combined with the use of high molar mass dyes aids in keeping the dye only on

the outside surface of the hair rather than allowing penetration into the hair shaft. The

characteristics of these preformed dyes are chosen to allow for the highest possible

solubility in water while also having the lowest level possible penetration into the hair

shaft.[37, 7, 35]

Semi-permanent non-oxidative hair dyes provide the next level of color lifespan.

These products are formulated with cationic or basic dyes of a low molar mass. The use

of lower molar mass dyes, coupled with alkaline pH products, is designed to enable a

small amount of penetration into the cortex.[37] As previously mentioned, elevated pH

levels cause swelling and softening of the cuticle, causing a more open conformation

which enables the dye to access the cortex region. The chosen dyes are also selected for
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their affinity to the keratin proteins within the hair shaft.[37] This enables the dyes to

remain consistent for up to six washes.[37, 7, 35]

Demi-permanent hair products provide a level of color durability between those

provided by semi-permanent and permanent dyes. This amounts to a color lifespan of

approximately 20 washes, which is made possible due to the use of hydrogen peroxide.[37]

This oxidizing agent is required because these dyes make use of oxidation dye precursors

in formulation with semi-permanent molecules to produce the desired color, so a reaction

is necessary to produce the final dye molecules.[37]

Permanent oxidative hair dyes, which are the most popular of the four types, are

often desired for their ability to provide wash- and fade-resistant color. These products

involve pairing ammonia or ammonium hydroxide with an oxidizing agent like hydrogen

peroxide, along with other compounds called coupling bases (dye precursors) and

reaction modifiers (dye couplers) (Figure 4).[37, 35] The ammonia or ammonium hydroxide

is necessary to create an alkaline environment, which again encourages the cuticle to

open, allowing the dye into the cortex region. The formation of color begins quickly after

combining the given products, and is the result of reactions between the dye precursors

and the oxidizing agent to produce the colored active intermediates.[37, 7, 35]

Once the product has entered the cortex, made possible by the alkalizing agent,

the oxidizing agent is then necessary again to ensure that the active intermediates react

with the dye couplers. The dye couplers alone do not produce much color, but when

added to the oxidizing agent and precursors, they serve to modify the reaction and

subsequently the resulting color produced by the dye precursors.[35] Essentially, the

reactions between small precursor molecules with one another, and between active
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intermediates and couplers, result in large dye molecules of a high molar mass and of the

chosen color. This prevents the color from easily departing the hair shaft after the

reaction has occurred, making the style wash-resistant.[37, 7, 35] Analysis of the hair’s amino

acids, functional groups, or elements may therefore detect differences between an

individual’s untreated and dyed hair as a result of these dye molecules and any oxidation

that has occurred.

Figure 4: General process of imparting permanent hair dye into the cortex.

Literature Review

Novel Methods

The fragility of nuclear DNA, cost and lack of specificity with mtDNA, and

subjectivity in MHC analysis have driven the field to a different source of genetic

information within human hair: proteins, and the amino acids that they are composed of.

As demonstrated by Parker et al., this can be done through proteomics. This study

evaluated the proteome of the human hair shaft to assess if proteomics would be practical

and feasible in hair analysis. As mentioned, proteins are less subjected to degradation

than DNA is, which makes it makes them an appealing genetic target for forensic

purposes.[14] Single nucleotide polymorphisms (SNPs) can cause variations in individuals’

DNA, which can subsequently result in single amino acid polymorphism (SAP). These

SAPs have the potential to affect protein structure and function, leading to genetically

26



variable peptides (GVPs). The GVPs caused by these SAPs can be detected in the hair,

and can thus be used to differentiate between hair samples from individuals of different

ancestries. Parker et al. obtained hair from African and European-American ancestry.

GVPs were detected via mass spectrometry-based shotgun proteomics, and the analysts

were able to detect differences in the nsSNPs present based on the subjects’ ancestry. [14]

In a similar study, by Wu et al., mass spectrometry-based shotgun proteomics was

also utilized for the detection and classification of GVPs to uncover the variations in

individual’s nsSNPs. Rather than volunteers from various ancestral backgrounds, as was

done by Parker et al., Wu et al. obtained samples from monozygotic twins. One finding

was that the expression levels of the various hair proteins arose mostly as a result of

genetic factors. Essentially, people who are not related are more likely to be easily

individualized. On this same basis, even dizygotic twins are more easily differentiated

than monozygotic twins are. Wu et al. also found that the proteins analyzed contained

GVPs as anticipated, which allowed for the detection of nsSNPs. Ten pairs of twins were

effectively sorted and differentiated from each other through the evaluation of the

analyzed peptides, demonstrating the potential usefulness of proteomics for

distinguishing between people. Wu et al. recommended that additional investigation be

conducted into the GVP yields based on environmental changes, age, or cosmetic

treatments.[22] The success by Wu et al. in differentiating between monozygotic twins has

shown the power of this novel method for the forensic individualization of hair

evidence.[22]

Despite the successes seen with GVPs thus far, a study by Carlson et al. chose to

review the obstacles that come with this form of analysis in order to improve it. One of
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the drawbacks assessed by this study was the magnitude of the sample size required in

proteomics analysis, which is about 40 to 800 cm of hair. This can be problematic for

applications in forensic science, where sample sizes are often limited. As such, Carlson et

al. focused on the development of a method requiring only 1 mm hair sample sections. In

this study, 63 proteins were able to be identified via nano-flow liquid chromatography

tandem-mass spectrometry. Out of the identified peptides, 1,507 out of 3,409 were

classified as unique.[18] The potential for peptides in hair to be unique indicated the

likelihood for amino acid ratios, such as those within this study, to also be unique, as they

are used to compose the peptides.[18]

In a study by Jackson et al., individuals were placed into categories based on both

dietary and non-dietary factors. The isotope ratios of fourteen of the hair’s amino acids

were assessed via liquid chromatography- isotope ratio mass spectrometry (LC–IRMS).

Out of the fourteen amino acids included in the study, they were grouped as nonessential

and essential, as the two groups are not influenced by one another. They found that both

the dietary and nondietary factors can independently affect hair’s amino acid isotope

ratios. The nondietary factors that they included as areas of interest in affecting the

carbon isotope value were sex, body mass index (BMI), genetic disorders, and diseases.

Therefore, Jackson et al. succeeded in showing that factors outside of simply an

individual’s geographic origin can impact their amino acid isotope ratios. This indicated

that the factors included in this study, such as cosmetic treatments, may also have the

potential to impact an individual’s amino acid ratios.[38]

The study by Rashaid et al. also looked at additional factors beyond geographic

origin, including age and sex. GC-MS was utilized to observe the quantities of amino
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acids present after digestion and derivatization of the hair samples. Based on these

results, classification rates were then calculated for age, region of origin, and sex, which

were respectively 83%, 61%, and 94%. The findings also suggested a connection

between the composition and other factors, including hair color, race, and diet, but did

not test for these specifically. This further indicated the potential for the cosmetic

treatments analyzed in the current study to impact an individual’s amino acid ratios.

Overall, Rashaid et al. displayed the capability of amino acid composition analysis with

GC-MS to be successful in distinguishing between individuals based on a variety of

factors, including those selected in the current study.[28]

The connection between aging and amino acid concentrations was investigated by

Rieck. This study utilized HPLC to measure the amino acid concentrations of 17 amino

acids in samples from three female volunteers across 270 months. Each of the 17 amino

acids were able to be detected throughout the analyses. The results revealed that the

amino acid concentrations had a divergent age-association, with varying results for each

of the three volunteers. Based on the findings, Rieck suggested that factors such as

hormonal and dietary variations were potentially related to these variations. This study

showed other areas for variation in individual’s amino acid composition, as well as the

possibility for differentiation of individuals from one another.[39]

Novel methods of forensic hair analysis can even look past the protein products of

the DNA, and focus on the functional groups of these proteins, which is possible with

infrared spectroscopy. In the study by Mujeeb and Zafar, Fourier transform infrared

(FTIR) spectroscopy was utilized to examine samples of human hair from female

individuals from a range of 0.3 to 75 years old. The hair was cut into small fragments and
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combined with potassium bromide (KBr) to produce a KBr pellet for analysis. For data

analysis, the researchers divided the resulting spectra into five regions; Region I (4000 to

3200 cm-1), Region II (3200 to 1400 cm-1), Region III (1400 to 900 cm-1), Region IV (900

to 800 cm-1), Region V (800 to 600 cm-1). The regions were selected as such as a way to

categorize the information that could be obtained from them. Specifically, Region I was

chosen to show information related to carboxylic acids and hydrogen bonds, along with

the water within the hair. Region II was devised to display bands associated with

functional groups, including asymmetric stretching in proteins and hydrogen stretching.

Region III was of interest due to the information it provided related to the biological

minerals within the samples. The researchers specifically noted indications of glucose,

carbon ions, phosphate ions, and certain functional groups associated with keratin.

Region IV displayed out-of-plane bending vibrations of NO2-, NO3- and CO2-
3, and

indications of S-O bond esters. The absorption of CO2, NH2, and SO4-
2 ions were visible

in Region V, as well as N-H wagging and cis-double bonds (=C-H). In each of the

spectra, there was a prominent band at approximately 1636 cm-1, which was

representative of the Amide I groups in the hair proteins, and the β pleated conformation

that they hold. Two other bands were consistently observed at about 1532 cm-1 and 1529

cm-1, which they felt corresponded respectively to the C=C stretching and N-H stretches

in the proteins. The Amide III band constituents were visible at about 1241 cm-1, resulting

from N-H bending and C-N stretching. Bands related to carbohydrates, glucose in

particular, included stretching vibrations of C-O, C-O-H, and C-C ring vibrations which

were visible at 1176 cm-1 , 1174 cm-1 , 1044 cm-1, 1034 cm-1 , 921 cm-1, and 918 cm-1.
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Finally, symmetric P-O and symmetric P=O stretches, associated with the ion calcium

phosphate, were also represented by the bands around 1238- 1241 cm-1.[32]

Overall, the study by Mujeeb and Zafar provided helpful insight into the bands to

consistently expect in human hair, as well as their associations to certain ions or protein

groups. The researchers also commented that IR spectroscopy may be helpful in

analyzing the amino acids and ions of hair based on their observations, and mentioned the

reproducibility of the technique. They did cite several cases of successful analysis of

oxidatively damaged hairs, such as by bleaching, but warned that IR may not always be

suitable for this form of analysis as it only penetrates the outer layers of the hair.[32]

New analysis techniques can even venture one step further by examining the

elements that compose the functional groups of the amino acids within the proteins

created by the unique DNA. In the study by Santos and Periera, laser induced breakdown

spectroscopy (LIBS) was utilized to examine a total of 127 untreated and bleached hair

samples from 63 individuals. A hydraulic press was used to create pellets from each

sample, without the addition of any chemicals. For the LIBS analysis, a laser pulse

energy of 80 mJ was used, along with a 125 μm spot size, and a 0.5 μs gate delay. Using

the pellets, 924 total spectra were obtained per sample by mapping an area within 11

designated lines spaced 4 mm apart. The TruLIBSTM database software from Applied

Spectra, as well as the NIST database were utilized in the data analysis. Elements

included in the analysis were C, H, Na, Mg, K, and O. Levels of potassium and sodium

were noted to show correlation with the bleached samples. The researchers suggested that

this was due to residues of products included in bleaching formulations, including

potassium and ammonium persulfate (K2S2O8 and (NH4)2S2O8 ), sodium silicate
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(Na2SiO3), ethylenediaminetetraacetic acid disodium salt (EDTA, C10H14N2Na2O8), and

sodium lauryl sulfate (CH3(CH2)10CH2(OCH2CH2)nOSO3Na). Overall, Santos and Periera

displayed the possibility of attributing a hair sample, whether untreated or bleached to the

same individual, which is indicative of the potential success for the current project

evaluating both bleaching and dyeing treatments.[34]

Chemical Treatments

Bleaching

Cosmetic treatments, such as bleaching, have the potential to affect an

individual’s amino acid ratios. An investigation by Kuzuhara analyzed black and white

hairs before and after bleaching. This was done via Raman microscopy, which was able

to examine various hair’s cross-sections at different depths. Hydrolysis and amino acid

analysis were then performed with a Hitachi Amino Acid Analyzer. The resulting amino

acid compositions were compared between untreated and treated groups, as well as

between white and black hair colors. The bleaching cream utilized was a 5.9 wt %

hydrogen peroxide concentration, which equates to a 20-volume developer. As

mentioned, hydrogen peroxide is generally the main oxidizing agent. Other ingredients,

such as persulfate salts are commonly included in formulations as “accelerators”.[40] For

the virgin white hair after the bleaching treatment, the Raman examination showed the

Sulfur–Sulfur (S-S) and Carbon–Sulfur (C-S) band intensities declined in the cuticle,

while the Sulfur–Oxygen (S-O) band of cysteic acid increased.[40] The increase in the

band intensity for S-O was indicative of disulfide cleavage in the cuticle to produce

cysteic acid.[40] Interestingly, the same findings were intensified for virgin black hair after
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treatment. This indicates that the black hair was damaged to a greater extent by the

bleaching than the white hair.[40] One potential reason for the provided by Kuzuhara was

that a cation-exchange resin may have been produced by the virgin black hair’s melanin

granules. This resin could have promoted decomposition of the oxidizing agent, thereby

producing increased disulfide cleavage in black hair samples compared to the levels seen

in white hair samples.[40]

Kuzuhara also did amino acid analysis in which estimations were made regarding

the 1/2‐cystine and cysteic acid levels. Cystine describes a molecule created through the

linking of two individual cysteine molecules via a disulfide bond, and a 1/2 cystine refers

only to one half of it. For both the black and white virgin hair samples, the 1/2‐cystine

levels were observed to decline. Meanwhile, the levels of cysteic acid were amplified in

both samples after the bleaching treatment, with this observation magnified in the black

hair samples.[40] There were other changes noted to occur only in the dark hair; lysine,

methionine, and histidine decreased in the virgin black hair after treatment with bleach,

but were left unaffected in the virgin white hair.[40] This observation indicates that black

and white hair are not impacted evenly by bleaching treatments, and there is

decomposition in the lysine, methionine, and histidine of virgin black hair during

treatment.[40]

Dyeing

Dyeing is another form of cosmetic treatment with the potential to affect an

individual’s amino acid ratios. In the study by Gama et al., the impact of permanent

oxidative hair dye on Caucasian hair samples was assessed in cases where conditioners
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were and were not present as a follow-up treatment. This study was of particular interest

due to type of dye chosen, which is also the class of dye selected for this current study. To

analyze the effects of the dyes in both sample groups, Gama et al. made use of three

analysis methods; differential scanning calorimetry (DSC), thermogravimetric analysis

(TG), and derivative thermogravimetric (DTG) analysis. For the permanent oxidative hair

dye used in this study, as well as the one applied in the current research project, the two

main constituents are the oxidant and the alkaline agent, which need to be combined

directly before application.[41] As described in the literature review, the resulting reaction

produces the desired coloration within the cortex of the hair, as well as on the surface.

When using DSC to analyze dyed hair samples, either with or without conditioners, three

endothermic events and two endothermic events were observed.[41] The evaporation of

water within the hair was associated with the first event.[41] Endothermic reactions related

to the denaturation of keratin polypeptide due to disulfide cleavages in cysteines was

observed in the third and fourth events.[41] Exothermic reactions related to keratin proteins

were noted in both the second and fifth events. In the second event, keratin’s a-form

crystallites were modified to become the amorphous b-form. The fifth event was

complex, but was believed to occur as a result of oxidative degradation.[41] Interestingly,

the use of a conditioner after the hair dyeing treatment did not appear to lessen the

damages seen by the oxidative coloring process. However, the use of a conditioner

concurrently with the hair dye was actually shown to result in less overall damage. When

looking at the DSC curves for these specific samples, the presence of the conditioner

appeared to not only dislocate the start of the third event, but also prevent the occurrence

of the fourth event.[41] Gama et al.’s findings generally indicate the level of harm to hair
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keratins during treatment with permanent oxidative dyes, as well as displaying the

potential for further oxidative damage to the other organic materials within the hair.[41]

This suggests the chance for the amino acid ratios within an individual’s hair to be altered

after a treatment with permanent oxidative hair dye.[41]

Materials and Methods

Materials

The bleach, hair dye, and infrared heat lamp were each purchased through

Amazon. The bleach was Professional BW 2 Dedusted Extra Strength Powder Lightener

and Pure White 30 Creme Developer Maximum Lift from Clairol. L'Oreal Paris Superior

Preference Fade-Defying and Shine Permanent Hair Color, in the shade 2BL Black

Sapphire was utilized for the hair dye. A Coospider HC-100 Ceramic Infrared Clamp

Lamp was used for heating during the dyeing procedure. HPLC Grade Methanol was

purchased from MilliporeSigma (Burlington, MA). The following eleven amino acids

were obtained from Fisher Scientific (Hampton, NH): L-valine, L-proline, L-leucine,

L-serine, L-threonine, L-phenylalanine, L-cysteine, L-tyrosine, L-aspartic acid,

L-glutamic acid, and L-norvaline. Hydrochloric acid (6 M) was obtained from Fisher

Scientific (Hampton, NH). Ethyl acetate was also obtained from Fisher Scientific

(Hampton, NH). The N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatizing

agent was purchased from Sigma-Aldrich (St. Louis, MO).

A Leica Stereomicroscope and a Leica DM EP microscope were both used in the

microscopic analysis of the hair samples. A Nicolet™ iS10 ATR FTIR Spectrometer,

J200 Laser-Induced Breakdown Spectroscopy (LIBS), and an Agilent Technologies
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6890N/GC-MSD equipped with a 30.0 m x 250 μm x 0.25 μm DB-5 column were used

for the instrumental analysis.

Hair Samples

Following IRB approval (IRB #2020-083), hair samples were obtained from both

of the two individuals via brushing or cutting. The two individuals were both Caucasian,

female, between twenty to thirty-five years of age, displayed similar natural hair colors

with no recent cosmetic treatment, and were currently living on the northeastern coastline

of the United States when the hair was collected. The hair samples from both individuals

were separated into three groups (untreated, bleached, and dyed), and each group was

placed into its own scintillation vial. The untreated groups for both individuals underwent

a two-step washing procedure. First, the samples were washed with ~3-4 mL of deionized

water and shaken vigorously. The samples were then removed, placed into a cleaned vial,

and washed with ~3-4 mL of HPLC grade methanol and shaken again before being

allowed to dry.

Cosmetic Processing

For the bleach mixture, 25 mL of Clairol Pure White 30 Creme Developer

Maximum Lift was mixed with ~14 g of Clairol Professional BW 2 Dedusted Extra

Strength Powder Lightener. This mixture was thoroughly applied to both hair groups

assigned for bleaching, and left to sit on tin foil for 30 minutes. Both sample groups were

thoroughly washed with water to remove the bleach mixture. The samples then

underwent the two-step washing procedure previously described.
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For the dye mixture, L'Oreal Paris Superior Preference Fade-Defying and Shine

Permanent Hair Color, in the shade 2BL Black Sapphire was utilized. The Color Gel was

mixed with the Color Optimizing Creme and the resulting dye was applied thoroughly to

coat the designated hair samples. Both hair samples were wrapped in tin foil and placed

approximately 10 cm away from the light source of a Coospider HC-100 Ceramic

Infrared Clamp Lamp. The ambient temperature was 34.2 ± 0.8°C in this area, which was

done to imitate the temperature radiated by a typical human head during the dyeing

process, along with the infrared heat lamps used in many salons to accelerate the dyeing

process. The samples were turned after 10 minutes to ensure even heating. After an

additional 15 minutes, the samples were removed and rinsed with warm water until the

water ran clear. The L'Oreal Paris Color and Shine Conditioner was used to coat the hair

and was allowed to sit for 3 minutes before rinsing. These samples then underwent the

same two-step washing procedure described previously.

Sample Analysis

Microscopy

Each sample group was analyzed at 40X with top lighting only using a Leica

Stereomicroscope, and at 100X, 200X, and 400X with a Leica DM EP microscope.

Observations were made related to pigment granule size, pigment density, pigment

distribution, cuticle thickness, medulla continuity, overall hair color, shaft form, cuticle

scale pattern, shaft width, and medullary index.

After calibration of the ocular reticle with a 1 mm/0.01 mm stage micrometer at

both 100X and 200X on the Leica DM EP microscope, nine total measurements were
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made for the shaft width. In general, the measurements were made presumptively and

photographed at 100X, and then reviewed at 200X and photographed again. An average

shaft width was calculated for each group, along with the standard deviation. An F-test

Two-Sample for Variances was applied to determine whether variances were considered

equal or unequal. Based on this, either a Two-Sample Assuming Equal Variances t-test or

a Two-Sample Assuming Unequal Variances t-test was performed to produce p-values.

These resulting p-values would indicate if the change in shaft width was statistically

significant after the bleaching and dyeing procedures, and if there was a significant

difference in the shaft widths of the untreated hair of individuals 1 and 2.

ATR-FTIR

For each of the samples, three separate areas of a clump of hair were analyzed

with the Nicolet™ iS10 ATR FTIR Spectrometer and the Omnic Software. Each of the

sample spectra collected were produced using 32 scans at a resolution of 4.000. A library

search was done for each of the spectra using the Omnic Specta Software in order to

identify possible chemical components.

LIBS

Samples were analyzed using the J200 LIBS from Applied Spectra and the Axiom

software. Parameters including the gate delay, spot size, % laser energy, and number of

shots were varied and optimized to produce acceptable spectra. Library searches were

performed for each spectrum using the Clarity software to identify elements present.

Each sample was analyzed in 3 different runs using two sets of parameters; Parameters 7
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and 14, which are outlined in Table 1 below. The resulting intensities for the chosen

elements were averaged, and the average element intensities were compared between the

two individuals and after both forms of chemical treatment. To distinguish between cases

of equal and unequal variance, an F-test Two-Sample for Variances. Based on the results

of the F-test, either a Two-Sample Assuming Equal Variances t-test or a Two-Sample

Assuming Unequal Variances t-test was performed. This was done to produce p-values,

which would indicate which element intensities were significantly different between

individuals 1 and 2, and after the two chemical treatments. The standard deviations and

standard errors of the means were also calculated for each element intensity average

produced for the untreated, bleached, and dyed sample groups for both individuals. These

were necessary to evaluate the repeatability and reproducibility attained.

Table 1: Parameters 7 and 14 used for LIBS analysis.

Parameters 7 Parameters 14

Gate Delay (μs) 0.5 2.5

% Laser Energy 60 60

# of Shots 15 15

Spot Size (μm) 40 40

Rep Rate (Hz) 10 10

Warmup Energy 100 100

Warmup Shots 50 50

Warmup Rep Rate (Hz) 10 10
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GC-MS

The single and mixed amino acid standard solutions were prepared using the

following eleven amino acids: L-valine, L-proline, L-leucine, L-serine, L-threonine,

L-phenylalanine, L-cysteine, L-tyrosine, L-aspartic acid, L-glutamic acid, and

L-norvaline. Norvaline was used as the internal standard because it is an amino acid not

produced by humans. To prepare the single amino acid standard solutions, 100 μL of

ethyl acetate was mixed with ~2 mg of amino acid and vortexed for thirty seconds. This

was followed by 100 μL of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), the

derivatizing agent, and an additional thirty seconds of vortexing. To derivatize the amino

acids, each of the eleven vials was then placed in a 100°C sand bath for thirty minutes. To

prepare the mixed amino acid standard solution, 1.1 mL of ethyl acetate was added to a

new autosampler vial. Then, 1 μL of each of the derivatized single amino acid standard

solutions was added to the vial. The mixed amino acid standard was then vortexed for

thirty seconds.

To prepare the samples, the two-step washing procedure previously described was

repeated, and the samples were allowed to dry completely before placing them in a -20°C

freezer for a minimum of eighteen hours. Scissors were used to cut the frozen hair

samples into pieces of approximately 1 cm in length, which was necessary to increase the

surface area available for digestion. About 3 mg of each cut-up hair sample was added to

their own new test tubes with screw caps. The samples were hydrolyzed with 1200 μL of

6 M hydrochloric acid and a 110°C sand bath for twenty-two to twenty-four hours. Each

of the digested hair sample solutions was then transferred to a 1.5 mL Eppendorf tube.

The tubes were all centrifuged at 3200 RPM for multiple five- to ten-minute intervals.
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