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ABSTRACT: Hair is present at nearly all crime scenes. Forensic analysis of hair can be used to establish a
connection between a suspect and a crime scene or demonstrate the absence of such connection. Almost half of
people around the world color their hair. However, there is no robust and reliable forensic approach that can be
used for a confirmatory analysis of artificial colorants present on hair. A growing body of evidence suggests that
surface-enhanced Raman spectroscopy (SERS), a modern analytical technique, can be used to detect and identify
colorants present on hair. In the current work, we examined the potential of SERS in identification of more than
30 different colorants. We found that the accuracy of detection and identification of individual hair colorants is
97%, on average. We also investigated the extent to which SERS can be used to differentiate between different
brands and types of colorants, as well as to identify hair color regardless of the type and brand of the colorant
used to dye hair. Our results showed that individual colorants could be identified with on average 97% accuracy,
whereas different brands can be predicted with nearly 100% accuracy. We also found that SERS offered nearly
100% accurate identification of the type of the colorant and on average 97.95% accurate prediction of the hair
color. These results demonstrate that SERS can facilitate the forensic analysis of hair providing highly important
information about the artificial colorants present on the analyzed specimens.
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1. Introduction
Around 100 hairs are shed by an average individual daily [1].
Therefore, hair is the most frequently detected piece of evidence upon
forensic investigations at crime scenes [2]. This makes hair a strong
candidate for forensic examination, which, in turn, can help to identify a
perpetrator in a crime or eliminate an innocent suspect.
There are several forensic methods available for analysis of hair. For
instance, high performance liquid chromatography coupled to mass
spectroscopy (HPLC-MS) is often utilized to reveal the presence of ex
plosives, warfare agents or illicit drugs on the hair [3,4]. These analyses
can give forensic toxicologists information on the chronological history

of drug use for over an expansive time frame, even years [5]. However,
HPLC-MS is destructive, laborious and requires large amounts of sample.
PCR-based identification of mitochondrial DNA (mtDNA) is another
commonly used approach for hair analysis. Soft tissue present on hair,
such as a hair follicle sheath, follicular tags, or growing root stems,
contains mitochondrial DNA [6]. Consequently, polydromic DNA se
quences can be analyzed to assist in suspect identification. Though
mtDNA analysis is robust and reliable, it cannot be used to differentiate
between a group of siblings or maternal relatives [7]. Furthermore, this
approach is highly laborious and costly. In the light of the limitations of
these analytical techniques, microscope-based visual examination is
commonly conferred on hair. This testing method allows for a differ
entiation between animal and human hair, as well as for the identifi
cation of the part of the body the hair originated from (facial hair, scalp
hair, etc). However, this form of forensic examination is highly subjec
tive and, therefore, is often considered unreliable [8]. It should be noted
that none of the discussed above forensic approaches can be used for a
confirmatory analysis of artificial colorants present on hair. At the same
time, colorants are among the most commonly applied substances to
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human hair. Hair dying has become broadly used by people of all ages.
Specifically, a cross-sectional study showed that 48% of people color
their hair with periodicity ranging from regular basis to sporadic events
[9]. These results tend to be a trend that is on a continuous rise around
the globe. This demand stimulates the growth of hair dye industries that
produces new products with unique colors [10,11]. Consequently, not
only the number of available colorants, but also possibilities for com
binations of hair dye seem endless between the brand, type of dye, and
the color. It is important to note that hair may be dyed as a counter
measure to be taken by a criminal to disguise their identity before a
crime. In these cases, it is necessary to have a forensic measure that
might aid in discovering the identity of the one who shed the hair.
All hair colorants can be divided into three categories: semipermanent, demi-permanent, and permanent [12]. Semi-permanent
hair dyes are commonly used for a color change without any perma
nent effects. The semi-permanent dye works by colored molecules
slightly penetrating into the hair to give a different colored appearance
for a short time depending on how frequently the hair is washed [13].
Demi-permanent and permanent dyes have long-lasting color change
results. Both types of dyes are based on aromatic amines that develop
highly conjugated colored polymers upon oxidation [13]. The high
complexity of colorants requires a robust and efficient method that can
be used for confirmatory identification of the colorant present on hair.
Boll and co-workers demonstrated that Infrared (IR) spectroscopy
could be used to differentiate between colored and un-colored hair and
differentiate between permanent and semi-permanent colorants present
on hair [14]. Furthermore, Contreras and co-workers showed that IR
spectroscopy could be used to determine whether hair was exposed to
bleach prior to coloration [15]. Although IR spectroscopy is entirely
non-invasive and non-destructive, it primarily probes the bulk volume of
analyze samples [16,17]. Since colorants present on the hair surface and
the bulk volume of hair is occupied by keratin, IR spectra collected form
hair primarily dominate by the vibrational bands that originate from
proteins [14,15]. This may limit the sensitivity and selectivity of IR for
differentiation of a large number of possible colorants and their com
bination on hair.
It has been previously demonstrated by Kurouski and Duyne that
such information could be revealed by surface-enhanced Raman spec
troscopy (SERS) [12]. The researchers found that SERS could identify a
presence of artificial colorants on hair, as well as determine if the col
orants were permanent or semi-permanent. It has also been shown that
SERS could distinguish between commercial brands of dyes of the same
color [12]. Furthermore, recently Esparza and co-workers showed that
SERS was capable of distinguishing between multiple layers of hair
colorants [18].
SERS is based on a 106-108 amplification of Raman scattering by
noble metal nanostructures [19,20]. Thus, if gold nanostructures are
applied on colored hair, they will enhance Raman scattering from the
dye present on hair. Since different colorants have distinctly different
chemical structure, SERS-based identification of hair colorants becomes
highly specific [12]. It should be noted that in addition to dye identifi
cation on hair, SERS was successfully used for other forensic applica
tions including detection of explosives [21,22], illicit drugs, such as
heroin and cocaine [23], as well as body fluids [24].
In this study, we examine the robustness of SERS in identification of
hair colorants. We first investigate the extent to which SERS can be used
to differentiate between a large (above 30) number of hair colorants.
Second, we determine whether SERS can be used to identify commercial
brands of hair colorants. Finally, we questioned whether SERS can be
used to differentiate between permanent, demi-, and semi-permanent
colorants and identify the color possessed by hair without its visual
inspection.

Table 1
Brand, name, color, type, and natural or artificial appearance of hair colorants
used in the study.
Brand

Commercial Name of
Colorant

Color

Type

Natural or
Artificial

Ion

Blackest Black

Black

Natural Color

Ion

Burgundy Brown

Auburn

Ion

Medium Warm Brown

Brown

Ion

Sapphire

Blue

Ion

Radiant Orchid

Purple

Ion

Magenta

Pink

Ion

Garnet

Red

Ion
Ion

1 V Jet Black
4G Medium Golden
Brown
4 RV Medium Burgundy
Brown
Tanzanite
Radiant Orchid
Magenta
Garnet
6 W-6/7 Dark Sand

Black
Brown

Semipermanent
Semipermanent
Semipermanent
Semipermanent
Semipermanent
Semipermanent
Semipermanent
Permanent
Permanent

Auburn

Permanent

Natural Color

Blue
Purple
Pink
Red
Auburn

Artificial Color
Artificial Color
Artificial Color
Artificial Color
Natural Color

Brown

Wella

4N-4/0 Medium Natural
Brown
1N-2/0 Black

Wella

Blue

Blue

Wella

Wild Orchid

Purple

Wella

Raspberry

Pink

Wella

Red

Red

Wella
Wella

4RG/347 Dark Auburn
4NW Medium Natural
Warm Brown
1 N/051 Black
2.1 Fresh Ink Blue Black
3.26 Majestic Violet Dark
Violet
Chroma Ruby
B09W Light Reddish
Brown
B13W Medium Warm
Brown
B22D Jet Black

Auburn
Brown

Permanent
Permanent
Permanent
Permanent
Demipermanent
Demipermanent
Demipermanent
Semipermanent
Semipermanent
Semipermanent
Semipermanent
Permanent
Permanent

Black
Blue
Purple

Permanent
Permanent
Permanent

Natural Color
Artificial Color
Artificial Color

Red
Auburn

Artificial Color
Natural Color

4R/45R Light Red Brown
4 N/84 N Light Neutral
Brown
1AA/52D Ultra Cool
Black

Auburn
Brown

Permanent
Semipermanent
Semipermanent
Semipermanent
Permanent
Permanent

Black

Permanent

Natural Color

Ion
Ion
Ion
Ion
Ion
Wella
Wella

Wella
L’Oréal
L’Oréal
L’Oréal
Clairol
Clairol
Clairol
Clairol
Clairol
Clairol

Black

Brown
Black

Natural Color
Natural Color
Artificial Color
Artificial Color
Artificial Color
Artificial Color
Natural Color
Natural Color

Natural Color
Natural Color
Artificial Color
Artificial Color
Artificial Color
Artificial Color
Natural Color
Natural Color

Natural Color
Natural Color
Natural Color
Natural Color

origin was received from a hair salon in College Station, Texas. To the
best of our knowledge, the hair was never colored prior to its acquisi
tion. Once received, the hair was cut in one-inch samples and tied using
elastic bands to minimize loss upon coloration and subsequent washing.
In total, 33 hair dyes were purchased from Sally Beauty Supply that can
be grouped into 7 colors, 4 brands, and 3 color types, Table 1.
Each of these colorants was applied directly on the hair samples
following the instructions on the colorant. For the semi-permanent dyes,
on average, the hair processed for 45 min. For demi-permanent and
permanent hair colorants, hair was colored for about 1 h using Ion
Sensitive Scalp 30 vol developer. Once the hair was processed, dyes were
rinsed with water until runoff was clear and allowed to air dry. After
that, the hair samples were stored in Ziplock bags at room temperature

2. Methods
Hair Samples and Coloring Method. Blonde hair of Caucasian
2
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Fig. 1. SERS spectra of hair samples colored by 33 different dyes: Ion (blue traces), Wella (green traces), Clairol (red traces), and L’Oréal (black traces). P = 1.8 mW,
λ = 785 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

in the laboratory bench cabinet for no more than one month prior to the
analysis.
Spectroscopic Analysis of Hair. For each measurement, a hair
sample was placed on a glass coverslip. Next, 5 μl of gold nanorods
(AuNRs) solution was added directly on the hair. AuNRs were synthe
sized according to the protocol previously reported by Esparza and coworkers [18]. SERS spectra were collected using a TE-2000U Nikon
inverted confocal microscope, equipped with a 20x objective. A
solid-state laser generated 785 nm light. Scattered light was collected
using the same microscope objective and directed using 50/50 beam
splitter into IsoPlane-320 spectrometer (Princeton Instruments) equip
ped with a 600 groove/mm grating. Prior to entering the spectrometer,
elastically scattered photons were cut off with a long-pass filter (Sem
rock, LP03-785RS-25). Inelastically scattered photons were collected
using PIX-400BR CCD (Princeton Instruments). The laser power was 1.8
mW; spectral acquisition time was ~60 s. All reported spectra are raw
spectra with no corrections or smoothing applied. The absence of pho
todegradation was verified by a prolong exposure of colored hair to the
laser beam. We acquired consecutive spectra from such hair over the
course of 1 min and observed neither significant changes in the in
tensities of bands nor appearance of new bands, which proves the

absence of photodegradation at the described experimental conditions.
Multivariate Statistical Analysis. PLS_Toolbox (Eigenvector
Research Inc) was used for statistical analysis of the collected SERS
spectra. Prior to the analysis, the spectra were preprocessed. Brand and
type of hair colorant data were preprocessed by baselining the raw data
using automatic weighted least squares to the second order, area
normalizing, and centered on the mean. The hair dye color data and all
hair samples compared simultaneously together were preprocessed by
baselining the raw data using automatic weighted least squares to the
second order, taking the first derivative of all intensity values with a
filter length of 15 and a second polynomial order, area normalizing, and
centered on the mean. Partial least squares discriminant analysis (PLSDA) was utilized to differentiate between the experimental classes and
identify spectral regions that best explained separation between the
classes. Our own experimental results, as well as results reported by
other groups, show that PLS-DA performs equally well or better than
other chemometric methods, such as linear discriminant analysis (LDA)
or soft independent modeling by class analogy (SIMCA) [25–30].
Therefore, we utilized PLS-DA for the statistical analysis of spectra
collected in this study. A total of 50 SERS spectra were collected for each
class. There was a 66%–34% calibration to validation split for the
3
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Table 2
True positive rate (TPR) of identification of individual col
orants on hair.
Class

TPR

Ion Perm Purple
Ion Perm Blue
Ion Perm Pink
Ion Perm Red
Ion Semi-perm Blue
Ion Semi-perm Pink
Ion Semi-perm Purple
Ion Semi-perm Red
L’Oréal Perm Blue
L’Oréal Perm Purple
L’Oréal Perm Red
Wella Semi-perm Purple
Wella Semi-perm Blue
Wella Semi-perm Pink
Wella Semi-perm Red
Wella Perm Auburn
Wella Perm Black
Clairol Perm Brown
Clairol Perm Auburn
Clairol Perm Black
Clairol Semi-perm Auburn
Clairol Semi-perm Black
Clairol Semi-perm Brown
Ion Perm Black
Ion Perm Brown
Ion Perm Auburn
Ion Semi-perm Auburn
Ion Semi-perm Black
Ion Semi-perm Brown
Wella Demi-perm Auburn
Wella Demi-perm Black
Wella Demi-perm Brown
Wella Perm Brown

100%
100%
100%
100%
100%
100%
88%
100%
100%
100%
100%
100%
94%
100%
100%
100%
98%
100%
100%
100%
100%
72%
96%
98%
96%
100%
100%
100%
100%
100%
72%
100%
98%

PLS-DA models. The data in these groups were selected at random by the
model. For the individual colorants model, 14 principal components
were used for reporting results. The brand differentiating model con
tained 13 principal components. The model to differentiate various
types of hair dye used 11 principal components. For differentiating the
different colors 15 principal components were used. A true positive rate
(TPR) was used to determine the accuracy of differentiation of spectral
classes. A true positive rate is the sensitivity of a model. Such that a TPR
is the proportion of accurately predicted classes to the actual classes
[31]. The higher the TPR, the higher the prediction accuracy of the
model. The TPR for every model is reported to show the robustness of
SERS coupled with chemometrics.

Fig. 2. SERS spectra of hair samples colored with Clairol (red), Ion (blue),
L’Oréal (green), and Wella (dark blue) dyes. P = 1.8 mW, λ = 785 nm. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

demi-permanent brown. Clairol semi-permanent black, 72% accuracy,
and Wella demi-permanent black, 72% accuracy, were most difficult for
the model to identify due to 14 of the 50 spectra from Clairol semipermanent black being recognized as Clairol semi-permanent brown
and out of the 50 spectra collected from Wella demi-permanent black 11
were recognized as L’Oréal permanent blue, 2 spectra were classified as
Wella permanent brown, and 1 spectrum classified as Ion permanent
black. The Ion permanent black sample had a prediction accuracy of
98%, and Ion permanent brown had a prediction accuracy of 96% due to
Ion permanent black having 1 spectrum predicted as Wella permanent
black and Ion permanent brown having 2 spectra predicted as Wella
demi-permanent auburn. Wella permanent brown had an identification
accuracy of 98% due to 1 spectrum being classified as Wella demipermanent black. The last colorant to not have a 100% identification
accuracy was Clairol semi-permanent brown as it was identified with
96% accuracy due to 2 out of 50 spectra were classified as Clairol semipermanent black. Overall, the model was able to accurately predict the
classes of hair colorant. The classes without 100% differentiation ac
curacy can be attributed to the high similarities of molecular compo
nents within the hair colorants shared between the actual and predicted
classes. Specifically, out of the 50 total spectra for the Ion permanent
black sample, only 1 spectrum was misidentified and assigned to the
Wella permanent black class due to the similar chemical components

3. Results and discussion
SERS-Based Analysis of Individual Colorants on Hair. We first
investigated the extent to which SERS can be used to distinguish be
tween different hair colorants. For this, we collected SERS spectra from
hair colored by 14 individual Ion dyes, 10 Wella, 6 Clairol, and 3 L’Oréal
colorants, Table 1. We found that different colorants exhibited distinctly
different spectral patterns, which allows for their visual differentiation,
Fig. 1.
Next, we utilized PLS-DA to examine the accuracy of SERS-based
identification of hair colorants. Our results show that PLS-DA model
allows for on average 97% accurate differentiation between different
hair colorants, Table 2. Only 9 out of the 33 samples had an accuracy less
than 100%. Out of these, Ion semi-permanent purple was identified with
88% accuracy and of the 50 total spectra, 6 of them were predicted as
Wella semi-permanent pink. Wella semi-permanent blue sample was
identified with 94% accuracy and only 3 spectra were misidentified as
Wella semi-permanent purple. Wella permanent black had a percent
accuracy of 98% due to 1 spectrum from this sample predicted as Wella
4
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Table 3
Vibrational bands in the SERS spectra that can be used for the brand
identification.

Table 6
Vibrational bands in the SERS spectra that can be used for the identification of
the colorant type.

Brand

Vibrational bands present in the SERS spectra acquired from colored hair
(cm− 1)

Type

Vibrational bands present in SERS spectra acquired from colored
hair (cm− 1)

Clairol
Ion
L’Oréal
Wella

420, 510, 1170, 1262, 1324, 1353, 1439, 1527, 1607
446, 463, 584, 1160, 1324, 1353, 1394, 1451, 1480, 1513, 1601
444, 495, 579, 950, 1170, 1213, 1320, 1435, 1515, 1605
366, 446, 504, 584, 1162, 1262, 1324, 1515, 1593

Permanent
SemiPermanent
DemiPermanent

444, 463, 504, 588, 1168, 1322, 1441, 1486, 1517
465, 582, 1158, 1264, 1324, 1353, 1597
342, 383, 446, 504, 612, 1318, 1482, 1515, 1576

Table 4
Cross validation table of SERS spectra collected from different brands of hair
colorants.
Actual Class
Predicted as

Ion

L’Oréal

Wella

Clairol

Ion
L’Oréal
Wella
Clairol

695
0
5
0

0
150
0
0

1
0
499
0

0
0
0
300

Table 5
True positive rate (TPR) of identification of
different brands of hair colorants.
Brand

TPR

Clairol
Ion
L’Oréal
Wella

100.00%
99.29%
100.00%
99.80%

within each colorant. The loading plot for this model is seen in the SI
(Fig. S1) as well as the validation of the model with 80%–20% data
partitioning (Table S1).
SERS-based analysis of Hair Colorant Brands. One may wonder
whether SERS can be used to identify colorants belonging to a certain
brand of colorants. To answer this question, we averaged SERS spectra
of different colorants that belonged to the same brand, Fig. 2. We found
that SERS spectra collected from Clairol-colored hair had unique bands
at 420 cm− 1, 510 cm− 1, 1439 cm− 1, 1527 cm− 1, and 1607 cm− 1, Fig. 2,
and Table 3. At the same time, SERS spectra collected from Ion-colored
hair exhibited vibrations at 463 cm− 1, 1160 cm− 1, 1394 cm− 1, 1451
cm− 1, 1480 cm− 1, 1513 cm− 1, and 1601 cm− 1. SERS spectra collected
from Wella exhibited bands at 366 cm− 1, 504 cm− 1, 1162 cm− 1, and
1593 cm− 1, whereas spectra colored with L’Oréal products had unique
bands at 444 cm− 1, 495 cm− 1, 579 cm− 1, 950 cm− 1, 1213 cm− 1, 1320
cm− 1, 1435 cm− 1, and 1605 cm− 1. These findings show that brands can
be visually differentiated by their spectral pattern.
We used PLS-DA to determine the accuracy with which SERS can be
used to predict different brands of hair colorants. We found that Clairol
products could be identified with 100% accuracy, Ion with 99.29%,
L’Oréal with 100%, and Wella with 99.80% accuracy as seen in Table 4
and Table 5. These results show that SERS enables highly accurate
identification of different brands of hair colorants. The loading plot for
this model as well as the validation of the model with 80%–20% data
partitioning can be found in the supporting information (Fig. S2,
Table S2). One may also wonder of the separation between colors found
within the brand. A loading plot was created for all colors within one
brand to see spectra variation as seen in the SI (Fig. S5a., Fig. S5b.,
Fig. S6a., Fig. S6b., Fig. S7a., Fig. S7b., Fig. S8a., Fig. 8b.) With this
information in hand, one can expect that despite appearance of new
colorants on the market, SERS can be used to identify brands of these
colorants and, consequently make forensic hair analysis more efficient.
Analysis of Hair Colorant Types. One may wonder whether SERS
can be used for an automated identification of the type of colorants

Fig. 3. SERS spectra of hair colored with demi-permanent (blue), permanent
(red), and semi-permanent (green) dyes. P = 1.8 mW, λ = 785 nm. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

(permanent, semi-, and demi-permanent). To answer this question, we
averaged all collected SERS spectra accordingly to the type of the
colorant used to dye hair. We found that unique vibrational bands were
present for each type of hair dye and only one vibrational band was
shared in both demi-permanent and permanent dye. All bands for semipermanent dye were unique to that type (465 cm− 1, 582 cm− 1, 1158
cm− 1, 1264 cm− 1, 1324 cm− 1, 1353 cm− 1, and 1597 cm− 1, Table 6). It is
also noteworthy that the semi-permanent colorant spectrum had a much
lower intensity than that of the demi-permanent and permanent color
ants. The demi-permanent dyes had unique bands at 342 cm− 1, 383
cm− 1, 446 cm− 1, 612 cm− 1, 1318 cm− 1, 1482 cm− 1, 1515 cm− 1, and
1576 cm− 1. The permanent dyes had unique vibrational bands at 444
cm− 1, 463 cm− 1, 588 cm− 1, 1168 cm− 1, 1322 cm− 1, 1441 cm− 1, 1486
cm− 1, and 1517 cm− 1.
While there are some bands that share a very similar Raman shift, the
only band to be shared between two types is at 504 cm− 1. This band is
seen in both the permanent and demi-permanent spectra and may be
because both demi-permanent and permanent dye require a developer
as an oxidizing agent. These data can be seen in Fig. 3 and Table 6. For
information regarding the loading plot for this model or validation of the
model, refer to the supporting information (Fig. S3, Table S3).
The accuracy of differentiating between the type of hair colorant was
5
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Table 7
Cross validation table of SERS spectra collected from different types of hair
colorants.

Table 9
Vibrational bands in the SERS spectra that can be used for the hair color
identification.

Actual Class
Predicted as

Permanent

Semi-permanent

Demi-permanent

Permanent
Semi-permanent
Demi-permanent

791
0
9

0
700
0

2
0
148

Table 8
True positive rate (TPR) of identification of different
types of hair colorants.
Type

TPR

Permanent
Semi-permanent
Demi-permanent

98.88%
100.00%
98.67%

even higher than that of the brand differentiation. We found that semipermanent hair dye type could be differentiated with 100% accuracy.
The permanent hair dye could be differentiated with 98.88% accuracy
and demi-permanent with 98.67% accuracy as seen in Table 7 and
Table 8.
Analysis of Hair Colorant Colors. While there are many hair
colorant brands on the market as of current, and the possibilities of color
combinations are endless, it is also important to take into consideration
that cosmetic brands for hair dye is on the rise. Thus, we think it
necessary to put SERS to the test to differentiate between various colors
of different types and different brands. There was a total of seven colors
that were analyzed. Three of the colors were natural in appearance while
four were artificial. The three natural appearing colors were auburn,
brown and black. The artificial colors used were blue, purple, pink, and
red.
While the specific name of these colors is not directly labeled as such,
we have grouped very similar colors into these seven classes. For
example, although Ion semi-permanent burgundy, brown is labeled
“burgundy brown” on the colorant packaging, it is auburn in appearance
and thus classified as auburn. Auburn hair is of a light brown appearance
with red tones that is not red enough to be classified as a red color.
After SERS analysis we discovered that the natural-looking colorants
(auburn, brown, and black) all had higher intensities in their spectra
than that of the artificial colors. The blues, purples, pinks, and reds all
had lower intensities in their spectra. The auburn color had unique
bands at 446 cm− 1, 1314 cm− 1, 1452 cm− 1, 1482 cm− 1, and 1576 cm− 1.
The brown color had unique bands at 463 cm− 1, 1516 cm− 1, and 1608
cm− 1. The black color had unique bands at 449 cm− 1, 585 cm− 1, 731
cm− 1, 1165 cm− 1, 1325 cm− 1, 1432 cm− 1, 1520 cm− 1, and 1604 cm− 1.
The blue color showed bands uniquely at 317 cm− 1, 441 cm− 1, 495
cm− 1, 581 cm− 1, 1157 cm− 1, 1265 cm− 1, 1321 cm− 1, 1402 cm− 1, 1442
cm− 1, and 1620 cm− 1. The purple color class had unique bands at 431
cm− 1, 465 cm− 1, 1169 cm− 1, 1406 cm− 1, 1434 cm− 1, and 1484 cm− 1.
Pink had all unique bands (362 cm− 1, 433 cm− 1, 761 cm− 1, 922 cm− 1,
967 cm− 1, 1188 cm− 1, 1282 cm− 1, 1363 cm− 1, 1514 cm− 1, 1592 cm− 1).
The vibrational bands that were only observed in red were 810 cm− 1,
1031 cm− 1, 1150 cm− 1, 1302 cm− 1, 1323, cm− 1, 1349 cm− 1, 1390
cm− 1, 1449 cm− 1. One can expect that higher intensities of vibrational
bands in the SERS spectra of natural-looking colorants (auburn, brown,
and black) can be explained by the greater Raman cross-section of dyes
used in these colorants compared to the Raman cross-section of dyes
present in colorants that exhibit artificial colors.
Auburn shared the most bands with other color classes, brown, blue,
and purple. In the Ion and Clairol brands both semi-permanent auburn
and brown have HC Blue No.2. In just the Ion brand, Basic Brown 16 is
seen in semi-permanent auburn color and brown color. Within the

Color

Vibrational bands present in the SERS spectra acquired from colored hair
(cm− 1)

Auburn
Black
Brown
Purple
Blue
Pink
Red

446, 461, 505, 583, 610, 1163, 1314, 1452, 1482, 1576, 1602
449, 505, 585, 731, 1165, 1325, 1432, 1520, 1604
447, 463, 505, 583, 610, 1163, 1263, 1321, 1516, 1608
431, 465, 505, 1169, 1263, 1321, 1406, 1434, 1484, 1602
317, 441, 461, 495, 581, 1157, 1265, 1321, 1402, 1442, 1594, 1620
362, 433, 761, 922, 967, 1188, 1282, 1363, 1514, 1592
447, 810, 1031, 1150, 1302, 1323, 1349, 1390, 1449, 1594

Fig. 4. SERS spectra of hair colored with auburn, brown, black, red, blue,
purple, and pink colorants. P = 1.8 mW, λ = 785 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

permanent auburn and brown colorants, Clairol and Wella brands both
contain 2-methylresorcinol. This molecular compound is used often to
obtain a yellow brown color in hair dye [32]. It is possible that the
similarities seen within these spectra are due to similar molecular
makeup of the colorants. Likewise, there are shared vibrational bands
between brown and purple and between red, blue, and brown. Again,
this is logical as the same primary colors are used in conjunction to make
up other colors thus contributing to the shared vibrational bands,
Table 9. The general trend for the colorant spectra is that the natural
appearing colorants had a higher intensity while the artificial colorants
6
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accurate results which can be compared to a library of hair colorant
data.

Table 10
Cross validation table of SERS spectra collected from colorants that exhibited
different colors on hair.
Actual Class
Predicted as

Purple

Blue

Pink

Red

Auburn

Black

Brown

Purple
Blue
Pink
Red
Auburn
Black
Brown

190
6
4
0
0
0
0

0
200
0
0
0
0
0

0
0
150
0
0
0
0

0
0
0
200
0
0
0

0
0
0
0
292
0
8

0
4
0
0
0
294
2

0
0
0
0
12
2
286
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Table 11
True positive rate (TPR) of identification of
different colors on hair.
Color

TPR

Auburn
Black
Brown
Purple
Blue
Pink
Red

97.33%
98.00%
95.33%
95.00%
100.00%
100.00%
100.00%
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had a lower intensity, Fig. 4.
A true positive rate was generated showing the accuracy of SERS in
distinguishing between various colors independent of the type or brand
of colorant. Our results show that SERS can accurately distinguish be
tween hair colors that have been artificially dyed. All color differentia
tion accuracy was over that of 95% with blue, pink, and red being
differentiated with 100% accuracy as seen in Table 10 and Table 11.
Both the loading plot and a figure depicting an 80%–20% calibration to
validation partitioning of the model are found in the supporting infor
mation (Fig. S4, Table S4).
It is important to emphasize that AuNPs enhance Raman scattering
from the artificial colorants present on hair. Therefore, uncolored hair
exhibits no SERS signal [12]. Thus, unlike IR spectroscopy, SERS does
not detect protein present in hair, which makes this approach minimally
dependent on the biological race of the hair donor and the type of hair
used in the experiment. Nevertheless, it is important to demonstrate
such robustness to make SERS-based analysis of hair colorants race-,
gender- and age-general. This work is currently in progress in our lab
oratory. One may also wonder whether hair exposure to the sunlight as
well as daily hygiene procedures may significantly alter the robustness
of the discussed SERS approach. Although previously reported by
Esparza and co-workers results show that SERS could perfectly detect
and identify semi-permanent colorant 8 weeks after its application on
hair [18], additional studies may be required to fully examine the effect
of sun exposure, as well as other biotic and abiotic factors on the
SERS-based readability of all types of colorants discussed in this study.
Currently, we perform experiments that will provide answers to these
very important questions.
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