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Abstract In infrared spectroscopy human hair has normally been studied using atten-
uated total reflectance or diffuse reflectance infrared Fourier transform spectroscopy,
for which the sample preparation methods can lead to problems of reproducibility.
Definite information could be obtained by studying intact individual hair fibers, but
the small diameter of hair fibers and the lack of sensitivity make such measurement
difficult. A highly detailed infrared spectrum of human hair has been measured using
a cantilever-based photoacoustic detection. The spectrum can be obtained even if a
piece of hair as small as 1 cm is used as a sample. Photoacoustic spectroscopy (PAS)
is a well-established technique in many areas, but very little has been published in
the research of proteins. Two simple applications of PAS for human hair, as well as
measurements with different types of proteins, are presented in this paper.
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1 Introduction

Fourier transform infrared–photoacoustic spectroscopy (FTIR–PAS) is an infrared
sampling technique widely used in research and industry. Its main advantage is to
be able to measure FTIR spectra on basically any sample without the common sam-
ple preparation techniques used in infrared spectroscopy [1]. In many cases, direct
measurements with conventional transmission—or reflection—based infrared tech-
niques are inappropriate, or have limitations [2]. Photoacoustic detection does not
require the sample to be transmitting, has little sensitivity to the morphology of the
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sample surface, and enables different sampling depths to probe inhomogenous samples
[1,2]. The photoacoustic signal is proportional to the optical absorption coefficient.
Instead of measuring transmitted or reflected photons, the acoustic signal, generated
by the heating of sample due to absorption of photons, is examined [3]. Photoa-
coustic infrared spectroscopy is a valuable tool for studying solid samples of various
morphologies due to the ease of sample preparation and depth profiling capabilities.
PAS is an ideal technique for most of the commonly difficult samples in infrared
spectroscopy.

Human hair, as well as nails and skin, consists of fibrous structural proteins that
are generally called keratin, and carry a lot of information on an individual within its
composition [4]. Hair has been proved to monitor diseases [5], drugs of abuse [6,7],
chemical treatments and weathering [8], or even malnutrition [4]. All of the above fea-
tures can be discovered using infrared spectroscopy. Most of the information is also
nearly permanent in hair [5,6]. In addition to the applications in infrared spectroscopy
of hair, saliva has been used for the detection of diabetes, and fingernails have been
used for an index of health and diseases [9,10]. In infrared spectroscopy, attenuated
total reflectance (ATR) or diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) has mainly been used to study human hair. In addition, Raman spectroscopy
has been used as a complementary technique. In the above-mentioned techniques a
microtome, or similar mechanical device operating at micrometer precision, is nor-
mally needed in hair sample preparation procedures. After cutting to the desired length
and form, the hair is usually mounted in paraffin wax or similar to enable the mea-
surement. With photoacoustic detection, the sample preparation can be done with
only scissors and a pair of fine tweezers. The irregular shape of hair fiber creates no
problem since the photoacoustic method is not affected by scattering or reflecting
[3]. PAS is one of the few infrared techniques that enable depth profiling performed
from the sample surface. Other techniques that provide depth-sensitive information
include ATR, DRIFTS, and Raman spectroscopy with a confocal microscope [11–13].
Photoacoustic signal can also be obtained from completely black samples, which is a
common problem with most infrared techniques.

In this study, an interferometric cantilever microphone was used as a pressure sensor.
Condenser microphones that are commonly used in photoacoustic systems work at
their physical limits, and therefore there is no way to further improve their sensitivity.
The interferometric cantilever microphone can be constructed in such a manner that the
sensitivity is even several orders of magnitude higher than the one of the condenser
microphone [14,15]. A typical cantilever microphone consists of a 5 µm to 10 µm
thick silicon cantilever and a Michelson interferometer to measure the position of
the cantilever. When the pressure in the cantilever cell varies, the cantilever bends
but it does not stretch. Therefore, it is very sensitive to pressure variations compared
to the stretching of the elastic membrane of the condenser microphone [14]. The
cantilever dynamics and noise sources are carefully modeled in the literature and thus
the performance of the cantilever microphone is well known. The lack of sensitivity
has previously been a limiting factor for the use of the photoacoustic method in FTIR
applications. Using acoustical resonances of the sample cell is a common way to
enhance the sensitivity, but the wide frequency band needed by the FTIR instruments
makes such devices not useful in the FTIR applications. The cantilever microphone,
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however, has a wide frequency band and a sensitivity even several orders higher than
the conventional microphones [14].

In this paper, the mid-infrared photoacoustic spectrum of hair has been success-
fully measured using a cantilever microphone and the basic features of the spectra
have been explained. Adequate signal levels could even be obtained from a single
hair fiber with a length of less than 1 cm. All of the characteristic features can also
be identified in the spectrum of a single fiber. In this study, however, more hair fibers
were used to ensure a reliable signal-to-noise ratio (SNR) in precise examination. In
addition, spectra of nail and saliva samples have been measured for comparison. Nails
are similar keratin to hair, and saliva contains a complex mixture of proteins. The main
issue of this paper is to demonstrate briefly two important applications with this new
method of investigation. These include a method to study chemical treatments, and a
simple approach to depth profiling.

2 Experimental

All the samples were measured using a Gasera PA301 cantilever enhanced photoa-
coustic detector coupled with a Thermo Nicolet, or a Bruker Tensor FTIR spectrometer.
The photoacoustic detector was used as an external detector for the FTIR instrument.
PA301 consists of the actual detector and a DSP module, which contains mathematics
for the optical cantilever microphone. The minimum detectable pressure variation in
the PA301 sample cell is 2 µPa · (√Hz)−1 and the microphone sensitivity is approx-
imately 10 V · Pa−1. Usable spectrometer scan velocities can be 5 Hz to 30 kHz with
this detector, but this is limited by the spectrometers used in this study to 2.2 kHz to
20 kHz. The FTIR spectrometers used were standard laboratory instruments working
in the mid-infrared area. In this study, the usable wavenumber region was approxi-
mately ν = 800 cm−1 to 4000 cm−1. The superior sensitivity of the cantilever-based
detector, compared to other commercial products, is directly reflected in the measure-
ment times, as the SNR is proportional to the square root of measurement time. The
cantilever microphone is proved to be approximately 100 times more sensitive than a
capacitive microphone in trace-gas sensing [16], which means 10 000-fold measure-
ment times with the capacitive microphone to acquire the same SNR. The case is
usually not as good with solids, but generally ten times better sensitivity is reached.

Hair samples were collected from the tip of the hair from a male and a female person
in their mid-twenties. Fingernail and saliva samples were collected only from the male.
Hair fibers were cut into approximately 2 mm pieces, and laid on the bottom of the
sample cup. A composition of individual hair fibers was used to obtain a good average.
The sample preparation was done with a pair of tweezers and scissors. The sample cup
had a cylindrical form with a 10 mm diameter, and a height of 2 mm, and it was filled
almost completely with hair fiber material. Also, single hair fibers approximately 1 cm
in length were studied. The sample cups were cleansed with an ultrasonic cleaning
device to minimize the effects of possible traces in the cups. The sample preparation
methods for fingernails were similar to hair. Saliva samples were collected straight
into the sample cup, and left to dry in room temperature for about 16 h. Dry saliva
samples were used in the measurements to minimize the collaboration of water in
the spectrum. Liquid saliva samples could also be measured with the setup used in

123

Author's personal copy



Int J Thermophys

this study. Typically a 24 h fasting is required when collecting saliva samples and the
samples are usually frozen for reliable storage. Fasting is required since saliva depends
on daily diet and freezing prevents the proteins from degradation and denaturation
[17]. In this study, however, a simple approach was used for a quick comparison,
and the main focus was kept on the analysis of hair. The photoacoustic cell and the
sample cell were purged with helium before the measurements for enhanced signal.
The spectra were normalized using a carbon black reference. An 8 cm−1 resolution,
20 scans for approximately 40 s measurement time, and a 2.2 kHz (Bruker) or 2.5 kHz
(Thermo) scan velocity were the parameters used in measurements. 100 scans were
used with single hair fibers for a greater SNR. A solution with one-fifth hydrogen
peroxide (30 % solution), one-fifth ammonium hydroxide (25 % solution), and three-
fifths water was used to bleach the hair samples in the treatment studies. The hair fibers
were immersed in the mixture for 1 h, then rinsed under running water, and finally left
to dry. A sufficiently long bleaching time was used to illustrate the differences between
a normal coloring effect and a much harsher treatment.

3 Results and Discussion

In Sect. 1, it was mentioned that hair consists mostly of fibrous proteins that are gener-
ally called keratin. Keratins are long chains of amino acids linked together with amide
bonds. In addition to keratin, hair contains water, lipids, and trace elements. Therefore,
the infrared spectrum of human hair retains features of different vibrational modes of
the amide bond, different individual amino acids, lipids and fatty acids, bonded water,
and trace elements. Amino acids and amide bonds are the basic elements to be investi-
gated in this study. The diameter of hair fibers varies from 30 µm to 120 µm. Hair fiber
consists of three different layers which are called cuticle, cortex, and medulla, from
the surface to the center. The cuticle is a 5 µm to 10 µm thick chemically resistant
layer consisting of flat overlapping cells [4]. The cuticle is wrapped around the cortex,
which contributes to the major part of the mass in human hair. The 40 µm to 60 µm
thick cortex consists of elongated cells and intercellular binding material [4,18]. Inside
the cortex, a third type of cell, the medulla, may be found. Medulla can be absent,
continuous, or discontinuous along the fiber axis in human hair [4]. The cuticle and
cortex are the layers that can be reached with this setup. The minimum scan velocity of
the spectrometers used in this study corresponds to a thermal diffusion length too short
to reach the medulla. Step-scan spectrometers, or infrared sources with wider sweep
of modulation frequencies, can overcome this problem. Fingernails are composed of
three different layers of keratin laying on the top of the nail bed [19]. The outermost
part consists of the narrow dorsal layer, which gives rise to the laminated nail surface
[20]. Below the dorsal layer is a thicker and harder layer, called the intermediate layer,
and on the bottom lies the narrow ventral layer [19]. Saliva is a complex mixture
of proteins and other molecules originating from different sources. Saliva is formed
primarily from salivary gland secretions, but it can also have contribution for exam-
ple from blood, oral tissues, and food remainings. Saliva consists mostly of water,
proteins, and inorganic and trace substances. Human saliva contains more than 1000
peptides or proteins that have important biological functions [17]. Unlike the proteins
in hair and nail, salivary proteins are different from keratin.
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Fig. 1 Different types of keratin, and saliva proteins measured with FTIR–PAS. Photoacoustic signal was
normalized with carbon black sample and is shown in arbitrary units: (a) hair sample (composition), (b)
hair sample (single fiber), (c) fingernail sample, and (d) saliva sample. Notations AA, AB, AI, AII, and
AIII in the figure represent amide A, B, I, II, and III peaks, respectively. CH represents CH2 and CH3
peaks of lipids and fatty acids and OH signifies bonded water in spectra. Thermo FTIR was used in these
measurements

3.1 Measurements with Different Types of Proteins

In Fig. 1, we can see the measured spectra of two different hair samples, a nail sample,
and a saliva sample from the same person. The first hair sample was a composition of
hair fibers prepared in the manner introduced in Sect. 2, and the latter was a single 1
cm piece of hair. In this figure we can see that the four spectra look quite similar, and
have the same characteristic features and spectral peaks. We can also conclude that the
spectra of two different hair samples are almost completely similar, only with different
SNRs. Amide A, B, I, II, and III peaks (labeled AA, AB, AI, AII, and AIII in Fig. 1)
dominate the spectra around ν = 3300 cm−1, ν = 3070 cm−1, ν = 1655 cm−1,
ν = 1545 cm−1, and ν = 1245 cm−1, respectively, followed by lipids and fatty
acids (CH) at ν = 1350 cm−1 to 1480 cm−1 and ν = 2900 cm−1 to 3000 cm−1, and
bonded water (OH) around ν = 3500 cm−1. The only radical difference between the
spectra is the ν = 2058 cm−1 peak in the spectrum of saliva, which belongs to the
antibacterial compound thiocyanate (SCN−) [21]. Besides that, the differences relate
to the shapes and ratios of certain peaks, rather than finding characteristic peaks for the
different sample materials. When comparing amide I and II peaks we can see that the
peak shape varies notably between different samples. This is related to the different
secondary structure of proteins, i.e., the different formations of amino acid chains [20].
In Table 1, we can see the ratio of the amide I and II peak intensities, full width at
half-height (FWHH) of amide I peak, and positions for the amide I and II peak maxima
calculated for each sample material to further illustrate the differences in amide I and
II areas. FWHH is calculated using the minimum between the amide I and II peaks as a
minimum of the amide I peak. In Table 1, we can see that the amide I peak of the saliva
sample is the narrowest, and has the highest intensity compared to the amide II peak.
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Table 1 Different parameters
calculated from the
measurement data to
demonstrate the variation in the
amide I and II bands between
different sample materials

Sample AI/AII
ratio

AI FWHH
(cm−1)

AI position
(cm−1)

AII position
(cm−1)

Hair (Fig. 1a) 1.07 78.6 1654 1540

Fingernail 1.07 67.5 1653 1543

Saliva 1.16 57.4 1655 1545

Hair has the broadest amide peaks of the measured samples. We can also see slight
differences in positions of the amide I and II peak maxima between different samples
in Table 1. Other notable differences in the spectra are in the stretching and bending
modes of CH2 and CH3 of lipids and methyl groups in ν = 1350 cm−1 to 1480 cm−1,
and ν = 2900 cm−1 to 3000 cm−1. Also, the ν = 1000 cm−1 to 1150 cm−1 area
of saliva sample differs from the others. Since the spectra of different proteins are
essentially similar, it is possible to also expand the results and knowledge of hair to
other keratin and protein sources. In addition, other types of keratin can be used in
conjunction with hair for broader investigation of hair keratin, as in this study.

3.2 Bleaching Studies

Some everyday processes like washing hair, combing, and exposure to sunlight affect
the composition of hair [4]. Similar, but stronger, effects can be seen in colored,
bleached, or permanented hair. Levels of the amino acids cystine and cysteine have
been studied carefully in the literature with multiple different methods. This is because
cystine and cysteine appear in high concentrations in hair, and they are also highly
reactive. Chemical treatments and weathering are easily studied by comparing cystine
and cysteine levels with their derivatives. The chemical reaction that can be observed
in these processes is the fission of C–S bond into sulfonate S=O bond by oxidation [4].

In Fig. 2, we can see the effects of chemical treatment in the photoacoustic
infrared spectrum of hair. Figure 2 shows spectra for non-treated male, colored
female, and bleached male hair samples. The spectra were baseline corrected between
ν = 1000 cm−1 to 1700 cm−1 and normalized to the amide II peak after baseline
correction. The baseline was corrected to standardize the spectra and ease the com-
parison between different samples as the baseline varies slightly in every sample. The
differences in baseline arise from the slight variations in sample cell volume, and
sample position, due to different sample sizes [22,23]. This effect has to be taken into
consideration since the sample fills the sample cup irregularly, and therefore the cell
size and the average sample height vary with every sample. The spectrum of non-
treated hair was also subtracted from spectra of colored and treated hair samples to
obtain difference spectra. This was to emphasize the differences between treated and
non-treated samples, and to obtain a more straightforward comparison in Fig. 2.

The most notable feature in the spectra of treated hair samples is the rise of intensity
of the peak at ν = 1042 cm−1 that relates to the symmetric S=O stretching band
of sulfonates [24–26]. In addition, a smoother slope between ν = 1120 cm−1 and
ν = 1260 cm−1 can be discerned. This observation relates to the overlapping peaks
of asymmetric S=O stretching band of sulfonates at ν = 1188 cm−1, asymmetric
S=O stretching of thiosulfate ions at ν = 1196 cm−1 [24], and cysteic acid moiety
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Fig. 2 The effect of coloring and hydrogen peroxide treatment: (a) bleached hair sample, (b) colored hair
sample, (c) non-treated hair sample, (d) difference spectrum of bleached and non-treated hair samples, and
(e) difference spectrum of colored and non-treated hair samples. Positions of asymmetric and symmetric
S=O stretching as well as cysteic acid moiety are marked in the figure. Bruker FTIR was used in these
measurements

(Cys. in Fig. 2) at ν = 1219 cm−1 [24,25]. The cysteic acid moiety peak can be
easily distinguished only in the difference spectrum of bleached hair due to the harsh
treatment. The effects of coloring and bleaching could be marked out in the spectra,
but the intensity of the treatment can also be investigated. This can be done by studying
the ratio of ν = 1042 cm−1 and ν = 1076 cm−1 peaks. If hair is exposed to treatments
or weathering, the intensity of the S=O peak at ν = 1042 cm−1 rises, and this effect
can be quantified by calculating the ν = 1042 cm−1 and ν = 1076 cm−1 peak ratio.
In Fig. 2, we can see how the ratio rises with the intensity of the treatment.

3.3 Depth Profiling Studies

A rough simplification of depth profiling was made to demonstrate this advantageous
feature of photoacoustic spectroscopy with hair samples. The spectrum of the same hair
sample was measured with two clearly different FTIR scan velocities to obtain two dif-
ferent sampling depths. With fast scan velocities the thermal diffusion length is short,
and we obtain information only from layers at the surface. With lower scan velocities
the thermal diffusion waves can propagate a longer distance, and we get informa-
tion also from the layers that lie deeper in the sample. The spectra were recorded
with 2.2 kHz and 10 kHz scan velocities that correspond approximately to a 3.2 µm
to 9.2 µm and 1.6 µm to 4.6 µm thermal diffusion lengths in the ν = 500 cm−1 to
4000 cm−1 wavenumber range [27]. A zero filling factor of 8 was used to obtain data
points at intervals of 1 cm−1 for better defined peaks in the spectrum. The saturation
compensation method, demonstrated by McClelland et al. [1], was used to enable
practical comparison of spectra measured with different sampling depths. Saturation
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Fig. 3 A simple approach to depth profiling. Spectrum of a same hair sample is shown with three different
configurations: (a) 2.2 kHz spectrum with saturation compensation, (b) 10 kHz spectrum, and (c) 2.2 kHz
without saturation compensation. Bruker FTIR was used in these measurements

compensation is generally used to remove the saturation differences while retaining
any differences related to sample structure. When the scan velocity is increased, the
bands that are saturated increase relative to weaker bands, due to reduction of sat-
uration effects [1]. The use of linearization or a saturation compensation algorithm
is particularly important in this case, where the photoacoustic signal is mostly non-
zero. This means that some level of saturation can be found all over the spectrum.
This simple saturation compensation algorithm applies only to a magnitude spectrum,
whereas linearization methods use both phase and magnitude spectra. In Fig. 3, we
can see a spectrum measured with 10 kHz scan velocity, and spectra for 2.2 kHz scan
velocity before and after saturation compensation. In this figure we can instantly see
that spectra of hair samples with radically different mirror velocities are basically
incomparable before the saturation compensation.

If we compare the compensated spectra with different scan velocities, we first see
the great differences in the amide I peak at ν = 1655 cm−1. The amide I peak can
often be out of the linear range of Beer’s law [25], and is therefore too saturated for
the compensation algorithm. Saturation can also be a problem with the amide II peak,
as it has the second highest intensity. Jurdana et al. [27] found the saturation of a
photoacoustic signal a problem with hair samples as well, especially in the amide I
and II peak areas. Based on our own experience, and the results of previous studies
[25,27], we do not use the heights of amide I and II peaks as a reliable measure in
our comparison, although the saturation compensation algorithm seems to maintain
the intensity of the amide II peak quite well in our case. The differences in heights of
the amide I, and also the amide II, are believed to occur mainly from the effects of
saturation. Additionally, we found differences in the positions of the amide I and II
peaks, which are an actual feature. The amide I and II peaks shift to lower wavenumbers
as the scan velocity is increased.

Protein secondary structures and multiple individual amino acids are infrared active
in amide I and II regions [20,28]. Differences in spectra are related to the different

123

Author's personal copy



Int J Thermophys

protein secondary structures, and different amino acid compositions between the sur-
face layer cuticle and inner layer cortex. With a 10 kHz mirror velocity, the signal comes
only from the 5 µm thick cuticle [4], and with a 2.2 kHz mirror velocity, from both cuti-
cle and cortex. This shifting of amide I and II peaks in different layers of hair has also
been noted by other groups with different infrared techniques [24,27]. Another clear
feature that could be marked out was the differences at the S=O stretching area between
ν = 1040 cm−1 to 1260 cm−1. The ratio of ν = 1042 cm−1 and ν = 1076 cm−1 peaks
is the quantity to be investigated, as stated previously in Sect. 3.2. The ratio of the peaks
is higher in the 10 kHz spectrum, which indicates that the layers near the surface are
more weathered than the layers deeper in hair.

The differences founded are logical since the cuticle is more strongly exposed to
the sunlight, chemical treatments, and mechanical stress than the cortex. The depth
profiling measurements were performed rapidly, as nothing had to be done to the
sample to achieve different sampling depths. The only thing to be altered was the
parameters of the FTIR instrument. Photoacoustic depth profiling thus offers a valuable
and easy tool for investigation of heterogeneous tissues like hair.

4 Conclusions

We examined human hair with cantilever-based photoacoustic detection. Highly
detailed spectra can be obtained from a small amount of hair keratin with short mea-
suring and sample preparation times. Simple depth profiling and chemical treatment
experiments were presented as successfully demonstrating the possible applications
to human hair with this technique. Similar spectra can also be obtained from other
sources of keratin or proteins. A composition of short hair fibers was used as a sample
to maximize the SNR for precise examination. Cantilever PAS also showed promis-
ing results with single hair studies in which the sample can be less than 1 cm of hair
fiber. Single hair studies have typically suffered from low reproducibility and lack of
sensitivity.

PAS is a simple and effective method for rapid measurements with condensed mat-
ter. Photoacoustic detection yields great advantages in sample preparation methods
when compared to other common infrared techniques. This is particularly important
in study of human hair and other fibrous materials, which usually require compli-
cated sample preparation methods. Sample preparation advantages, combined with
the extreme sensitivity of the photoacoustic technique and cantilever microphone,
make this method significantly faster and easier than other similar approaches. In
addition, PAS is one of the few infrared techniques with the possibility to perform
depth profiling from the sample surface.

Hair appears to be the most promising sample type in means of sample preparation
and time span. Saliva requires more difficult sample preparation and storage methods,
and is also highly affected by recent food history. Fingernails are usually cut more
often than hair, and therefore carry information from a lesser time span. The method
presented in this paper showed promising results and could be used, for example, to
monitor health of an individual, or the abuse of drugs, in infrared spectroscopy. It is
possible that the use of these different types of proteins could be complementary to
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each other to form a vast biological or medical monitoring system with photoacoustic
infrared spectroscopy.
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