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Abstract: The main objective of this study was to develop a test for the fast and noninvasive prediag
nosis of mood disorders based on the noninvasive analysis of hair samples. The database included 
75 control subjects (who were not diagnosed with depression) and 40 patients diagnosed with mood 
disorders such as depression or bipolar disorder. Both women and men, aged 18-65 years, partici
pated in the research. After taking the hair samples, they were washed (methanol-water-methanol by 
shaking in a centrifuge for two min) and air-dried in a fume hood. Each hair collection was analyzed 
using Fourier transform infrared spectroscopy attenuated total reflection (ATR-FTIR) spectroscopy. 
Subsequently, the results obtained were analyzed based on chemometric methods: hierarchical cluster 
analysis (HCA) and principal component analysis (PCA). As a results of the research conducted, 
potential differences were noticed. There was a visible change in the spectra intensity at around 
2800-3100 cm - 1  and smaller differences around 1460 cm-1 ; the bands can be assigned to protein 
vibrations. However, these are preliminary studies that provide a good basis for the development of 
a test for the initial diagnosis of mood disorders.
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1. Introduction

M ood disorders include bipolar affective disorder, w hich  is characterized by  a de
pressive episode (decreased activity, pessim ism , and sadness), or/and a m anic episode 
(grandiosity  and elevated m ood). U nipolar affective disorder, a form  of depression, is 
another mood disorder. Each episode seriously disrupts and adversely affects the person's 
life. Currently, they are the m ost com m on m ental health  d isorders in the w orld  [1,2]. In 
2019, depression w as one of the m ost common and chronic diseases in the Polish population 
health  surveys. A ccording to data from  the C entral Statistical O ffice, m ore than 16% of 
the respondents experienced sym ptom s that m ay indicate the presence of depression at 
various levels of severity [3 ]. In all age groups studied, w om en m ost frequently declared 
the occurrence of sym ptom s indicative of depression. W om en are m uch m ore likely  (in 
a ratio of 2.5:1) to suffer from  depression than m en. The research also indicated that the 
percentage of people who declared illnesses that can be a sign of the disease increased with 
the age of the respondents. A bsence or inadequate treatm ent related to problem s w ith  
proper diagnosis can increase the risk of relapse disorders and even lead to death [4]. Mood 
disorders cannot be underestim ated, and therapy should be started as soon as possible. 
U nfortunately, the initial d iagnosis of m ood disorder is som etim es quite problem atic due 
to the presence of a depressive episode in both unipolar and bipolar disorders. Currently, 
d iagnosis is m ade only on the basis of an interview  and analysis o f the patient's clinical
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picture, which contributes to a biased diagnosis of the disease [4]. Therefore, it is im portant 
to search for quick m ethodologies using sam ples such as hair.

Hair is a biological matrix mainly consisting of proteins (65-95% ), in particular keratin, 
as w ell as glycine, threonine, and m any others. The internal structure of hair is com plex 
and contains a loosely  packed m edulla, a disordered region near the center of the hair 
surrounded by the cortex, w hich contains the major part of the fiber mass, mainly consisting 
of keratin  proteins and structural lipids. H air is a reliable long-term  biological indicator 
tissue used to assess the health of body bioelem ents and m etabolism  [5,6] . M oreover, hair 
fibers are the m ost desirable biological matrix because they have a w ide detection window, 
w hich enables the provision of inform ation from several m onths or even years ago, w hile 
b lood and urine detection only provides inform ation for a few  days. D ue to this, hair 
analysis is used in drug detection and in screening for m edication intake by crim inals or 
other people [7 ] .

The studies carried out so far have shown that people w ith a severe form of depression 
(after a suicide attempt) have a different m ultielem ent hair profile than healthy people. This 
m ay be a consequence of the neuroendocrine system, including the hypothalam ic-pituitary- 
thyroid (HPT) and hypothalam us-pituitary-adrenal (HPA) axes, w hose dysregulation has 
been  reported. The research also show ed that w om en are m uch m ore likely (in a ratio 
of 2.5:1) to suffer from  depression than m en [8,9 ]. Interestingly, patients w ith  a current 
diagnosis of com orbid depression and anxiety have m oderately higher cortisol levels than 
patients w ith depression or anxiety alone, or patients in the rem ission and control groups, 
w hich m ay indicate a chronic state of hyperactivation of the HPA axis [10].

Research has already been conducted on the use of A TR-FTIR spectroscopy to study 
hair sam ples. For exam ple, it has been  applied in  analysis of sam ples from  patients w ith 
breast cancer. B reast cancer patients show ed an  increase in the band m axim um  ratio at 
1446-1456 cm - 1  for bending vibrations of the C -H  in the ATR-FTIR spectra of a single hair 
fiber [11]. This confirm s the possibility  o f using the fast and noninvasive ATR technique 
for hair analysis. Therefore, the aim  of this study w as to develop a fast and noninvasive 
m ethodology based on ATR-FTIR spectroscopy for the diagnosis of mood disorders, w hich 
m ay be applied in clinical practice in the future.

2. Results and D iscussion
2.1. H airF T IR  Spectrum

H air is m ainly  com posed of scleroproteins called keratin , m elanin, and a thin  layer 
of lipids. These com ponents determ ine the hair A TR-FTIR spectrum . A protein spectrum  
usually has nine m ain bands called am ide bands; see Table 1.

Table 1. Assignment of hair FTIR spectral bands based on the literature [12] .

Band Frequency (cm 1) Description

Amide A 3300 NH stretching
Amide B 3100 NH stretching
Amide I 1690-1600 C=O stretching
Amide II 1575-1480 CN stretching; NH bending
Amide III 1301-1229 CN stretching; NH bending
Amide IV 767-625 OCN bending
Amide V 800-640 Out-of-plane NH bending
Amide VI 606-537 Out-of-plane C=O bending
Amide VII 2 0 0 Skeletal torsion

C-H stretching 3060-2850 CH2 and CH3 antisymmetric and 
symmetric stretching vibration modes

C-H deformation 1470-1400 CH2 and CH3 bending modes
O-C stretching 1106-991 Ester functional group
C-O  stretching 3430-3090 Alcohol functional group
Stretching -SO 1071 Cysteine oxide
Stretching -SO 2 1 1 2 1 Cysteine dioxide
Stretching -SO 3 1040 Cysteic acid
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Five amide bands are easily recognizable. The amide I band, which occurs in the 1690
1600 cm - 1  region, is m ostly an effect of C=O stretching vibrations (70-80% ), a small contri
bution of N-H wagging (10-20% ), and C -N  stretching. Amide II, located at 1575-1480 cm - 1 , 
is caused by two vibrations: stretching of C -N  bond (20-40% ) and N-H w agging (40-60% ). 
Amide III (1301-1229 cm - 1 ) has an intensity lower than that of amide I and amide II, and is 
due to C -H  stretching (40%), N-H wagging (30%), and CH3 -C  stretching. On the other side 
of the spectrum (3300-3100 cm - 1 ), there are two bands called amide A and amide B. Amide 
A  is an overtone of the am ide II band, and am ide B is associated w ith  N -H  stretching 
vibrations. A ll am ide bands contain  inform ation about the secondary structure of the 
proteins, and they are sensitive to changes in this structure. There are tw o other bands at 
3060-2850 and 1470-1400 cm - 1 , w hich originate from vibrations of the C H 2 /CH 3 groups. 
O ther absorption bands observed are aliphatic fragm ents of C -H  long-chain  saturated 
and unsaturated fatty  acids, alcohols, and esters. A  broad- and m edium -intensity  band 
between 3430 and 3090 cm - 1  indicates the presence of carboxylic acid (-COO H ). Two sharp 
m edium - to high-intensity  bands at about 1106 cm - 1  and 991 cm - 1  are characteristic of 
the O -C  stretching vibration of the ester functional groups. The strong and broad band at 
1037 cm - 1  corresponds to the C -O  stretching vibration of the alcohol (-O H ) groups [12- 15].

There are tw o hair com ponents that m ay be responsible for these C H 2 / C H 3 bands: 
lip ids (in carbon chains) and proteins (inside chains of am ino acids). H air spectra taken 
from  the sam e person are sim ilar, even if the hair w as taken from  different parts of the 
head [13]. It is thought that several factors, such as intense hair treatm ent, diet, and health 
of the person, can dam age the structure of hair proteins, and the dam age can be visible in 
the hair spectrum. It w as confirmed that split hair gives significantly different spectra than 
norm al hair. The age and sex of the sam ple donor do not influence the hair spectrum  [13].

2.2. Average Spectra

M ost hair sam ples w ere m easured in triplicate on an A TR-FTIR spectrom eter. In a 
few  cases, w hen the am ount of hair w as insufficient, only one m easurem ent w as taken. 
Altogether, 376 spectra w ere collected. A fter preprocessing (baseline correction and nor
m alization), 35 spectra w ere discarded that did not resem ble the typical protein spectra 
due: to inadequate intensity op the main bands. The: 341 rem aining spectra cortesponded to 
115 hair s am ples: 75 sam ples from the cpnt rol group and 40 from the treatm  ent group. To 
find differencee betw een the; groups, the spectra of each group w ere averaged. The results 
are presented in Figure 1.

Wavcnumbcrs (c m 1) Wavenumbers (c m 1)

Figure 1. Comparison of the hair FTIR spectra based on the mean without standard deviation (A) or 
the mean with standard deviation matked rB). The mean of the control group spectra is colored blue; 
the mean of the teeatment group spectra is colored red.



In the case of the average spectra, no changes in the m ain  bands w ere observed, 
because the m ain am ide bands were alm ost the same in both groups. As m entioned above, 
these bands are particu larly  sensitive to changes in the secondary structure o f proteins. 
It m eans that the differences observed in the treatm ent group w ere not related to the 
basic protein structure. There w ere tw o regions w ith differences betw een the control and 
treatm ent groups. In the 3100-2800  cm - 1  region, the treatm ent group bands had a low er 
intensity. In this region, there was mainly the C -H  stretching band and some of the amide B 
band. The second difference occurred in the 1470-1400 cm - 1  region, which corresponds to 
the C -H  deform ation vibrations. The cause of these differences m ay be the sam e, because, 
in  both cases, changes in  the spectrum  concern the sam e chem ical groups: CH 2 and CH 3 . 
In proteins, these groups appear only on the side chains o f am ino acids, and they are 
not responsible for any m ajor interactions in the protein , such as hydrogen or disulfide 
bonds. These CH 2 and CH 3  bands are also typical of lipid spectra, w hich suggests a low er 
concentration of lipids in the treatm ent group. The averaged spectra in the ranges in w hich 
changes w ere observed are show n in Figure 2.

Wavenumbers (cm ) Wavcnumbers (cm1)

Figure 2. Comparison of hair FTIR spectra : the mean of the high (A) and low (B) range of the 
spectrum in which the changes were observed. Tlie mean of the control group spectra is colored blue; 
the mean of the treatment group) spectra is coloreO red.

It fs im pprrant ter note that the standard deviation of the canOrol group spectra w as 
reletively high. Hair is a speciftc type of biologicel matrix, and the structure of haie proteins 
is inffuenced by  the mied ical h istory  of a pe rson. It is also poseible that m am bers of the 
control group had som e episodea oO untreated depreasion or strong; em otions that could 
have had the sam e effects on the spectrum  as those seen in the treatm ent group.

In Figure 3, the first (A -C ) and senond derivatives (D -F ) of the m ean epectra are 
presented, obtained for the results show n in Figures 1 and 2 .

Figure 3. Cont.
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Wavcnumbers (cm '1) Wavcnumbers (cm ’ ) W avcnum bcrs(cm ')

Figure 3. The first (A-C) and second (D-F) derivatives of mean spectra are presented in 
Figures 1 and 2. The mean of the control group spectra is colored blue; the mean of the treatment 
group? spectra is colored red.

2.3. HCA and PCA

To verify conclusions about the differences and to check if there w ere any similarities 
in  the spectra of tine treatm ent group spectra, three hierarchical cluster analysis (HCA) 
dendrogram s w ere prepared [ 1  6 ] from  the apectra of the sam e hair.

The first dendrogram  containing tw o m ain  clusters (Figure 4A ) w as carried out to 
check the im pact differences [n  the m ean spectra in  the 3100-2800  and 1470-1400 cm - 1  

regions. The red dashed lines chaaacterize the treatm ent group, w hereas the blue dashed 
lines indicate the control group. The dendrogram  show s that ■Hie data obtained for the 
contcel and treatm ent groups w ere partially  m ixed. H ow ever, w e observed that alm ost 
all spectra in the; cluster on the; right are from  the control group. M oreover, the treatm ent 
group» spectra are close tie reich other in  their cluster. These results show  that there w as 
a clear difference e etw een som e spectra of .h e  control and treatm ent groups, although 
in som e cases, tho spectra of the control group» w ere closely  related to the spectra of the 
treatm ent group.

Figure 4. Dendrogrrms obtained after hierarchical cluster analyhis of hair spectra, irt the frequency 
range 3100-2800 cm - 1  and 1470-1400 cm-1 , output spectrum with vector normalization (A); in the 
frequency range 3629-2798 cm- 1  and 1707-1118 cm-1 , first derivative with vector normalization and 
9 smoothing points (B); snd in the frequency range 4000-4s 0 cm-1 , second derivative with vector 
normalization and 17 smoothing points (C). The red color indicates the patient group, whereas the 
blue color indicates the control group.



Some spectral characteristics are rarely observed in raw FTIR spectra, but are observed 
after a preprocess based on the first or second derivative [17,18]. The second dendro
gram  (Figure 4B) analyzed the spectral regions containing all m ajor bands (3629-2798 and 
1701-1118 cm - 1 ) in the first derivative of the spectrum with norm alization and nine sm ooth
ing points (Figure 3A-C ). The resulting dendrogram contains two main clusters. The cluster 
marked w ith red dashed lines contains 39 control group spectra and only 1 treatm ent group 
spectrum , show n as a red dashed line. O n the other hand, tw o sm aller clusters m ay be 
observed. One of them is characterized by a red dashed line that contains almost all spectra 
from  the treatm ent group, and the second one contains the spectra o f four patients (red 
dashed line), and 25 spectra from the control group are characterized by a blue dashed line. 
These two clusters (on the left) are therefore only slightly heterogeneous in their separation. 
D espite the heterogeneity, it is rem arkable that the treatm ent group is isolated in a single 
cluster (on the right). The control group is highly differentiated, but there is good similarity 
in the treatm ent group.

The third dendrogram  (Figure 4 C ) analyzed the spectra after preprocessing based 
on the second derivative w ith  norm alization and 17 sm oothing points (Figure 3D -F ) . It 
included the w hole spectral range of 4000-400  cm - 1 . This dendrogram  confirm s the 
conclusions of the previous H C A  and show s even better separation of the spectra from  
the control and treatm ent groups. The cluster m arked w ith  red dashed lines contains 
only the spectra of the control group ( 2 6  spectra), w hile in the cluster m arked w ith  blue 
dashed lines, all the spectra of the treatm ent group and only a few  spectra of the control 
group are classified. Thus, analysis of the spectra after transform ation to the second 
derivatives, even considering the entire investigated spectral range, produced the best 
result for distinguishing betw een groups.

The other chem om etric method applied in the study was PCA. It is an algorithm used 
to reduce the num ber of variables that describe a dataset. The obtained P C A  results are 
presented in Figure 5 . In  PC A , points that represent a sim ilar feature are located close 
together on a PCA score plot. PCA score plots are popular for visualizing spectral data sets 
obtained from this analysis.

Figure 5A show s the PCA results of n the entire spectral range for the second deriva
tives of the spectra w ith 17 sm oothing points. It can be seen that in the PCA score plot, there 
is a partial separation of the groups along the first principal com ponent (PC1). The groups 
overlap, bu t the spectra of the treatm ent group tend to cluster on the left and those of 
the control group on the right. Looking at the loading plots (Figure 6 A ), it can be noticed 
that the bands at approxim ately 1400 to 1700 cm - 1  and individual bands at approximately 
2800 to 3000 cm - 1  had a large im pact on the observed separation.

The PC A  w as then repeated, considering only the spectral ranges w here potential 
changes w ere observed. The sam e preprocessing steps w ere applied, bu t the frequency 
ranges w ere 3700-2600  and 1800-900  cm - 1  (the fingerprint region). The PCA  score p lot 
obtained after the analysis is show n in Figure 5B . It can be seen that there is a slight 
d ivision of the groups along the second principal com ponent (PC2). The spectra of the 
treatm ent group have low er PC2 values, w hereas the spectra of the control group are 
higher. M oreover, it can be seen that the data obtained for the treatm ent group are m ore 
concentrated, indicating that this group contains spectra of greater similarity. However, the 
dispersion of the control group spectra is greater, w hich confirm s the previously indicated 
large diversity of the control group. To evaluate which spectral bands affect the differences 
observed in the PCA score plot, a loading plot w as prepared (Figure 6 B). W hen com paring 
this loading plot w ith  the average spectra (bottom  plot in Figure 6 B ), it can be seen that 
there is a distinct change in the 3100-2900 cm - 1  region. Overall, PCA showed worse results 
in  term s of separating groups than H C A , bu t also confirm ed that there w ere differences 
betw een the control and treatm ent groups and that the control group w as significantly 
m ore heterogeneous.



Figure 6. Loading plots corresponding to the appropriate PCA. score plots are shown in Figure 5A 
(A) and Figure 5B (B).

3. M aterials and M ethods

Ire the present study, -40 hair eam ples of pataents (2 6 w om en and 14 m en) diagnosed 
w ith  m ood disoaders such as depression or bipolar disorder w ere provided by  the D e
p artm ent of A dult Psychiatry, in accondance w ith  B ioethical C om m ission approval no .

Figure 5. PCA score plots erf hair spectra: in the frequency range of 4000-400 cm-1 , second derivative 
with 17 smoothing points (A); and in the frequency ranges of 3700-2600 and 1800-900 cm- 1, second 
derivative with 17 smoothing points (B). The red color indicates the taatm ent group, whereas the 
blue color indicates the control group.



1072.6120.302.2018. The healthy controls group included 75 volunteers (61 w om en and 
14 m en) w ithou t b ipolar disorder or depression. A ll inform ation, including clinical and 
dem ographic data for the control group (Supplem entary M aterials Table S1) and the treat
m ent group (Supplem entary M aterials Table S2), are provided in the Supporting M aterial. 
Data such as age, sex, type of disorder, used drugs, the dose, and hair colors were obtained. 
In  the case of the control group, w e only  used age, sex, and hair color data. In addition, 
each person gave their informed w ritten consent to the study Each sample was taken from 
the occipital part of the head and stored in sealed polyethylene bags, at room  tem perature, 
in a dry and dark place until analysis.

The reagents used throughout the experim ents w ere: methanol purchased from Fluka 
A nalytical (Seelze, G erm any) and ultrapure w ater (18.2 M Q  cm , <3 ppb TO C) generated 
w ith the M illi-Q  system  from M erck-M illipore (Darm stadt, G erm any), w hich w as used to 
w ash hair.

Sam ples taken from volunteers (reference database) and patients w ith clinically diag
nosed depression were properly prepared before recording the ATR-FTIR spectra. Hair was 
washed based on the procedure used and described by Kim  et al. [19]. This procedure was 
m odified: It consisted of shaking the hair sam ples for tw o m in successively in m ethanol, 
water, and again in m ethanol, w ith each step repeated tw ice. A fter w ashing, the sam ples 
w ere dried in a fum e hood and centrifuged (2 m in, 4000 rpm).

Sam ple analysis w as perform ed on a Therm o Scientific FTIR Spectrom eter (Carlsbad, 
CA, USA) w ith an ATR diamond ZnSe crystal. All spectra were collected using the 32-scans 
condition w ith  a resolution of 4 cm - 1  in  the spectral range of 4000 -650  cm - 1  at 25 °C. 
The background w as taken w ithou t p lacing the sam ple on  the crystal. The pretreatm ent 
m ethods, including baseline correction, norm alization (vector norm alization), and deriva
tive (first- and second-order), w ere perform ed on all spectra before applying chem om etric 
methods. Data analysis was performed w ith the use of OPUS software and RStudio (Boston, 
M A, USA) (version 3.6.1) w ith the Chem oSpec 6.1.0 package.

4. Conclusions

In conclusion, this prelim inary study provides insight into hair analysis using ATR- 
FTIR spectroscopy to find differences between a control group and a group of patients with 
m ood disorders. In  the case of changes in the hair structure, no changes w ere found in 
the bands derived from the hair-building proteins. H air is prim arily made of proteins, but 
also contains other ingredients such as m elanin, lipids, and m inerals. Som e changes in 
the bands derived from  C H 2 /CH 3 w ere observed, including a significant decrease in the 
bands' intensity in the range of approx. 2800-3100 cm - 1  and sm aller differences at around 
1460 cm - 1 . This was likely due to a decrease in the amount of lipids in the treatm ent group 
or slight structural changes in proteins (am ino acid side chains).

Therefore, w e concluded that, on  the basis of the average spectra, the control group 
could be initially distinguished from the group of patients w ith mood disorders. However, 
the standard deviation for the spectra from the control group was large, so the diversity of 
this group w as high.

Further chemometric analysis using HCA and PCA methods led to similar conclusions. 
The control group w as very diverse, and its data partially overlapped w ith the data of the 
treatm ent group. O n this basis, it is d ifficult to conclude that m ood disorders are a factor 
that can unequivocally affect hair structure. Hair is likely influenced by m any factors, such 
as age, genetics, hygiene, and the amount of stress in daily life. However, both chemometric 
m ethods used showed that there were some differences betw een the control and treatm ent 
groups; in particular, the HCA analysis performed for the second derivatives of the spectra 
show ed the best separation of the groups.

To sum m arize, the prelim inary study provides m any interesting conclusions. Estab
lish ing the exact reasons for the above m ay help in  the preparation of a fast and easy 
pre-diagnosis test for m ood disorder, em phasizing that exam ination of the hair structure 
w ith the ATR-FTIR m ethod is noninvasive and relatively inexpensive.
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