
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:7489  | https://doi.org/10.1038/s41598-022-11525-w

www.nature.com/scientificreports

Preliminary study 
for the application of Raman 
spectroscopy for the identification 
of Leishmania infected dogs
Acri Giuseppe1, Falcone Annastella2, Claudia Giannetto2*, Giudice Elisabetta2, 
Piccione Giuseppe2, Testagrossa Barbara1, Luca Cicero3*, Giovanni Cassata3 & 
Di Pietro Simona2

Raman spectroscopy is a rapid qualitative and quantitative technique that allows the simultaneous 
determination of several components in biological fluids. This methodology concerns an alternative 
technique to distinguish between non-healthy and healthy subjects. Leishmaniasis is a zoonosis of 
world interest, the most important agent is L. infantum. Dogs are the principal reservoirs affected 
by a broad spectrum of clinical features. During a clinical exam, blood samples were collected in 
tubes without anticoagulants, from twenty two dogs. One aliquot was used for serological test for 
Leishmaniasis, one aliquot was subjected to the Raman spectroscopic analysis. Animals were divided 
into two groups of equal subjects, Leishmania group (LG) constituted by infected dogs, and control 
group (CG) constituted by healthy dogs. The acquired spectra were different in the region 1200–
1370  cm−1, in which it is possible to distinguish the amide III vibration (~ 1300  cm−1). In LG, an evident 
shift to the shortwave region is observed in spectral frequencies of the band centered at ~ 1250  cm−1. 
Our results distinguished between LD group and CG. Further studies are necessary to exclude the 
effect of metabolic modification due to disease on the recorded spectra changes and to consolidate 
the achievability of Raman spectroscopy as rapid and less expensive diagnosis of Leishmaniasis.

Leishmaniasis is a zoonosis caused by parasites of the genus Leishmania, and so it has become a priority in pub-
lic health all over the world and it is considered by the WHO (World Health Organization) as one of the most 
important diseases for its lethality as well as its dispersion in several continents with large population groups 
under infection  risk1. The leishmanias are protozoan parasites transmitted to a susceptible host by sandflies of the 
genera Phlebotomus in the Old World and Lutzomyia in the New  World2. Some studies claim that Leishmania 
spp. can also be transmitted by arthropods, such as ticks and  fleas3. There are at least 12 species of Leishmania, 
some of these are L. infantum, L. tropica, L. major, L. donovani, L. braziliensis, and L. mexicana. The most 
important etiological agent is L. infantum, widespread in South America and in the Mediterranean  region4. 
Domestic animals, especially dogs, represent reservoirs of human visceral leishmaniasis caused by L. infantum 
(WHO 1990), whereas humans are an occasional  host5. There are several predisposing factors for the development 
of disease including breed, age (younger than 3 years and older than 8 years), and genetic background. Some 
dog breeds such as the Boxer, Cocker Spaniel, Rottweiler, and German Shepherd seem to be more susceptible 
to the development of disease, while others such as the Ibizian Hound rarely develop clinical signs. The broad 
spectrum of clinical features depends on the phase of the disease, the state of immunity and, eventually, the 
previous therapy. Classical canine leishmaniasis appears as a chronic wasting disease with pale mucous due to 
anemia, generalized or symmetrical lymphadenomegaly, intermittent pyrexia and cutaneous lesions with dry 
exfoliative dermatitis, ulcerations and alopecia. In more advanced forms there may be eye symptoms, several 
renal failure, splenomegaly, weight loss, onycogryphosis, anorexia or dysorexia, nodules, ascites, epistaxis. The 
main clinical signs reported were weakness, skin problems, anorexia and weight  loss6. Diagnosis is very difficult 
because the disease often manifests itself in an atypical form or with few or non-specific clinical symptoms. 
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Another way to consider is the presence of other infections such as canine ehrlichiosis or rickettsiosis, which 
produce clinical signs similar to leishmaniasis and therefore do not allow a correct diagnosis and after a targeted 
therapeutic  approach6. The basic way is characterized by the observation of clinic symptoms, laboratory analyzes 
with complete blood count (CBC), biochemical profile, urinalysis and cytology or histology, parasitological or 
serological tests, ELISA, and others. Laboratory analyzes can be altered; the infected dogs can develop moderate 
normochromic normocytic anemia; white blood cells initially were slightly higher than normal with an absolute 
neutrophilia. They can develop lymphocytosis in association with both normal and low total cell white counts. 
In the infected dogs, clinical chemistry and urinalysis may indicate renal dysfunction (azotemia, decreased urine 
specific gravity, proteinuria) and an inflammatory/immune response total protein and globulin values become 
moderately elevated (acute phase proteins APP or alfa2 and/or gamma-globulins), and albumin was  decreased7. 
The diagnosis of leishmaniasis can be made by detection of specific serum antibodies (IgG) using preferably 
quantitative serological techniques, such as the immunofluorescence antibody test (IFAT) and enzyme-linked 
immunosorbent assay (ELISA) and a classification of the level of antibodies. Detection of Leishmania DNA in 
tissues by PCR allows sensitive and specific diagnosis of infection and it allows quantification of the Leishmania 
parasite load in the tissues of infected dogs, which is useful for the diagnosis and the follow-up during  treatment8.

In this context, Raman spectroscopy could represent a valid methodology for the screening of Leishma-
nia diffusion in symptomatic and asymptomatic dog populations in view of its diagnostic application. Raman 
spectroscopy is an inelastic light-scattering phenomenon according to which the illumination of a molecule by 
a monochromatic laser beam will give rise to an exchange of a quantum vibrational energy between the two, 
which will result in a difference in vibrational frequency between incident and scattered  light9,10. Consequently, 
this experimental method provides a vibrational spectrum that contains information relative to chemical bonds 
and symmetry of a specific  molecule11. It represents an essential methodology in chemistry, physics, biology, 
material science and  medicine12–14. Multidisciplinar research has shown that Raman spectroscopy combined 
with advanced statistics can determine differences in molecular structure and biochemical composition of body 
fluids and  tissues15–17. Moreover, Raman spectroscopy has proved to be a versatile tool in clinicam  diagnostics18, 
applied on tissues in order to detect a variety of diseases ranging from  cancer18–20 to infectious  diseases21, neu-
rodegenerative  diseases22 and inflammatory  diseases23–25.

The aim of this preliminary study concerns an alternative methodology for the screening of Leishmania, in 
order to simplify procedures and provide a versatile and fast method to distinguish between infected and unin-
fected animals. The reliability of the proposed alternative methodology was evaluated by conducting statistical 
analysis. In particular, we used the receiver operating characteristic (ROC) curve and the Youden index (Y), with 
its associated cut-off point in order to distinguish infected dogs from healthy ones.

Materials and methods
Animals. Twenty-two dogs subjected to a clinical exam at the University Veterinary Teaching Hospital 
(OVUD) of Messina University were enrolled in the study. Dogs of various breeds and sex (Table 1) were divided 
into two groups with the same number of animals on the basis of the results of their clinical exam, hematological 
and hematochemical analyses and serological test for leishmaniasis performed during the clinical examination. 
Diagnosis of leishmaniasis was established based on the indications reported in the Canine Leishmaniasis Work-
ing Group (CLWG)26,27.

Leishmania group (LG) was constituted by 11 dogs showing clinical signs referred to the infectious disease 
and classified as being in an “ILL” C stage, meaning infected dogs in which was possible to demonstrate the 
presence of the parasite or antibody titers (IFAT) over 4 times the threshold value of the reference laboratory 
(Experimental Zooprophylactic Institute of Sicily; cut-off 1:80). The control group (CG) was constituted by 11 
clinically healthy dogs.

Blood samples collected during the clinical exams in tubes without anticoagulant were centrifuged at 1.785g 
for 10 min and stored into two aliquots, one for the assessment of the hematochemical parameters linked to 
the clinical exam, and one was frozen at − 20 °C and stored until the Raman spectroscopic analysis performed 
at Department of Biomedical, Dental, Morphological and Functional Imaging Sciences of Messina University.

Ethics declaration. All treatments and animal care reported previously were carried out following the 
standards recommended by the European Directive 2010/63/EU for animal experiments. Ethical approval from 
a committee was therefore not required. All animals were en-rolled in the study after the written consent of the 
owners in compliance with the Italian Regulation D.L. 116/1992.

FT Raman spectroscopy. All the Raman spectroscopy measurements were performed by means a DXR-
SmaryRaman Spectrometer (Thermo Fisher Scientific) using a diode laser with an excitation wavelength of 
785 nm. All the Raman spectra were acquired over the wavenumber range of 3300–400  cm−1, with a resolution 
of 1.9285  cm−1 and irradiated with a laser power of 24 mW, coming out from 50 μm spot (estimated spot size on 
the sample 3.1 μm).

Vials containing serum were accommodated into their sample holder and the 180 Degree Sampling Accessory 
was used for measurements. In order to obtain high signal-to-noise ratio (S/R) spectra, each Raman spectrum 
was obtained after collecting 32 sample exposures, and the duration of each exposure during data collection was 
set equal to 30.0 s. The total acquisition time was 16 min for each spectrum. To obtain adequate information 
from acquired spectra, we performed a manual baseline correction of each of them, picking points that define 
the new baseline. This baseline is subtracted from the spectrum to yield the baseline corrected spectrum. The 
last step is represented by the normalization of each spectrum to the total integrated area.
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From obtained spectra, the region 1200–1370  cm−1, corresponding to the Amide  III28, was considered. 
Inside it, we took into account two spectral ranges for evaluation: the 1213–1279  cm−1 spectral range and the 
1280–1369  cm−1 one. The 1213–1279  cm−1 region corresponds to the CH2 torsion in leucine and  isoleucine29,30 
and C–O–H deformation in  leucine31; the 1280–1370  cm−1 band is assigned to the CH deformation in  leucine32. 
For each acquired spectrum the baseline correction and the normalization to the total integrated area were 
performed. The overall area of the above two spectral ranges used for diagnosis was obtained using the “inte-
grated” function available on the Origin software. The spectral bands were analyzed by a curve-fitting procedure 
in order to evaluate the overall area of each band and hereafter were indicated using their frequency centers, 
as A1350 and A1250 and the A1350/A1250 ratio has been computed. Figure 1 shows the structural formula of 
leucine and isoleucine.

Statistical analysis. The results of many clinical tests are quantitative and are provided on a continuous 
scale. To help decide the presence or absence of disease, a cut-off point must be chosen. The receiver operating 
characteristic (ROC) curve is used to evaluate a biomarker’s ability for classifying disease status. A ROC curve 
represents the plot of sensitivity vs 1-specificity33. In this study, the sensitivity referred to the ability of Raman 
spectroscopy to correctly identify those subjects with the LD; instead, the specificity referred to the ability of 
Raman spectroscopy to correctly identify those subjects (dogs) without the  LD34. However, the relatively crude 
measures of sensitivity and specificity fail to take into account the cut-off point for a particular test, such as in 
this  case35. The area under the ROC curve (AUC) represents the overall accuracy of the diagnostic test. It takes 
values from 0 to 1, where a value of 0 indicates a perfectly inaccurate test and a value of 1 reflects a perfectly accu-
rate test. In general, an AUC of 0.5 suggests no discrimination (i.e., ability to diagnose patients with and without 
the disease or condition based on the test), 0.7–0.8 is considered acceptable, 0.8–0.9 is considered excellent, and 
more than 0.9 is considered  outstanding36.

The optimal cut-off points were determined by using the Youden index. The Youden index, first introduced 
to the medical literature by  Youden37, is a function of sensitivity and specificity and is a commonly used measure 
of overall diagnostic effectiveness. Sensitivity and specificity for the A1350/A1250 ratio established cut-off points 
were calculated with their 95% confidence interval.

Results
In Fig. 2, we report the average Raman spectrum of sera from CG subjects in the spectral range of 3100–400  cm−1, 
after having performed a baseline correction of each of them in order to compensate eventual technical and/or 
sample variations. In Fig. 3 we report the mean Raman spectrum and standard deviation (SD) of normalized 
obtained spectra of LG (red) and CG (blue); in particular, SD is depicted as color gradient. The spectrum shows 

Table 1.  Anamnesis of the twenty-two dogs enrolled in the study.

Subject Breed Gender Age (years) Cut-off 1:80

Leishmaniosis group

LG 1 Pitt bull terrier ♂ 2 1:320

LG 2 Mixed breed ♀ 4 1:1280

LG 3 Mixed breed ♂ 1 1:10240

LG 4 Mixed breed ♀ 5 1:1280

LG 5 German Shepherd ♀ 6 1:1280

LG 6 Mixed breed ♀ 9 1:320

LG 7 Dogo argentino ♂ 9 1:1280

LG 8 Mixed breed ♀ 5 1:320

LG 9 Rottweiler ♂ 5 1:160

LG 10 Mixed breed ♀ 3 1:5120

LG 11 Malamute husky ♀ 3 1:320

Control group

CG 1 Pug ♀ 4

CG 2 Pug ♂ 5

CG 3 Labrador retriver ♂ 3

CG 4 Jack russel ♀ 5

CG 5 Labrador retriver ♂ 2

CG 6 Mixed breed ♀ 2

CG 7 Mixed breed ♀ 6

CG 8 Mixed breed ♂ 6

CG 9 Rottweiler ♀ 4

CG 10 Mixed breed ♂ 7

CG 11 Mixed breed ♂ 1
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the main typical protein vibrational modes, which derive from the polypeptide backbone (amide bands) and 
from aromatic and non-aromatic amino acid residue side chains. The assignment of the main vibrational bands 
is stated considering the literature and it is reported in Table 2. The acquired spectra, obtained from sera of LG 
and CG subjects, were visually similar, except in the region 1200–1370  cm−1 (Fig. 4), inside it we can distinguish 
the amide III vibration (~ 1300  cm−1). Figure 4 depicts the average Raman spectra of LG (red line) and CG (blue 
line) subjects in the region 900–1900  cm−1.

In order to decide the presence of the disease in the involved subjects, for each of them the ratio R of the two 
areas related to the two bands centered in ~ 1350–1250  cm−1 (R = A_1350/A_1250) was computed. Alterations 

Figure 1.  Structural formula of leucine and isoleucine.

Figure 2.  Average Raman spectrum of sera from control group (CG) subjects (n = 11) in the spectral range of 
3100–400  cm−1, after having performed a baseline correction of each of them in order to compensate eventual 
technical and/or sample variations, and having normalized them to the total integrated area. The spectrum put 
in evidence the main typical protein vibrational modes, which derive from the polypeptide backbone (amide 
bands) and from aromatic and non-aromatic amino acid residue side chains.
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in the protein network as a consequence of the inflammatory state were monitored by evaluating the ratio R and 
the obtained values for all the analyzed subjects were used for statistical analysis.

Figure 5a plots the ROC curve for the A1350/A1250 ratio (AUC = 1, 95% confidence interval). In the same 
figure, the diagonal joining the point (0,0) and (1,1) is also represented (Line of equality) and the black point 
corresponds to the (1-Specificity, Sensitivity) calculated for the optimal cut-off for correctly identifying LG 
or CG subjects. Figure 5b shows the trend of sensitivity (red line) and specificity (blue line) vs. A1350/A1250 
ratios. The vertical dot line identifies the optimal cut-off (threshold value = 1.316) and the point of intersection 
of sensitivity and specificity curves corresponds to the black marker depicted in Fig. 5a. Figure 5c displays the 
scatter distribution of each group (CG and LG). In Fig. 5c, the optimal cut-off is plotted as the horizontal dot line.

Discussion
This study is a preliminary investigation to verify the applicability of Raman spectroscopy as an alternative meth-
odology for the diagnosis of canine  leishmaniasis27. Raman Spectroscopy represents a versatile and fast method 
that allows us to distinguish between healthy and sick animals, also helping during therapeutic monitoring; in 
fact, Raman Spectroscopy is a useful tool providing data about motions in molecules and in pathological events, 
it is possible to observe changes, which exert their effects on molecular  motions43.

The results of the research did not entirely satisfy the hypothesis, although they are very interesting and 
encouraging, since the spectra obtained in the animals of each group are very homogeneous, practically over-
lapping them. The clear difference in intensity observed between the two spectra suggests the validity of Raman 
spectroscopy in the diagnosis of canine leishmaniasis, as recently proposed in studies conducted in mouse models 
infected with L.  braziliensis44.

In Fig. 4, it appears clear that, as disease occurs, an evident shift to the shortwave region is observed in spectral 
frequencies of the band centered at ~ 1250  cm−1, corresponding to the region of leucine  protein30. It is known that 

Figure 3.  Mean (continuous line) and standard deviation (gradient color) of Raman spectra of LG (red line) 
and CG (blue line) subjects.

Table 2.  Tentative assignment of the main vibrational bands based on the literature.

Center frequency  (cm−1) Tentative assignment References

520 Disulfide band 28

759 Ring vibration of tryptophan 38,39

830 and 850 Tyrosine doublet 39

1000 Phenylalanine 28,40

1213–1279 band Leucine and isoleucine 29–31

1280–1370 band Leucine 32

1450 band CH2 scissoring deformation 41

1550 Amide II vibration 28

1650 Amide I vibration 42

2935 C–H stretching vibration 28,42
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a critical point in the host-parasite interaction involves the attachment to and invasion of host macrophages. It 
occurs through the membrane coating formed by layers of glycolipids such as lipophosphoglycan (LPG), prote-
ophosphoglycan (PPG), and proteins such as MSP/GP63 (major surface protein 63-kDa glycoprotein), PSA-2/
GP46 (parasite surface antigen-2 or 46-kDa glycoprotein) and amastin surface proteins, which are expressed by 
amastigotes during their  development44. The frequency shift in the region of leucine, observed by Raman spec-
troscopy in the serum of LG, could be related to the host-parasite interaction. Leucine is a constituent protein 
of the parasite surface antigen (PSA2) primary structure, which is one of the major antigens of the surface of 
the L. infantum parasite membrane. The most suggestive functional determinant in the PSA2 primary structure 
is the presence of leucine rich repeats (LRR). LRRs are primarily known to be involved in protein–protein and 
protein-glycolipids interactions, whereby the leishmania amastigote interact with host macrophages and resist 
to complement  lysis45,46.

Observing the results depicted in Fig. 5, a subject is assessed as affected (positive) if the A1350/A1250 ratio 
tested marker values in greater than the 1.316 threshold value; otherwise, the subject is diagnosed as NON-LD 
subject.

Moreover, some authors reported that LRRs are the main epitopes in L. infantum PSA during canine and 
human visceral leishmaniasis. They showed that the central region of PSA, formed exclusively by LRRs, has a 
very high antigenic capacity and it is recognized by 100% of the sera from the infected dogs and 40% of the 
human sera. Thus, the LRRs would be the immunogenic determinants of the PSA during natural leishmania 
infection, being the responsible of the host antibody  response47. The modification of the Raman spectrum of 
amide III and in the leucine region observed in sick subjects could be related to the mechanisms of parasite host 
interaction. The frequency shift in the region of phospholipids, observed by Raman spectroscopy in the serum 
of LG, seems also to confirm the key role of lipid metabolism in the pathogenesis of the  disease48–50. In mam-
mals, the host-Leishmania interaction involves the attachment and invasion of host macrophages, initially by 
metacyclic promastigotes and subsequently by amastigotes. In particular, it has been shown that the alteration 
of the pathways of lipid metabolism, the transfer, modification and accumulation of lipids during infection with 
Leishmania spp. are a key point in disease  progression50.

Results of the present study showed that Raman spectroscopy could be considered a diagnostic tool for detec-
tion of dogs affected by leishmaniasis. Accuracy, sensitivity and specificity of the proposed diagnostic test were 
determined using Receiver Operating Characteristic (ROC) curve and Youden index (Y), furnishing excellent 
results, which demonstrated the feasibility of Raman spectroscopy as diagnostic modality for rapid de-tection 
of LD subjects.

All the results obtained by using Raman Spectroscopy technique were confirmed by those obtained using the 
methodology reported in CLWG  guidelines26,27.

Figure 4.  Acquired spectra, obtained from sera of LG (red line) and CG (blue line) subjects, in the region 
900–1900  cm−1. The attribution of amide III vibration is around the ~ 1300  cm−1.
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The few numbers of animals and its inhomogeinity in breed an age, however, does not allow us to formulate 
conclusive considerations and further investigations in dog cohorts will be needed, numerically significant, dif-
ferentiated by clinical status and antibody titer and/or parasitic load (e.g., quantitative PCR).

Figure 5.  (a) ROC curve for the A1350/A1250 ratio (AUC = 1, 95% confidence interval). The diagonal joining 
the point (0.0) and (1.1) represents the line of equality. The black point corresponds to the 1-Specificity, 
Sensitivity calculated for the optimal cut-off for correctly identifying Leishmania (LG) or control (CG) subjects. 
(b) Trend of sensitivity (red line) and specificity (blue line) vs. A1350/A1250 ratios. The vertical dot line 
identifies the optimal cut-off (threshold value = 1.316) and the point of intersection of sensitivity and specificity 
curves corresponds to the black marker depicted in (a). (c) Scatter distribution of each group (CG and LG). The 
optimal cut-off is plotted as the horizontal dot line.
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Another limitation of this study is represented by the presence of only healthy and infected animals with L. 
infantum. Although the ability to distinguish between healthy and diseased animals is unequivocal, it cannot 
be excluded that the variation in the Raman spectra may be related to an organic/metabolic perturbation rather 
than to the specific disease.

Conclusions
The gold standard for the diagnosis of Leishmania disease in dogs is the consequence of hematological, hemato-
chemical and serological analyses performed during the clinical examination. These exams are resource expansive 
and time consuming. On the other hand, Raman spectroscopy is a current research topic in the biomedical field 
that has proved to be easily to perform, and represents a rapid, reproducible and non-invasive technique. It is 
capable of both providing useful information for understanding the pathogenesis of diseases and expanding 
their possibility of early diagnosis and evolutionary and therapeutic monitoring. It does not require chemical 
diagnostic kits; it is non-destructive and the only limit of the analysis is represented by the degradation of the 
sample itself.

In the present study, a rapid non-destructive and non-invasive diagnostic method for the detection and 
discrimination of Leishmaniosis is presented. The proposed methodology makes use of Raman spectroscopy in 
order to investigate the changes in protein structures of dogs’ sera. The results obtained in the present research 
are to be considered as preliminary, considering the small number of enrolled animals, and the necessity to 
discern between the Lehismania presence and the metabolic modification due to disease as cause of Raman 
spectra modifications. Further studies are necessary to consolidate the achievability of Raman spectroscopy as 
rapid and less expensive diagnosis of Leishmaniasis.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 15 March 2022; Accepted: 15 April 2022

References
 1. Conceição-Silva, F. & Morgado, F. N. Leishmania spp host-interaction: There is always an onset but is there an end?. Front. Cell 

Infect. Microbiol. 19, 330. https:// doi. org/ 10. 3389/ fcimb. 2019. 00330 (2019).
 2. Dantas-Torres, F. The role of dogs as reservoirs of Leishmania parasites, with emphasis on Leishmania (Leishmania) infantum and 

Leishmania (Viannia) braziliensis. Vet Parasitol 149, 139–146. https:// doi. org/ 10. 1016/j. vetpar. 2007. 07. 007 (2007).
 3. Ferreira, M. G. P. A., Souza, F., Marçal, V. & Lima, F. Potential role for dog fleas in the cycle of Leishmania spp. Vet. Parasitol. 165, 

150–154. https:// doi. org/ 10. 1016/j. vetpar. 2009. 06. 026 (2009).
 4. Dantas-Torres, F. et al. Canine leishmaniosis in the Old and New Worlds: Unveiled similarities and differences. Trends Parasitol. 

28, 531–538. https:// doi. org/ 10. 1016/j. pt. 2012. 08. 007 (2012).
 5. Ettinger, S.J., & Feldman, E.C. In Clinica medica veterinaria: malattie del cane e del gatto, VII ed.; Editor Delfino A. (2015)
 6. Ciaramella, P. et al. A retrospective clinical study of canine leishmaniasis in 150 dogs naturally infected by Leishmania infantum. 

Vet. Rec. 141, 539–543. https:// doi. org/ 10. 1136/ vr. 141. 21. 539 (1997).
 7. Keenan, C. M., Hendricks, L. D., Lightner, L., Webster, H. K. & Johnson, J. Visceral leishmaniasis in the German Sheperd dog. I. 

Infection, clinical disease, and clinical pathology. Vet. Pathol. 21, 74–79. https:// doi. org/ 10. 1177/ 03009 85884 02100 113 (1984).
 8. Solano-Gallego, L. et al. LeishVet guidelines for the practical management of canine leishmaniosis. Parasite Vectors 4, 86 (2011).
 9. Heller, E. J., Sundberg, R. & Tannor, D. Simple aspects of Raman scattering. J Phys Chem 86, 1822–1833. https:// doi. org/ 10. 1021/ 

j1002 07a018 (1982).
 10. Tannor, D. J. & Heller, E. J. Polyatomic Raman scattering for general harmonic potentials. J. Chem. Phys. 77, 202–218. https:// doi. 

org/ 10. 1063/1. 443643 (1982).
 11. Venuti, V. et al. Physicochemical characterization and antioxidant activity evaluation of idebenone/hydroxypropyl-ß-cyclodextrin 

inclusion complex. Biomolecules 9, 1–29. https:// doi. org/ 10. 3390/ biom9 100531 (2019).
 12. Acri, G. et al. Application of Raman spectroscopy for the evaluation of the metabolomic dynamic analysis in athletic horses. J. 

Equine Vet. Sci. 96, 103319. https:// doi. org/ 10. 1016/j. jevs. 2020. 103319 (2021).
 13. Crupi, V. et al. Modelling the interplay between covalent and physical interactions in cyclodextrin-based hydrogel: Effect of water 

confinement. Soft Matter 9, 6457–6464. https:// doi. org/ 10. 1039/ C3SM5 0827G (2013).
 14. Acri, G., Testagrossa, B., Faenza, P. & Caridi, F. Spectroscopic Analysis of pigments of the Antonello Gagini annunciation’s sculptural 

marble group, church of St. Thodore martyr (Bagaladi, Reggio Calabria, Italy): Case study. MAA 20, 1–5. https:// doi. org/ 10. 5281/ 
zenodo. 33648 17 (2020).

 15. McLaughlin, G., Doty, K. C. & Ledney, I. K. Raman spectroscopy of blood for species identification. Anal. Chem. 86, 11628–11633. 
https:// doi. org/ 10. 1021/ ac502 6368 (2014).

 16. Sikirzhytski, V., Sikirzhytskaya, A. & Lednev, I. K. Multidimensional Raman spectroscopic signature of sweat and its potential 
application to forensic body fluid identification. Anal Chim. Acta 718, 78–83. https:// doi. org/ 10. 1016/j. aca. 2011. 12. 059 (2012).

 17. Tu, Q. & Chang, C. Diagnostic applications of Raman spectroscopy. Nanomedicine 8, 545–558. https:// doi. org/ 10. 1016/j. nano. 
2011. 09. 013 (2012).

 18. Pence, I. & Mahadevan-Jansen, A. Clinical instrumentation and applications of Raman spectroscopy. Chem. Soc. Rev. 45, 1958–
1979. https:// doi. org/ 10. 1039/ c5cs0 0581g (2016).

 19. Feng, X. et al. Raman biophysical markers in skin cancer diagnosis. J. Biomed. Opt. 23, 1–10. https:// doi. org/ 10. 1117/1. JBO. 23.5. 
057002 (2018).

 20. Desroches, J. et al. A new method using Raman spectroscopy for in vivo targeted brain cancer tissue biopsy. Sci. Rep. 8(1792), 
1–1792. https:// doi. org/ 10. 1038/ s41598- 018- 20233-3 (2018).

 21. Kloß, S. et al. Culture independent Raman spectroscopic identification of urinary tract infection pathogens: A proof of principle 
study. Anal. Chem. 85, 9610–9616. https:// doi. org/ 10. 1021/ ac401 806f (2013).

 22. Ryzhikova, E. et al. Multivariate statistical analysis of surface enhanced Raman spectra of human serum for Alzheimer’s disease 
diagnosis. Appl. Sci. 9, 3256. https:// doi. org/ 10. 3390/ app91 63256 (2019).

 23. Marro, M. et al. Dynamic molecular monitoring of retina inflammation by in vivo Raman spectroscopy coupled with multivariate 
analysis. J. Biophoton. 7, 724–734. https:// doi. org/ 10. 1002/ jbio. 20130 0101 (2014).

https://doi.org/10.3389/fcimb.2019.00330
https://doi.org/10.1016/j.vetpar.2007.07.007
https://doi.org/10.1016/j.vetpar.2009.06.026
https://doi.org/10.1016/j.pt.2012.08.007
https://doi.org/10.1136/vr.141.21.539
https://doi.org/10.1177/030098588402100113
https://doi.org/10.1021/j100207a018
https://doi.org/10.1021/j100207a018
https://doi.org/10.1063/1.443643
https://doi.org/10.1063/1.443643
https://doi.org/10.3390/biom9100531
https://doi.org/10.1016/j.jevs.2020.103319
https://doi.org/10.1039/C3SM50827G
https://doi.org/10.5281/zenodo.3364817
https://doi.org/10.5281/zenodo.3364817
https://doi.org/10.1021/ac5026368
https://doi.org/10.1016/j.aca.2011.12.059
https://doi.org/10.1016/j.nano.2011.09.013
https://doi.org/10.1016/j.nano.2011.09.013
https://doi.org/10.1039/c5cs00581g
https://doi.org/10.1117/1.JBO.23.5.057002
https://doi.org/10.1117/1.JBO.23.5.057002
https://doi.org/10.1038/s41598-018-20233-3
https://doi.org/10.1021/ac401806f
https://doi.org/10.3390/app9163256
https://doi.org/10.1002/jbio.201300101


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:7489  | https://doi.org/10.1038/s41598-022-11525-w

www.nature.com/scientificreports/

 24. Acri, G. et al. Raman spectroscopy as noninvasive method of diagnosis of pediatric onset inflammatory bowel disease. Appl. Sci. 
10, 6974. https:// doi. org/ 10. 3390/ app10 196974 (2020).

 25. Acri, G., Romano, C., Costa, S., Pellegrino, S. & Testagrossa, B. Raman spectroscopy technique: A non-invasive tool in celiac disease 
diagnosis. Diagnostics 11, 1277. https:// doi. org/ 10. 3390/ diagn ostic s1107 1277 (2021).

 26. Oliva, G. et al. Leishmaniosi canina: linee guida su diagnosi, stadiazione, terapia, monitoraggio e prevenzione Parte II: Approccio 
terapeutico. Veterinaria 22, 9–20 (2008).

 27. Paltrinieri, S., Solano-Gallego, L., Fondati, A., Lubas, G. & Gradoni, L. Guidelines for diagnosis and clinical classification of leish-
maniasis in dogs. J. Am. Vet. Assoc. 236(11), 1184–1191. https:// doi. org/ 10. 2460/ javma. 236. 11. 1184 (2010).

 28. Kurouski, D., Van Duyne, R. P. & Lednev, J. K. Exploring the structure and formation mechanism of amyloid fibrils by Raman 
spectroscopy: A review. Analyst 140, 4967–4980. https:// doi. org/ 10. 1039/ C5AN0 0342C (2015).

 29. Guanyong, Z., Xian, Z., Qi, F. & Xueliang, W. Raman spectra of amino acids and their acqueous solutions. Sprectrochim. Acta, Part 
A 78, 1187–1594. https:// doi. org/ 10. 1016/j. saa. 2010. 12. 079 (2011).

 30. Almeida, F. M. et al. Raman spectra of L-isoleucitine crystals. J. Raman Sprectrosc. 37, 1296–1301. https:// doi. org/ 10. 1002/ jrs. 1553 
(2006).

 31. Zhou, G., Yu, D., Li, S. & Yang, D. Surface enhanced Raman spectroscopy of leucine and isoleucine. Acta Chim. Sin. 65, 640 (2007).
 32. Birech, Z., Mwangi, P. W., Bukachi, F. & Mandela, K. M. Application of Raman spectroscopy in type 2 diabets screening in blood 

using leucine and isoleucine amino-acids as biomarkers and in comparative anti-diabetic drugs efficacy studies. PLoS ONE 12, 
5130. https:// doi. org/ 10. 1371/ journ al. pone. 01851 30 (2017).

 33. Kumar, R. & Indrayan, A. Receiver operating characteristic (ROC) curve for medical researchers. Indian Pediatr. 48, 277–287. 
https:// doi. org/ 10. 1007/ s13312- 011- 0055-4 (2011).

 34. Feinstein, A. R. On sensitivity, specificity and discrimination of diagnostic tests. Clin. Pharmacol. Ther. 17, 104–116. https:// doi. 
org/ 10. 1002/ cpt19 75171 104 (1975).

 35. Lalkhen, A. G. & McCluskey, A. Clinical tests: sensivity and specificity. Contin. Educ. Anaesth. Crit. Care Pain 8, 221–223. https:// 
doi. org/ 10. 1093/ bjace accp/ mkn041 (2008).

 36. Mandrekar, J. N. Receiver operating characteristic curve in diagnostic test assesment. J. Thorac. Oncol. 5, 1315–1316. https:// doi. 
org/ 10. 1097/ JTO. 0b013 e3181 ec173d (2010).

 37. Youden, W.J. Index for rating diagnostic test. Cancer 3, 32–35. https:// doi. org/ 10. 1002/ 1097- 0142(1950)3: 1< 32: aid- cncr2 82003 
0106>3. 0. co;2-3 (1950).

 38. Zhu, G., Zhu, X., Fan, Q. & Wan, X. Raman spectra of amino acids and their aqueous solutions. Spectrochim Acta Part A Mol. 
Biomol. Spectrosc. 78, 1187–1195. https:// doi. org/ 10. 1016/j. saa. 2010. 12. 079 (2011).

 39. Giannetto, C. et al. Quantifying serum total lipids and tryptophan concentrations by raman spectroscopy during standardized 
obstacle course in horses. J. Equine Vet. Sci. 108, 103820. https:// doi. org/ 10. 1016/j. jevs. 2021. 103820 (2022).

 40. Hu, J. et al. Raman spectroscopy analysis of the biochemical characteristics of experimental keratomycosis. Curr. Eye Res. 41, 
1408–1413. https:// doi. org/ 10. 3109/ 02713 683. 2015. 11273 93 (2016).

 41. Jing, P. P., Li, Y. X., Su, Y. H., Liang, W. L. & Leng, Y. X. The role of metal ions in the behavior of bovine serum albumin molecules 
under physiological environment. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 267, 120604. https:// doi. org/ 10. 1016/j. saa. 
2021. 12060 4(2022) (2022).

 42. Kuhar, N., Sil, S., Verma, T. & Umapathy, S. Challenges in application of Raman spectroscopy to biology and materials. RSC Adv. 
8(46), 25888–25908. https:// doi. org/ 10. 1039/ C8RA0 4491K (2018).

 43. Acri, G. et al. Raman spectroscopic study of amyloid deposits in gelatinous drop-like corneal dystrophy. J. Clin. Med. 11, 1403. 
https:// doi. org/ 10. 3390/ jcm11 051403 (2022).

 44. Badillo Bedoya, M.A. Análisis de sueros sanguíneos de ratón infectado con Leishmania braziliensis empleando Esprectroscopía 
Raman Intensificada por Efecto de Superficie (SERS). Tesi di laurea. Universitad industrial de Santander, Bucaramanga (2018).

 45. Devault, A. & Banuls, A. L. The promastigote surface antigen gene family of the Leishmania parasite: Differential evolution by 
positive selection and recombination. BMC Evol. Biol. 8, 292. https:// doi. org/ 10. 1186/ 1471- 2148-8- 292 (2008).

 46. Kedzierski, L., Montgomery, J., Curtis, J. & Handman, E. Leucine-rich repeats in host-pathogen interactions. Arch. Immunol. Ther. 
Exp. 52, 104–112 (2004).

 47. Boceta, C., Alonso, C. & JimeNez-Ruiz, A. Leucine rich repeats are the main epitopes in Leishmania infantum PSA during canine 
and human visceral leishmaniasis. Parasite Immunol. 22, 55–62. https:// doi. org/ 10. 1046/j. 1365- 3024. 2000. 00269.x (2000).

 48. Arish, M., Husein, A., Ali, R., Tabrez, S., Naz, F., Zulfazal Ahmad, M., et al. Sphingosine-1-phosphate signaling in Leishmania 
donovani infection in macrophages. PLOS Negl. Trop. Dis. 12, e0006647. https:// doi. org/ 10. 1371/ journ al. pntd. 00066 47 (2018)

 49. Gonzaga dos Santos, M., Marcia Muxel, S., Andrade Zampieri, R., Pomorski, T.G., Floeter-Winter, L.M. Transbilayer dynamics 
of phospholipids in the plasma membrane of the Leishmania genus. PLOS One 8, e55604. https:// doi. org/ 10. 1371/ journ al. pone. 
00556 04 (2013)

 50. Rub, A., Arish, M., Husain, S. A., Ahmed, N. & Akhter, Y. Host-lipidome as a potential target of protozoan parasites. Microb. Infect. 
15, 649–660 (2013).

Author contributions
Conceptualization, E.G. and C.G.; methodology, G.A, A.F.; software, G.A. and B.T.; validation, A.G., C.G. and 
G.P.; formal analysis, B.T. and L.C.; investigation, A.F.; data curation, G.P. and C.G.; writing original draft prepara-
tion, G.A.; writing—review and editing, S.D.; supervision, S.D.; funding acquisition, L.C. All authors have read 
and agreed to the published version of the manuscript.

Funding
This article was funded by Luca Cicero. Experimental Zooprophylactic Institute of Sicily “A. Mirri”.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.G. or L.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.3390/app10196974
https://doi.org/10.3390/diagnostics11071277
https://doi.org/10.2460/javma.236.11.1184
https://doi.org/10.1039/C5AN00342C
https://doi.org/10.1016/j.saa.2010.12.079
https://doi.org/10.1002/jrs.1553
https://doi.org/10.1371/journal.pone.0185130
https://doi.org/10.1007/s13312-011-0055-4
https://doi.org/10.1002/cpt1975171104
https://doi.org/10.1002/cpt1975171104
https://doi.org/10.1093/bjaceaccp/mkn041
https://doi.org/10.1093/bjaceaccp/mkn041
https://doi.org/10.1097/JTO.0b013e3181ec173d
https://doi.org/10.1097/JTO.0b013e3181ec173d
https://doi.org/10.1002/1097-0142(1950)3:1<32:aid-cncr2820030106>3.0.co;2-3
https://doi.org/10.1002/1097-0142(1950)3:1<32:aid-cncr2820030106>3.0.co;2-3
https://doi.org/10.1016/j.saa.2010.12.079
https://doi.org/10.1016/j.jevs.2021.103820
https://doi.org/10.3109/02713683.2015.1127393
https://doi.org/10.1016/j.saa.2021.120604(2022)
https://doi.org/10.1016/j.saa.2021.120604(2022)
https://doi.org/10.1039/C8RA04491K
https://doi.org/10.3390/jcm11051403
https://doi.org/10.1186/1471-2148-8-292
https://doi.org/10.1046/j.1365-3024.2000.00269.x
https://doi.org/10.1371/journal.pntd.0006647
https://doi.org/10.1371/journal.pone.0055604
https://doi.org/10.1371/journal.pone.0055604
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:7489  | https://doi.org/10.1038/s41598-022-11525-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Preliminary study for the application of Raman spectroscopy for the identification of Leishmania infected dogs
	Materials and methods
	Animals. 
	Ethics declaration. 
	FT Raman spectroscopy. 
	Statistical analysis. 

	Results
	Discussion
	Conclusions
	References


