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Raman spectroscopy 
of lymphocytes from patients 
with the Epstein–Barr virus 
infection
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In this study, Raman spectroscopy is applied to trace lymphocytes activation following contact with 
the Epstein–Barr virus (EBV) of the herpesvirus family. The biomarker of cell activation is found to be 
the 520 cm−1 band, indicating formation of immunoglobulins. The blood samples are obtained from 
patients diagnosed with infectious mononucleosis and treated at the University Hospital in Kraków. 
The lymphocytes’ Raman spectra are collected using a mapping technique, exciting samples with a 
514.5 nm line of Ar + laser. Measurements are performed on the 1st, 4th, 6th, 12th and 30th day of 
hospitalization, until the patient has recovered. The highest intensity of the immunoglobulin marker 
is observed on the 4th day of hospitalization, while the results of the blood count of patients show 
the greatest increase in the number of lymphocytes at the beginning of hospitalization. No activated 
lymphocytes were observed in the blood of healthy volunteers. Some information is provided by the 
evaluation of B-cell activation by estimating the activated areas in the cells, which are determined 
by the presence of the Ig marker. The 900 cm−1 band and band around 1450 cm−1 are also analyzed as 
markers of the presence of the latent membrane protein, LMP2A (and 2B), of the EBV viral protein. 
The anomalous degree of depolarization observed in B-cells in the course of EBV infection appears to 
be due to the influence of a virus protein, disrupting BCR signal transduction.

Keywords  Lymphocyte, B-cell, Epstein–Barr virus (EBV), Infectious mononucleosis, Raman 
microspectroscopy

Vibrational spectroscopy is currently used to study the molecular structures of biological systems by examin-
ing the individual components of these usually complex systems and identifying functional groups, which are 
markers of the state of studied systems. In this way, the determination of the characteristics and changes in the 
selected cells of patients diagnosed with the disease can be carried out through a spectroscopic view, which is 
selective to some extent, due to the physico-chemical basis of the phenomenon of light scattering1,2. Raman 
spectroscopy thus provides an insight into the molecular ordering of cells and tissues, facilitating analysis and 
early recognition of changes, which may provide an insight into potential medical applications3,4. In this sense, 
the cells of a living organism, or rather some moieties of cells, the vibrations of which are sensitive to chemical 
changes, become sensory elements1. This is due to the polarizability properties of individual functional groups 
that build cells. The chemical structure of biomolecules determines their polarizability properties, and thus, 
affects the intensity of Raman bands and even the observability of certain bands that can be selected as markers 
of ongoing processes. Monitoring changes provides an opportunity to consider phenomena from a different 
perspective other than analytical methods in biochemistry, biology or medicine. The key advantage of Raman 
spectroscopy is the ease of sample preparation, without the need for additional reagents or staining and its abil-
ity to detect changes at the molecular level at a very early stage of the disease, which other laboratory tests may 
not be sensitive enough to detect5.

Lymphocytes are among the cells that were studied successfully by Raman spectroscopy6–9. All these advan-
tages render new technologies using Raman methods interesting in the study of viruses and virus-infected 
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cells10. It is worth examining the interaction of immune cells with viruses of the herpes family, one of which is 
EBV infection. The highest incidence of this disease is among people between the ages of 5 and 25 years. The 
disease is usually asymptomatic and self-limiting, especially during early childhood11. Infectious mononucleosis 
syndrome is characterized by fever, pharyngitis and lymphadenopathy, often with elevated liver enzymes associ-
ated with hepatosplenomegaly4,12,13. The peripheral blood count shows leukocytosis (10 × 103–20 × 103/μl) with 
a significant number (more than 10%) of atypical monocytic lymphocytes, which correspond to the activated 
T cells14. The etiological factor in 90% of cases of typical mononucleosis is EBV, belonging to the Herpesviridae 
family14. Once infected, a person has B lymphocytes that contain the DNA of the virus throughout his/her life, 
in a latent phase11. Under certain conditions, EBV can be reactivated.

In response to the appearance of the pathogen, the body’s defense system, the immune system, is activated15. 
Lymphocytes are the main cells involved in an acquired immune response. They have immunological specific-
ity, recognize antigens and can react to them, transforming into cells capable of performing specific effector 
functions. B lymphocytes and their derived plasma cells produce immunoglobulins, which are Y-shaped pro-
teins. Immunoglobulins are composed of two basic units: polypeptide heavy chains and light chains, covalently 
linked by disulfide bonds16. The antibodies bind specifically to a certain antigen found on the surface of altered 
cells. Specific EBV antibodies, produced by B lymphocytes during the primary humoral immune response are 
IgM17,18. Early IgM antibodies are secreted even before the development of B lymphocytes and are therefore of 
low affinity19. While early B-cell development is characterized by an orderly arrangement of the Ig heavy and light 
chain unit, Ig proteins play an important role in the regulation of B-cell development20. Immunoglobulin recep-
tors (BCR) are produced on the surface of naive B lymphocytes in the initial phase of an immune response. BCR 
is the most characteristic surface marker of B-cells. B-cell receptors and antibodies bind specifically to antigens, 
triggering a cascade of events in these cells leading to their activation. During the secondary response (which 
peaks around 1–3 days after exposure to the antigen), only IgG is synthesized. As a result, the concentration of 
IgG antibodies may increases significantly. However, disturbances in the production of antibodies as well as the 
function of humoral response effectors, may be a factor in the pathogenesis of various diseases. EBV is associated 
with malignant transformation11.

In our research to date, we have gained some insight into the specificity of lymphocyte responses to viral 
infection9,21. A Two-Dimensional Correlation Spectroscopy (2D-COS) analysis revealed some early, initial details 
of lymphocyte activation22. Two-dimensional synchronous maps indicated the formation of a receptor-ligand 
complex, while 2-D asynchronous maps pointed to B-cell development and immunoglobulin formation. Recently, 
it has been pointed out that additional information on cells and tissues can be provided by characteristics related 
to changes in the polarizability of light23,24.

The aim of this study is to examine activity in the lymphocytes of patients diagnosed with infection with the 
EB (Epstein–Barr) virus and to compare these results with data obtained for a control group of healthy volun-
teers. In this study, a thorough analysis of B lymphocytes was performed, indicating changes during lymphocyte 
activation, which are spectroscopic markers, important in the course of the disease. Further information on the 
functioning of B cells is provided by the analysis of changes in light polarizability observed as a function of the 
duration of the disease. Therefore, changes in the degree of depolarization ratio of the immunoglobulin marker 
observed in the course of infectious mononucleosis are also studied, indicating additional specificity of EBV 
infection.

Results
Results of standard diagnostic tests
The patients whose lymphocytes were analyzed in this study were aged between 19 and 27 years. EBV-specific 
antibody tests were positive in all patients participating in the study (EBV anti-VCA IgM: positive). The blood 
count results are shown in Fig. 1. From the complete blood count, it could be concluded that the number of 
lymphocytes checked in patients with EBV was the highest in the first days of hospitalization, but also exceeded 
the values long considered normal at a later stage (see Fig. 1A). Another maximum is observed on day 7 of treat-
ment and a less intense maximum is reached on day 19 of hospitalization. The number of lymphocytes tend to 
shift slightly in relation to the spectroscopic image.

Note the increased number of immature granulocytes after around a week of infection (see Fig. 1B). This 
increase in IG means that the immune response will be disrupted. EBV-induced hematopoietic changes sug-
gest that viral-mediated immune suppression may occur, further exacerbating the pathology of EBV-associated 
disorders25.

The ALT level observed was depended on the condition of the individual patient, although these were usu-
ally well above normal.

Raman microspectroscopic data
Figure 2 shows an example of the average Raman spectra of the naive lymphocytes of healthy volunteers. and 
from the activated region of the B-cell, the average Raman spectra of a representative patient diagnosed with 
infection with the EBV on the first day of hospitalization.

The spectral data clearly illustrate the biological material and changes related to its function. Noteworthy is 
the immunoglobulin marker band at position 520 cm−1, which undergoes spectacular changes during cell activa-
tion. EBV-transformed B-cells secrete immunoglobulins14,20. For comparison, lymphocyte measurements, taken 
from a control group of healthy volunteers who had never suffered from infectious mononucleosis previously 
indicate the absence or a very weak feature of the 520 cm−1 band (Fig. 2A). Other prominent Raman bands are 
observed in the spectra of B lymphocytes. which differ in terms of the location and/or intensity of the activated 
lymphocytes in the infectious mononucleosis and in healthy volunteers, and are specified in Table 1 6,7,9,21,22,26,27.
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The appearance of the 520 cm−1 band, representing SS vibrations, indicates the activation of B lymphocytes, 
as a result of the secretion of immunoglobulins17,21. IgG antibodies contribute directly to the immune response, 
including the neutralization of viruses16. The immunoglobulin chains form the domains as complex three-
dimensional structures. The structure of the immunoglobulins facilitates their bifunctionality: the variable region 
(V region) contains antigen-binding sites, and the fixed portion (C region) is the part of the molecule that is 
connected to cells. Raman spectroscopy is a well-established method of analyzing disulfide bonds, which are 
important bonds affecting the conformation and stability of proteins28.

The SS band, observed at a wavenumber of approximately 520 cm−1 in the Raman spectra of patients diag-
nosed with infectious mononucleosis and consistent with Normal Mode Analysis, indicates the presence of the 
immunoglobulin gauche–gauche–trans (g–g–t) rotamer in the variable (VL) domain29,30. This assignment is also 
consistent with the presence of the CS band at 675 cm−1. Of note is the ratio of the intensity of the 520 cm−1 band 
to the 1001 cm−1 band, which was highest on the 4th day of hospitalization (equal to almost 6.5), (see Fig. 3A). 
This relative dependence of the intensity of the Ig marker band on the Phe band was obtained as the average 
of the spectra of all blood cells of each of the patients, measured on consecutive days of hospitalization. The 
highest intensity of the marker band was observed to correlate in time with its smallest half-width (see Fig. 3B). 
This indicates the appearance on the 4th day of hospitalization of one dominant conformation, characterizing 
the binding of SS immunoglobulins, which is adopted by activated lymphocytes and is enhanced as a result of 
increased secretion of IgG by activated lymphocytes21. Such a clear effect does not persist in the following days. 
The average ratio of the intensity of the 520 cm−1 band to the intensity of the 1001 cm−1 band, calculated for all 
activated cells on consecutive days, i.e., days 6, 12 and 30 of the disease, decreased to 2.5, 1.2 and 0.4, respectively 
(see Fig. 3A). This behavior indicates a weakening of the development of immunoglobulin secretion and may 
also indicate certain B-cell proliferative disorders caused by EBV-virus infection31.

The dynamics of changes in the full width at half-height (FWHH) of the characteristic Ig marker band, appear-
ing in activated lymphocytes, is shown in Fig. 3B. FWHH has an increased half width on the 3rd and 9th days. 
This characteristic can be correlated with the change in the location of the Ig marker band, which is in the range 

Figure 1.   (A) Leukocyte count as the mean value for all patients in the study group: WBC [norm 4.00–
10.00 × 103/μl] (mean error bar equal to 3.14), lymphocytes [norm 0.80–4.00 × 103/μl] (mean error bar equal to 
1.66), monocytes [norm 0.16–0.80 × 103/μl] (mean error bar equal to 0.30), (B) IG (immature granulocytes) level 
[norm 0.00–0.09 × 103/μl] (mean error bar equal to 0.05), in patients diagnosed with infectious mononucleosis 
during consecutive days of hospitalization.
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of around 10 cm−1 (from 517 to 527 cm−1) and may be associated with the dynamically progressing, so-called 
affinity maturation, see Fig. 3C 32.

Figure 4 shows the analysis of the B-cells Raman spectra by presenting the intensity ratios of the selected 
bands in the course of hospitalization. The intensity ratios of the individual bands, presented as a function of 
time, were estimated from the averaged spectrum of the activated lymphocyte areas of a representative patient, 
as well as from the averaged B lymphocyte spectrum for all patients.

B-cell behavior is stimulated and controlled to a large extent by the B-cell antigen receptors, however, BCR 
signaling requires multiple steps, including tyrosine kinases as cellular regulating elements20,32,33. Tyrosine phos-
phorylation is one of the earliest events following BCR activation34. In the intact lymphocytes, a Tyr doublet of 
bands, with comparable intensities, appeared at a position of around 850 cm−1 and 830 cm−1 (see Fig. 2A). These 
bands are a result of Fermi resonance between the breathing vibration of the benzene ring and the overtone of 
the bending vibration outside the plane of the atoms of this ring in the para position35. In activated lymphocytes, 
the intensity of these bands changes (see Fig. 4A). On the 4th day of hospitalization, the intensity of the band 
around 830 cm−1 increases. This feature indicates that Tyr residue (associated with the cell surface BCR complex) 
is involved in the Tyr phosphorylation process36. Noncovalently associated components of the cell surface BCR 
complex and Igα and Igβ cytoplasmic tails carry immunoreceptor tyrosine activation motifs (ITAMs)18. Thus, 
the increase in the average intensity ratio of the 830 cm−1 band to the intensity of the 850 cm−1 band on the 4th 

Figure 2.   Average Raman spectrum of: (A) the naive lymphocytes from the control group, (B) the activated 
B-cell region of a representative patient on the first day of hospitalization, due to infectious mononucleosis, 
spectral range 3200–300 cm−1, laser line 514.5 nm. Insets show the magnified spectral region of 1700–500 cm−1. 
Statistical analysis was performed with PCA with Calibration 95.12744, Validation 87.87009 (Unscrambler X 
software packages, v. 10.3, CAMO Software, Oslo, Norway).
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day of hospitalization means a decrease in the intensity of the I850/I830 ratio shown in Fig. 4A and signifies an 
initiation of BCR signaling and B-cell activation20. This process is also indicated by an increase in the tyrosine 
marker band, 1586 cm−1 demonstrating its phosphorylation, see Fig. 4D 36.

Upon contact with the virus, the intensity of the individual bands changes markedly, representing the stim-
ulated proliferation of lymphocytes into a clone of identical cells. Thus, the band of 1370 cm−1 in activated 
B-cells indicates CH2 wagging of PC and thus the formation of membrane phospholipids26. At the same time, 
the 745 cm−1 nucleic acid marker band increases. The 1665 cm−1 band of amide I (conf. -β), characterizing the 
secondary structure of Ig also increases, while the band of amide I (conf.-α; 1656 cm−1) decreases (see Table 1).

An analysis of CH stretching vibrations allows an estimation of the CH2 groups’ alteration and changes 
in the lipid system, caused by the introduction of viral proteins into the cell37. B-cells show distinct bands at 
approximately 2850 cm−1, 2890 cm−1 and 2930 cm−1 and are fainter at approximately 2960 cm−1, corresponding 
to the symmetric and asymmetric stretching vibrations of the CH2 and CH3 group, respectively26. The band 
around 2890 cm−1 is sensitive to the environment, reflecting its influence on the ordering of methylene groups. 
The observed intensity ratio of 2890–2850 cm−1 reveals a measure of lateral packing, allowing changes in the 
ordering of methylene groups and chains to be traced, since the 2850 cm−1 band is relatively stable. The highest 
value occurs on day 4 and is around 9, which indicates the greatest changes taking place in the cell, see Fig. 4F. 
Following a decrease, observed after around a week, this rate increases again by the 30th day of hospitalization, 
indicating further changes in the cell.

Another marker band, the 2930 cm−1 band of the CH stretching vibration of the CH3 groups, varies signifi-
cantly with regard to changes in the proteins in the terminal groups; its intensity ratio was calculated relative 
to 2850 cm−1. The trend of changes is similar to the previous case. It reached the highest value on the 4th day of 
hospitalization, then lowered and finally increased on the 30th day of hospitalization (see Fig. 4E).

An increase in the intensity of the signal associated with the proliferation of proteins and a simultaneous, 
less intense signal from immunoglobulins may indicate the stimulus of the latent membrane protein, 2A and 2B 
(LMP) of the viral protein EBV in B-cell proliferative disorder34. The specific features of LMP2A include an altera-
tion of the typical BCR signal transduction in B-cells by downregulation of tyrosine phosphorylation. LMP2A 
affects apoptosis by disrupting and dysregulating apoptotic signals38. The characteristic LMP2A terminal domain 
motif, containing the Pro-Tyr amino acid residues (monitored by the Raman ratio of the Pro I900/I2850 marker 
bands), was significant on the 4th day of hospitalization and then markedly increased on day 30, whereas it was 
equal to zero in the case of the healthy volunteers (see Figs. 2B, 4B)39,40. These interactions were also confirmed 
by the scissor vibrations of the CH2 group in Pro, observed at a position of around 1450–1460 cm−1 (see Fig. 2). 

Table 1.   The main Raman bands (cm−1) and their assignments for the B lymhocytes of patients diagnosed 
with infectious mononucleosis and healthy volunteers (514.5 nm laser line)6,7,9,21,22,26,27. Band assignments 
may differ slightly if a different laser line is used. A adenine, G guanine, T thymine, C cytosine, Gln 
glutamine, Glu glutamic acid, Trp tryptophan, Tyr tyrosine, Phe phenylalanine, PC phosphalidylcholine, PE 
phosphatidylethanolamine.

Raman bands (cm−1)

AssignmentsInfected Healthy

2932 2933 CH sym str of CH3 methyl groups, PC

2876 2881 CH asym str of CH2 methylene group

1665 – Amide I (β conf)

1656 Amide I (α conf)

1642 T

1588s 1584 G, A, nucleic acids; δNH2, Gln, Trp, Phe

1567 – Glu

– 1448 G, A, nucleic acids, Phe, CH2 def., lipids

1375 A, CH2 def., lipids, PC

– 1336 Trp, CH def., endoplasmatic reticulum

– 1308 A,CH2 def., lipids,

1238 1243 Tyr, Amide III

1173 Tyr, Ser

1169 – G

1125 – Asp, Glu, CC str., PE

1000 1001 Phe

898 A

822 850, 830 Tyr

– 757 Trp

745 – T-ring breathing, nucleic acids, Trp

675 – T, G, CS str

520 – Disulfide bond
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The intensity of the 1445 and 1480 cm−1 bands (estimated by the I1480/I1445 intensity ratios) is distinctly different 
for the average of all cells and for the average of the activated cell area, see Fig. 4C. An increase in the average 
intensity of the band around 1480 cm−1 in the area of the whole cell during the first week of hospitalization 
indicates the involvement of the C=O imide site of proline in a fairly strong hydrogen bond in the protein41. The 
variability of the I1480/I1445 ratio throughout the course of the disease indicates changes in the binding conforma-
tion in which Pro is involved.

Analysis of the size of the activated B‑cell surface
During activation, the cell shape and morphology change significantly. On the first day of the disease, cells 
are extensively enlarged and have irregular shapes42. The dependence of the size of the B lymphocyte on the 
proliferative response was also noticed by other authors42–44. However, B-cells can differentiate in a variety of 
ways32. The assessment of B-cell activation was also performed by evaluating the activated areas in the cells, 
defined by the presence of the Ig marker (shown in Fig. 5). A marked increase in the activated area is observed 
at two time intervals, around the 3rd and the 9th day, which seems to indicate the development of activated 
plasma B-cells, an increased production of antibodies to fight the virus9,21. An increase in the activated cell area 
around the 9th day of hospitalization seems to be consistent with B-cell transformation and differentiation into 

Figure 3.   (A) Relative intensity (I520/I1001) (mean error bar equal to 1.51), (B) FWHH520 (mean error bar equal 
to 1.90) and (C) position of immunoglobulins marker band during hospitalization estimated as the mean for all 
patients (mean error bar equal to 0.55). The 520 cm−1 band parameters, i.e., intensity, position and half-width 
were evaluated using a Curve fit procedure in the WiRE factory software.
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antibody-producing plasma cells, the highest concentration of which is expected around the 2nd to the 4th week 
of illness12. However, B-cell transformations can also occur in other ways, such as differentiation into germinal 
center (GC) B-cells, or memory B-cells34. A clear increase in the half-width was also found around the 3rd and 
9th day of hospitalization (see Fig. 3). This may indicate the process of transformation of B lymphocytes and the 
creation of an EBV reservoir in them14.

Polarization measurements
Additional information on the tested system was provided by the Raman measurement of the depolarization 
ratio45. The laser beam incident on the sample was polarized. Measurements of the degree of depolarization were 
taken, and scattered radiation at two positions of the polarizer in relation to the incident light was analyzed. The 
polarization of scattered radiation was measured in a perpendicular and parallel direction to the polarization of 
the excitation laser light. The depolarization ratio of the 520 cm−1 band, an immunoglobulin marker, was analyzed 
in the course of infectious mononucleosis (ρ = I⊥/I||, where I|| and I⊥ are the intensity of scattered light parallel 
and perpendicular to the polarization of the incident laser light, respectively) (see Fig. 6).

Figure 4.   The (A) I850/I830 (SD equal to 0.30, 0.12, 0.20, 0.05 and 0.02 on subsequent measurement days, mean 
error bar equal to 0.14)., (B) I900/I2850 (SD equal to 0.02, 0.02, 0.01, 0.01 and 0.02 on subsequent measurement 
days, mean error bar equal to 0.02), (C) I1480/I1445 (SD equal to 0.10, 0.10, 0.03, 0.03 and 0.02 on subsequent 
measurement days, mean error bar equal to 0.14), (D) I1586/I2930 (SD equal to 0.30, 0.20, 0.10, 0.20 and 
0.10, mean error bar equal to 0.20), (E) I2930/I2850 (SD equal to 0.22, 0.19, 0.11, 0.10 and 0.10 on subsequent 
measurement days, mean error bar equal to 0.14) and (F) I2890/I2850 (SD equal to 0.14, 0.10, 0.10, 0.05 and 0.10 
on subsequent measurement days, mean error bar equal to 0.10) intensity ratios for a representative patient with 
infectious mononucleosis, calculated from the activated B-cell region (red line) and obtained as the average of 
all B-cells spectra of all patients, measured during their hospitalization (dark line) on the 1st, 4th, 7th, 12th, and 
30th day of hospitalization. Appropriate average values of intensity ratios for healthy volunteers are marked in 
green.
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Figure 5.   Activated B-cell region (μm2), assessed by the appearance of the 520 cm−1 marker band in a given cell 
fragment, as a function of hospitalization time (mean error bar equal to 3.97).

Figure 6.   Depolarization ratio (ρ = I⊥/I||, where I|| and I⊥ are the intensity of scattered light, parallel and 
perpendicular to the polarization of the incident laser light, respectively) obtained for the B cells of a patient 
diagnosed with infectious mononucleosis on (A) 4th, (B) 6th, and (C) 9th day of hospitalization.
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Polarization measurements, at the onset of infection characterize the initial response to the presence of the 
virus, represents the initial development of B-cells characterized by a uniform immunoglobulin arrangement 
(see Fig. 6A). In the following days of hospitalization, the spectra obtained show an inverted polarization for the 
520 cm−1 band in many areas in the activated B cell. This puzzling characteristic appears especially at a time when 
the patient should be recovering (see Fig. 6B, C). This may indicate the presence of a different immunoglobulin 
conformation, e.g., some B-cell proliferative disorder, possibly indicative of a transition to the latent form31. In the 
later stage of the disease, the influence of the latent membrane protein LMP2A is more pronounced, which lowers 
the threshold required for mediated B-cell proliferation. The spectroscopic picture that reflects this disruption 
of signaling at molecular level reflects the anomalous degree of depolarization observed in the B lymphocytes 
studied, but also in some other biological systems46.

Discussion
Raman microspectroscopy is a modern method for detecting changes in individual blood cells1,2,6. Therefore 
Raman spectroscopy is chosen to try to get an alternative insight into the mechanism of infectious mononucleosis.

The experimental material included blood samples which is obtained from patients diagnosed with infectious 
mononucleosis and, for comparison, from healthy volunteers. It is found that the 520 cm−1 band indicates the 
formation of immunoglobulins, so it could be a biomarker of lymphocyte cell activation9,21. During cell contact 
with the antigen increased protein production and increased expression of immunoglobulins are monitored 
(see Fig. 2B).

The highest intensity of the marker of immunoglobulin activation is observed on the 4th day of hospitaliza-
tion, while the greatest increase in the number of lymphocytes is noticed at the beginning of hospitalization (see 
Fig. 3A and Fig. 1A). No activated lymphocytes are observed in the blood of healthy volunteers (see Fig. 2A). It 
is emphasized that B lymphocytes play a special role in viral infection, producing antibodies that can neutralize 
and remove the virus before it enters the cell47. B lymphocytes are the main target of the EBV, which is strongly 
associated with certain B-cell malignancies48. The symptoms of latent infection and the influence of LMP2A 
on B-cell signal transduction in the course of infectious mononucleosis is noted and evaluated49. And signal 
transduction in the cell is important because it determines the level of Ig production, and consequently, virus 
replication inhibition47.

Polarization measurements indicate structural changes in protein domains. The anomalous degree of depo-
larization, obtained over the course of the disease, may be due to the influence of the viral protein, LMP2A, on 
the dysregulation of receptor signal transduction. Testing the degree of depolarization of the immunoglobulin 
marker, observed in the course of infectious mononucleosis, may indicate an additional specificity of EBV infec-
tion and provide supplementary information on the infection and its course. The obtained results indicate that 
the search for a new conformation of Ig, which is expressed as a broadening of the Ig marker band and a shift 
in the marker band positon, indicates dysregulation of signal transduction by the virus (see Fig. 3B, C). These 
relationships is considered as a characteristic activity of the EBV virus in relation eg. to the influenza virus21,32,47. 
These spectroscopic facts correlate with lymphocyte proliferation and with the increase in the number of imma-
ture granulocytes observed in medical tests (see Fig. 1B).

Early B-cell development is characterized by an orderly rearrangement of Igα and Igβ heterodimers that com-
bine with surface immunoglobulin to form BCRs50,51 . These orderly changes are confirmed by the spectroscopic 
results, by the distinct formation of the Ig marker position, its intensity and the small half-width observed on 
the 4th day of hospitalization (see Fig. 3).

The cross-linking of surface immunoglobulins leads to the activation of kinases. Tyr phosphorylation occurs 
in most processes monitored using spectroscopic indicators of marker band intensity ratios, it is observed in the 
activated area of the B-cell, but also in the case of average values for the whole cell (see Fig. 4).

Around a week after diagnosis, new spectral features appear. These include a clear decrease in the intensity 
of the Ig marker and shifts in its position, which indicates a change in the Ig conformation pattern. This pattern 
matching is indicated by polarization measurements and the anomalous degree of depolarization observed in 
the increasing area activated in B-cells during the course of the disease (see Fig. 6). The study results can help 
predict the severity of the infection, which has important clinical implications.

Methods
Blood samples
The blood of 20 patients, diagnosed with infectious mononucleosis (treated in the Department of Infectious 
Diseases at the University Hospital in Kraków) was analyzed. Patients’ blood was collected during hospitalization 
for a control diagnostic test, up to the 30th day after diagnosis. The measurement stages were the corresponding 
days of blood collected: 1st, 4th, 6th 12th and 30th day of hospitalization, then analyzes were carried out using 
the Raman spectroscopy method. In addition, blood from healthy volunteers who had never suffered from infec-
tious mononucleosis was analyzed for comparison.

The MACSxpress Whole Blood B-cell isolation technology, provided by Miltenyi Biotec GmbH, was employed 
for the separation of the lymphocytes’ subset directly from anticoagulated human whole blood. An isolation mix 
was made from kit components and was freshly prepared before the cell separation procedure. The magnetically 
labeled cells adhered to the wall of the tube and were carefully collected while the tube was still in the magnetic 
field..

The studies were carried out in accordance with the guidelines for good clinical practice (GCP), in accordance 
with the principles of ethics of medical research, involving people as defined by the Helsinki Declaration. All 
studies were approved by the Bioethics Committee of the Jagiellonian University (Opinion No 122.6120.112.2015 
from 25.06.2015). Informed consent was obtained from all subjects involved in the study.
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Raman micro‑spectroscopic method
Raman spectroscopy measurements were made using a mapping technique with a Renishaw InVia spectrometer 
coupled with a Leica optical microscope (using a 100 × objective lens) in the spectral range of 3200–300 cm−1. 
The samples were excited with an argon laser beam, with a wavelength of 514.5 nm, the laser power to which the 
that samples were subjected was around 1–3 mW.

The assignments of the relevant Raman bands are summarized in Table 1.

The standard diagnostic tests
The ELISA test was used as the basic diagnostic test to confirm the presence of the infection17,52,53. EBV-specific 
antibody testing is performed to confirm acute EBV infection51. The acute phase of infectious mononucleosis 
is characterized by rapid IgM and IgG antibody responses to the viral capsid antigen (VCA) in all cases and an 
IgG response to the early antigen (EA) in most cases. In addition, the level of alanine aminotransferase (ALT) 
is usually significantly higher among patients with infectious mononucleosis, compared to the control group54.

Data availability
All the generated data and the analysis developed in this study are included within the article. Raw data cannot 
be shared due to patient confidentiality.

Received: 23 October 2023; Accepted: 12 March 2024

References
	 1.	 Notingher, I. Raman spectroscopy cell-based biosensors. Sensors 7, 1343–1358 (2007).
	 2.	 Caponi, S. et al. Raman micro-spectroscopy: A powerful tool for the monitoring of dynamic supramolecular changes in living 

cells. Biophys. Chem. 182, 58–63 (2013).
	 3.	 Baker, M. J. et al. Clinical applications of infrared and Raman spectroscopy: State of play and future challenges. Analyst 143, 

1735–1757 (2018).
	 4.	 Ellis, D. I. & Goodacre, R. Metabolic fingerprinting in disease diagnosis: Biomedical applications of infrared and Raman spectros-

copy. Analyst 131, 875–885 (2006).
	 5.	 Kozicki, M. et al. The ring-stage of Plasmodium falciparum observed in RBCs malaria hospitalized patients. Analyst 140, 8007–8016 

(2015).
	 6.	 Pully, V. V., Lenferink, A. & Otto, C. Time-lapse Raman imaging of single live lymphocytes. J. Raman Spectrosc. 42, 167–173 (2011).
	 7.	 Uzunbajakava, N. et al. Nonresonant Raman imaging of protein distribution in single human cells. Biopolymers 72, 1–9 (2003).
	 8.	 Hobro, A. J., Kumagai, Y., Akirac, S. & Smith, N. I. Raman spectroscopy as a tool for label-free lymphocyte cell line discrimina-

tion. Analyst 141, 3756–3764 (2016).
	 9.	 Pietruszewska, M. et al. Lymphocytes studied by Raman microspectroscopy. In Lymphocytes (eds Istifli, E. S. & Ila, H. B.) 85–100 

(IntechOpen Ltd., London, 2019).
	10.	 Lambert, P. J., Whitman, A. G., Dyson, O. F. & Akula, S. M. Raman spectroscopy: The gateway into tomorrow’s virology. Virol. J. 

3, 51 (2006).
	11.	 Crawford, D. H. Biology and disease associations of Epstein–Barr virus. Philos. Trans. R. Soc. Lond. B Biol. Sci. 356, 461–473 (2001).
	12.	 Öncel, C. A rare clinical presentation of Ebstein-Barr virus. Braz. J. Infect. Dis. 14, 211–212 (2010).
	13.	 Grimm, J. M. et al. Prospective studies of infectious mononucleosis in university students. Clin. Transl. Immunol. 5, 1–6 (2016).
	14.	 Cohen, J. I. Infection with the Epsteina–Barr virus Infectious mononucleosis. In Infectious Diseases, Vol II, Ch 82 (eds Kasper 

Fauci, D. L. & Harrison, A. S.) (Czelej Publishing Company, Lublin, 2012).
	15.	 Epstein, R. J. Human Molecular Biology: An Introduction to the Molecular Basis of Health and Disease 165–182 (Cambridge Uni-

versity Press, 2002).
	16.	 Schroeder, H. Jr. & Cavacini, L. Structure and function of immunoglobulins. J. Allergy Clin. Immunol. 125, 41–52 (2010).
	17.	 Ebell, M. H., Call, M., Shinholser, J. & Gardner, J. Does this patient have infectious mononucleosis?: The rational clinical examina-

tion systematic review. JAMA 315, 1502–1509 (2016).
	18.	 Male, D., Brostoff, J., Roth, D. B. & Roitt, I. Immunology 7th edn, 127–182 (Elsevier, 2006).
	19.	 Müller, R. et al. High-resolution structures of the IgM Fc domains reveal principles of its hexamer formation. Proc. Natl. Acad. Sci. 

USA 110, 10183–10188 (2013).
	20.	 LeBien, T. W. & Tedder, T. F. B lymphocytes: How they develop and function. Blood 112, 1570–1580 (2008).
	21.	 Wesełucha-Birczyńska, A., Kozicki, M., Czepiel, J. & Birczyńska, M. Raman micro-spectroscopy tracing human lymphocyte 

activation. Analyst 138, 7157–7163 (2013).
	22.	 Pietruszewska, M. et al. A 2D COS study of lymphocytes in the course of infectious mononucleosis. J. Mol. Struct. 1229, 129837 

(2021).
	23.	 De Boer, J. F., Hitzenberger, C. K. & Yasuno, Y. Polarization sensitive optical coherence tomography—A review. Biomed. Opt. 

Express 8, 1838 (2017).
	24.	 Janko, M., Davydovskaya, P., Bauer, M., Zink, A. & Stark, R. W. Anisotropic Raman scattering in collagen bundles. Opt. Lett. 35, 

2765–2767 (2010).
	25.	 Katahira, K. et al. Increased granulopoiesis in the bone marrow following Epstein–Barr virus infection. Sci. Rep. 9, 13445 (2019).
	26.	 Tu, A. T. Raman Spectroscopy in Biology: Principles and Applications 65–116, 204–205 (Wiley, New York, 1982).
	27.	 Wesełucha-Birczyńska, A. & Nakamoto, K. Resonance raman studies on cinchonine–polynucleotide interactions. J. Mol. Struct. 

294, 127–130 (1993).
	28.	 Qian, W. & Krimm, S. Vibrational studies of the disulfide group in proteins. Part V. Correlation of SS stretch frequencies with the 

CCSS dihedral angle in known protein disulfide bridges. Biopolymers 32, 321–326 (1992).
	29.	 Qian, W. & Krimm, S. Vibrational studies of the disulfide group in proteins. J. Raman Spectrosc. 23, 517–521 (1992).
	30.	 Stawoska, I. et al. Does nitrogen fertilization affect the structures of gluten and gliadin proteins in hypoallergenic wheat?. Molecules 

27, 5684 (2022).
	31.	 Rosa, D. et al. Activation of naıve B lymphocytes via CD81, a pathogenetic mechanism for hepatitis C virus-associated B lymphocyte 

disorders. Proc. Natl. Acad. Sci. USA 102, 18544–18549 (2005).
	32.	 Kwak, K., Akkaya, M. & Pierce, S. K. B cell signaling in context. Nat. Immunol. 20, 963–969 (2019).
	33.	 Lu, J. et al. Upregulation of tyrosine kinase TKT by the Epstein–Barr virus transactivator Zta. J. Virol. 74, 7391–7399 (2000).
	34.	 Rovedo, M. & Longnecker, R. Epstein–Barr virus latent membrane protein 2B (LMP2B) modulates LMP2A activity. J. Virol. 81, 

84–94 (2007).



11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6417  | https://doi.org/10.1038/s41598-024-56864-y

www.nature.com/scientificreports/

	35.	 Siamwiza, M. N. et al. Interpretation of doublet at 850 and 830 cm−1 in Raman spectra of tyrosyl residues in proteins and certain 
model compounds. Biochemistry 14, 4870–4876 (1975).

	36.	 Abramczyk, H. et al. Aberrant protein phosphorylation in cancer by using Raman biomarkers. Cancers 11, 2017 (2019).
	37.	 Verma, S. P., Schmidt-Ullrich, R., Thompson, W. S. & Waliach, D. F. H. Differences between the structural dynamics of plasma 

membranes of normal hamster lymphocytes and lymphoid cells neoplastically transformed by simian virus 40 as revealed by laser 
Raman spectroscopy. Cancer Res. 37, 3490–3493 (1977).

	38.	 Fish, K. et al. Rewiring of B cell receptor signaling by Epstein–Barr virus LMP2A. Proc. Natl. Acad. Sci. USA 117, 26318–26327 
(2020).

	39.	 Rippon, W. B., Koenig, J. L. & Walton, A. G. Raman spectroscopy of proline oligomers and poly-L-proline. J. Am. Chem. Soc. 92, 
7455–7459 (1970).

	40.	 Das, S. et al. Envisaging structural insight of a terminally protected proline dipeptide by Raman spectroscopy and density functional 
theory analyses. J. Phys. Chem. A 120, 9829–9840 (2016).

	41.	 Takeuchi, H. & Harada, I. Ultraviolet resonance Raman spectroscopy of X-proline bonds: a new marker band of hydrogen bonding 
at the hide C=O Site. J. Raman Spectrosc. 21, 509–515 (1990).

	42.	 Monroe, J. G. & Cambier, J. C. Sorting of B lymphoblasts based upon cell diameter provides cell populations enriched in different 
stages of cell cycle. J. Immunol. Methods 63, 45–56 (1983).

	43.	 Thompson, C. B. et al. Size-dependent B lymphocyte subpopulations: Relationship of cell volume to surface phenotype, cell cycle, 
proliferative response, and requirements for antibody production to TNP-Ficoll and TNP-BA. J. Immunol. 133, 2333–2342 (1984).

	44.	 Ferapontov, A. et al. Antigen footprint governs activation of the B cell receptor. Nat. Commun. 14, 976 (2023).
	45.	 Scherer, J. R. Experimental considerations for accurate polarization measurements. In Analytical Raman Spectroscopy (eds Gras-

selli, J. G. & Bulkin, B. J.) 45–57 (Wiley, New York, 1991).
	46.	 Spiro, T. G. & Strekas, T. C. Resonance Raman spectra of hemoglobin and cytochrome c: Inverse polarization and vibronic scat-

tering. Proc. Natl. Acad. Sci. USA 69, 2622–2626 (1972).
	47.	 Lam, J. H., Smith, F. L. & Baumgarth, N. B cell activation and response regulation during viral infections. Viral Immunol. 33, 

294–306 (2020).
	48.	 Nothelfer, K., Sansonetti, P. J. & Phalipon, A. Pathogen manipulation of B cells: The best defence is a good offence. Nat. Rev. 

Microbiol. 13, 173–184 (2015).
	49.	 Pich, D. et al. First days in the life of Naive human B lymphocytes infected with Epstein–Barr virus. mBio 10, e01723-e1819 (2019).
	50.	 Dong, Y. et al. Structural principles of B cell antigen receptor assembly. Nature 612, 156–164 (2022).
	51.	 Harris, L. J., Skaletsky, E. & McPherson, A. Crystallographic structure of an intact IgG1 monoclonal antibody. J. Mol. Biol. 275, 

861–872 (1998).
	52.	 Jenson HB (2016) Nelson textbook of pediatrics, Vol I, 20th ed.; Philadelphia, PA, pp 999–1013
	53.	 Salehi, H. et al. Comparison of serological and molecular test for diagnosis of infectious mononucleosis. Adv. Biomed. Res. 5, 95 

(2016).
	54.	 Zhang, L. et al. Infectious mononucleosis and hepatic function. Exp. Ther. Med. 15, 2901–2909 (2018).

Acknowledgements
M.P. acknowledges the support of InterDokMed project no. POWR.03.02.00-00-I013/16. The study was sup-
ported by the research part of the subsidy of the Faculty of Chemistry of the Jagiellonian University in Krakow, 
Poland and through ID.UJ funds.

Author contributions
Conceptualization: A.W.-B.; methodology: M.P., G.B., P.M.; formal analysis and investigation: M.P., P.M., A.W.-
B.; writing—original draft preparation: M.P.; writing—review and editing: G.B., J.C., M.B.-Z., A.G., A.W.-B.; 
funding acquisition: M.P.; supervision: A.W.-B.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.W.-B.

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.

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) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Raman spectroscopy of lymphocytes from patients with the Epstein–Barr virus infection
	Results
	Results of standard diagnostic tests
	Raman microspectroscopic data
	Analysis of the size of the activated B-cell surface
	Polarization measurements

	Discussion
	Methods
	Blood samples
	Raman micro-spectroscopic method
	The standard diagnostic tests

	References
	Acknowledgements


