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Tobacco smoke contains several compounds with oxidant and pro-oxidant properties with the capability of

producing structural changes in biomolecules, as well as cell damage. This work aimed to describe and

analyse the effect of tobacco smoke on human blood components, red blood cell (RBC) membrane,

haemoglobin (Hb) and blood plasma by Atomic Force Microscopy (AFM) and Raman spectroscopy. Our

results indicate that tobacco induced RBC membrane nano-alterations characterized by diminished RBC

diameter and increased nano-vesicles formation, and RBC fragility. The Raman spectra profile suggests

modifications in chemical composition specifically found in peaks 1135 cm�1, 1156 cm�1, 1452 cm�1 and

intensity relation of peaks 1195 cm�1 and 1210 cm�1 of blood plasma and by change of peaks

1338 cm�1, 1357 cm�1, 1549 cm�1 and 1605 cm�1 associated with the pyrrole ring of Hb. The relevance

of these results lies in the identification of a profile of structural and chemical alterations that serves as

a biomarker of physiological and pathological conditions in the human blood components induced by

tobacco exposure using AFM and the Raman spectroscopy as tools for monitoring them.
1. Introduction

According to a report from the World Health Organization in
2016, more than 100 million people died worldwide in the last
century because of tobacco consumption. Nowadays, tobacco
kills around 6 million people each year, and more than 80% of
them die because of direct use, and equally important are the
numbers for non-smokers exposed to cigarette smoke with close
to 600 000 deaths.1

Although cigarette smoking is a preventable risk factor, it is
still one of the main causes of developing cancer, as well as
cardiovascular, pulmonary and other diseases worldwide.2,3 It is
known that acute cigarette smoking increases the risk of disease
in healthy young smokers,4 and exacerbated effect is seen on
chronic smokers,5 showing the relationship between frequency
and quantity of consumption.

Tobacco smoke is a complex mixture of chemicals that
contains many active compounds with oxidant and pro-oxidant
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activity; capable of producing free radicals and increasing the
oxidative stress “in vivo”. Besides, some of them are capable of
interacting directly with blood components.6–8 The oxidative cell
damage is the result of the increased oxidant products,
decreased antioxidant protection, and/or the failure to repair
the systems in the organism.9 Previous reports indicate that
reactive oxygen species (ROS) promote physiological and path-
ological alterations related to degenerative diseases like cancer
and pulmonary and cardiovascular problems.6,10–14 In specic,
the ROS alters the membrane lipid bilayer and proteins of the
cytoskeleton of cells impairing not only the blood quality, also
they could affecting intercellular communications, because
some of these structures are identied as important and critical
players of this process. Currently, it is possible to detect nano-
scale changes in early stages of damage and erythrocytes are
emerging as a biomonitor for this goal.15,16 Nevertheless, a few
studies are focused on determining the effects of tobacco
cigarette on blood components, such as in RBC or plasma.17–20

AFM is useful to characterise the changes in cells to identify
proles that could indicate the development of a disease or even
support the diagnosis.21–24 Recently, it was reported that the
high cigarette-consumption increased membrane roughness of
RBC due to changes on its surface.25 Biophysical changes at the
cellular level should also include the evaluation of chemical
alterations that cause them. The Raman spectroscopy is
a powerful tool that provides identication of ‘‘molecular
ngerprints’’, such as glucose, lipid prole, amino acids, and
RSC Adv., 2020, 10, 11971–11981 | 11971
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total protein, among others. Quantitative and qualitative
changes of these molecules are related to numerous patholo-
gies.26–28 There is a need to identify early biomarkers of exposure
for cigarettes29,30 and the AFM and Raman spectroscopy pres-
ents great potential in identifying the proles of different stress
conditions and diseases that can be used for differentiation.31,32

Additionally, analysis of RBC by Raman spectroscopy and AFM
compared with other biological samples has signicant
advantages, especially in the cases when we need repeatedly
sample collection. We propose to evaluate simultaneously
structural and chemical changes in RBC and blood plasma,
induced by cigarette smoke exposure using AFM and Raman
spectroscopy to identify potential biomarkers in healthy
individuals.

2. Experimental
2.1. Volunteers

Inquiry was applied to volunteers in order to inquest personal
and relevant information about their health status and cigarette
consumption. Then, seventeen asymptomatic volunteers were
included. Eleven of them were smoker volunteers separated in
three groups. Four volunteers (3 males and 1 female) with
a mean consumption of less of ve cigarettes per day (smokers
<5, light daily smokers); four volunteers (3 males and 1 female)
with a mean consumption between ve and nine cigarettes per
day (smokers 5–9, moderate smoker) and three volunteers (3
males) with a consumption of ten or more cigarettes (smokers
>10, moderate smokers). Smokers participants range in age
from 19 to 24 years old with a mean age of 21.36� 1.44 years old
and a body mass index (BMI) of 23.60 � 3.51. Six non-smoker
participants (non-smokers) were considered as the control
group (3 males and 3 females). Their age ranged from 21 to 23
years old, with amean age of 21.83� 0.98 years old and a BMI of
22.60 � 2.14.

2.2. Samples

A total blood sample was collected from each participant using
BD Vacutainer K2 EDTA tubes, following standard sampling
protocol. Smears of RBC were prepared, using conventional
clinical methods. Dried, un-xed, and un-stained blood smears
were used for AFM scanning. Also, cell suspensions at pH 7.4
were prepared with phosphate buffer solution (PBS) (2.7 mM of
KCl, 10 mM of NaHPO4 and 1.8 mM of KH2PO4). For Raman
spectroscopy analysis, RBC suspension was diluted 1 : 50 and
50 mL was dropped into poly-L-lysine-coated (0.01% v/v) silice
substrate. Finally, 1 mL of total blood was centrifuged to obtain
plasma, and 0.5 mL aliquot was frozen to �20 �C for further
analysis.

2.3. RBC nano-structure analysis by AFM

Nano-structure of RBC membrane was analysed from images
reconstructed by AFM. All analyses were conducted in non-
contact mode with an AFM model Alpha300RA (WiTec, Ger-
many). The probe had a spring constant of 42 N m�1 and
a resonant frequency of 285 kHz. An optical microscope was
11972 | RSC Adv., 2020, 10, 11971–11981
used to select the cells zone. Cells from each smear were
randomly selected and scanned for membrane analysis. To
obtain the whole cell and its shape analysis, we performed 50 �
50 mm scans for each specimen, and 60 erythrocyte membrane
fragments in each group (1.5 � 1.5 mm scans) were nally
analysed. The total scanning points per image were 65 536; the
images and their proles were analysed in 3D and 2D modes,
respectively, with the soware of WiTec project FOUR v4.1.
2.4. “In vitro” RBC osmotic fragility

RBC osmotic fragility was evaluated by the Faulkner and King
method33 using hypotonic conditions in PBS, pH 7.4. Briey, 75
mL of whole blood were added to 1425 mL (1 : 20) of PBS. Then,
50 mL of cell suspension were added to 200 mL of saline solution
(from 0 to 9 g L�1) and incubated for 30 min at room temper-
ature (RT) in 96 wells plate. Aerwards, they were centrifuged at
2000 rpm for 10 min, and 100 mL of supernatant were recovered.
The absorbance was scanned from 350 to 600 nm (spectro-
photometer Synergy HTX, BioTek, Winooski, VT). The haemol-
ysis percentage was determined from free Hb using the Harboe
method34 and the three wavelengths polychromatic formula:
Hbfree ¼ 1.68A415 � 0.93A380 � 0.73A470.
2.5. Blood plasma Raman spectroscopy

The blood plasma samples were thawed immediately before the
analysis with Raman spectroscopy, following the protocol
proposed by Li P. et al.,.35 Raman spectra were recorded with
a Confocal Raman Microscope model Alpha300RA (WiTec,
Germany). The analysis was performed with a 532 nm laser,
using a single 1200 lines per mm dispersion grating. A 100�
objective was used to collect the back-scattered radiation. The
spectra were acquired in static mode, with a centre at 1500 cm�1

to cover the range 525 cm�1 to 2350 cm�1, with the spectral
resolution of 1 cm�1. We used 20mW laser power on the sample
and 2 � 10 seconds acquisition time to obtain a better signal to
noise ratio in each spectrum. The instrument was calibrated by
silice at 520 cm�1 before Raman scanning.35 Each spectrum was
background subtracted by a line function in the 600–1800 cm�1

region and normalized to peak 1005 cm�1. An average spectrum
was calculated for representative images but individual spectra
were considered for statistical analysis (n ¼ 170).
2.6. Hb RBC Raman spectroscopy

The changes in Raman spectra of smokers' Hb RBC were ana-
lysed according to Acosta-Elias M. et al.36 Raman measurements
were carried out using solid-state laser excitation of 532 nmwith
20 seconds of accumulation time and 2mWof laser power and 1
mm spot size. The Raman analysis was performed from at least
20 RBC. Each spectrum was background subtracted by a line
function in the 600–1800 cm�1 region and normalized to peak
775 cm�1. An average spectrum was calculated for representa-
tive images but the total of individual spectra were considered
for statistical analysis (n ¼ 340).
This journal is © The Royal Society of Chemistry 2020
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2.7. Statistical analysis

The Anderson-Darling normality test was done. The statistical
analysis for membrane changes roughness, nano-vesicles
formation, osmotic fragility test, and intensity relation of
peaks was performed using the non-parametric Kruskal–Wallis
test and Mood's median test. While RCB diameter was analysed
by One-Way ANOVA test. The signicance level (alpha) was set at
0.05. The principal component analysis (PCA) was used to
differentiate between Raman spectra of smoker and non-
smoker volunteers. All statistical values were calculated using
environment R version 3.0.33 (http://www.R-project.org).

3. Results and discussion
3.1. RBC nano-structure analysis by AFM

Cell morphology is a good indicator of damage when changes
arise from metabolic process modications.37 Moreover,
disturbances in the micro-rheological properties can produce
consequences in function and biophysical parameters for the
RBC that can lead to physiological and pathological condi-
tions.38 Previous studies refer that structural changes can
promote erythrocyte shape conversion.20,38,39 Here, we analysed
the effect of smoke cigarette consumption on RBC membrane.
In our analysis, no shape changes were observed in RBC (data
not showed); however, membrane changes at nano-level were
detected in smoker cigarette groups. Fig. 1 shows representative
RBC membrane of non-smoker and smoker participants. The
Fig. 1a illustrates the smokers' RBC topography with the
calculated mean square roughness (nm) � standard deviation.
RBC membrane roughness in non-smokers was found as 3.410
� 0.659 nm, while the calculated roughness for smokers were as
follow: 3.961 � 0.773 nm in smokers <5, 4.057 � 1.137 nm in
smokers 5–9 and 3.551 � 0.799 nm in smokers >10. Although
the average RBC membrane roughness was increased in
smokers, not signicant differences were found. The proles
RBC surfaces showing the nano-depressions are showed in
Fig. 1b. Masilamani V. et al.,25 reported an increase membrane
roughness in erythrocytes of smokers (5.5 � 3.1 nm) compared
with the erythrocytes of non-smokers (1.2 � 0.2 nm). The
differences in our results could be explained by the frequency
Fig. 1 RBC membrane by AFM. (a) Nano-structure of RBC membrane o
(mean � SD), n ¼ at least 15 cells per group. (b) Profile line showing me

This journal is © The Royal Society of Chemistry 2020
and quantity of cigarette consumption. Since Masilamani V.
et al.,25 reported a mean consumption of 24 cigarettes, and our
participants can be considered from light daily to moderate
smokers and not as heavy smokers as considered by
Masilamani V. et al. It has been reported that quantity and
frequency of consumption of cigarettes can inuence on the cell
damage.9,40 Another reason for the differences can be the age of
volunteers. Oxidative stress parameters of middle-aged and
older subjects suggests a progressive and slow decline of anti-
oxidant status in healthy elderly with an increase in plasma SH
group oxidation.41 The formation of nano-structures on surface
RBC has been associated with oxidative processes and the
reduction of antioxidant activity.42,43 The smoke cigarette
diminishes enzymes with antioxidant activity, and by itself, the
smoke presents oxidant activity,44 and there is evidence that
smoking increases the ageing process inducing changes on the
cells and impacting in the capability of RBC to deform.45–48 We
examined the number of nano-vesicles in the analysed
membrane surface of smoker volunteers. We observed an
increase in the number of nano-vesicles of smokers <5 (1.73 �
1.52), and smokers 5–9 (1.34 � 1.30), but only smokers >10 (2.2
� 1.65) were statistical different (p < 0.01) compared with non-
smokers (0.73 � 0.78). The vesiculation phenomenon was
previously reported in smokers by Pretorius E. et al.,20 while
Acosta-Elias M.49 and AlZahrani K. et al.,43 reported the forma-
tion of nano-vesicles provoked by gamma radiation, that
induces similar conditions like oxidative stress than cigarette
smoke.

Our results show the changes in RBC at nano-level with nano-
vesicles formation in smokers with a consumption of ten ciga-
rettes. A drastic alteration in roughness is associated to
membrane-skeletal alterations. Although not signicant differ-
ences were found, we identied a slight increased in membrane
roughness of smoker's volunteers. Interestingly, we observed
a recovering of membrane roughness in smoker >10 to the level
of non-smokers that coincide with the maximum number of
nano-vesicles formation. Leal J. et al., describe in a review that
RBC generatemicro-vesicles to remove damaged cell constituents
such as oxidized haemoglobin and damaged membrane
constituents. This damage leads to a weakening of the binding
f non-smokers and smokers volunteers and mean square roughness
mbrane depressions.

RSC Adv., 2020, 10, 11971–11981 | 11973
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between the lipid bilayer and the cytoskeleton, and thereby to
membrane micro-particle shedding.50 These structures, as vesi-
cles, were reported previously by SEM and AFM analysis and
named as ‘‘bubble-like’’ extensions that are present all around on
RBC membrane surfaces of smokers in combination with
a decreased roughness.20 This fact has been also related with the
ageing process where the formation of vesicles provoked the loss
of membrane fragments of RBC reducing the surface roughness
and becoming to the cell more fragile.51During storage, as well as
oxidative process, membrane lipid oxidation and cytoskeletal
protein oxidation can dislocate the plasma membrane and
cytoskeleton.52,53 This micro-vesiculation could be considered
irreversible storage lesions with oxidation of proteins and
deformability of RBC.52,54 In order to determine if nano-vesicles
formation had an impact in the RBC, we analysed RBC diam-
eter (mm). Our analysis revealed statistical differences (P < 0.001)
in the RBC diameter (mean � SD) of smokers 5–9 (8.32 � 0.68)
and smokers >10 (8.68� 0.66) compared with non-smokers (9.50
� 0.70), while in smokers <5 (9.62 � 0.75) no differences were
found. This indicates that nano-vesicles formation and its
shedding can be related with diminish RBC size, as previously
reported.55 Cigarette induced changes in structure by nano-
vesicles formation and diminish RBC size that could be consid-
ered as an accelerated ageing cells process and inducing a lost of
RBC deformability.45–48
3.2. “In vitro” RBC osmotic fragility

Studies have shown that the deformability of RBC decreases
progressively during oxidative exposure,37,56 increasing the
fragility of RBC and amplifying the erythrocyte haemolysis.57 In
this phenomenon, the generation oxidative stress leads to the
formation of nano-structures.42,43 Previous reports indicate that
consumption of cigarette compromise the structure of RBC20

becoming it more fragile.58–60 As previous work reported,25 the
tobacco smoke presents the capability of inducing changes that
increase the haemolysis of the RBC.25 We performed an osmotic
shock test to defy the endurance of RBC membrane of our
smoker groups with stressing saline solution (NaCl) at different
concentration. Fig. 2 shows that near to physiological condi-
tions there was not differences among groups. Nevertheless, we
found a signicant increase (p < 0.001) in the haemolysis
Fig. 2 RBC osmotic fragility. The percentage of haemolysis increases
significantly (p < 0.001) in the RBC of smokers 5–9 and smokers >10 in
comparison with RBC of non-smoker participants.

11974 | RSC Adv., 2020, 10, 11971–11981
percentage in smokers 5–9 and smokers >10 compared with
non-smokers when cells were challenged with 3.6 g L�1 and
2.6 g L�1 of NaCl. No differences were observed in smokers <5
compared with non-smokers. Previously, Asgary et al.,7 showed
that smokers RBC were more susceptible to haemolysis
compared with non-smokers. Here, the appearing of early
haemolysis of smoker's volunteers (smokers 5–9 and smokers
>10) at 3.6 g L�1 of NaCl compared with non-smokers controls
corroborates that cigarette smoke increases the fragility of RBC
membrane indicating that changes observed in membrane RBC
(nano-vesicles formation and RBC diameter diminished) can be
related with the deterioration of the structure of erythrocytes.
3.3. Raman spectroscopy of blood plasma

Raman spectroscopy is a technique that follows molecular
dynamics. Raman spectroscopy of body uids is an alternative
method that minimizes invasion in the analysis compared with
others.61–64 Blood plasma contains several biomolecules as
proteins, lipids, glucose, vitamins, hormones, and inorganic
materials, as well as waste products of the metabolism; the
changes in these biomolecules can be very good indicators of
the health status of a person.65,66 Although blood plasma Raman
spectrum it is complex to obtain without Surface-Enhanced
Raman Spectroscopy (SERS), there are some successful exam-
ples for it.35,67,68 Fig. 3 shows the obtained Raman spectra of
blood plasma. The most intense bands observed were
1005 cm�1, 1156 cm�1 and 1517 cm�1 corresponding to carot-
enoid assignments, due to the enhance resonance of this
structures induced by the used laser in our experiment.69,70 We
observed a signicant increase in peak 1156 cm�1 associated to
Fig. 3 Average of Raman spectra of blood plasma. Black line repre-
sents the average of non-smokers (n ¼ 6, no. of spectra 100), red line
represents the average of smokers <5 (n ¼ 4, no. of spectra 40). Blue
line represents the average of smokers 5–9 (n ¼ 4, no. of spectra 40)
and magenta line represents the average smokers >10 (n ¼ 3, no. of
spectra 30). Only relevant peaks from analysis are marked. Intensity
relation between peak 1210/1195 is showed in figure amplification.
Asterisks indicate significant differences compared with non-smokers
(p < 0.05).

This journal is © The Royal Society of Chemistry 2020
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carotenoid and proteins vibrations in smokers >10. It is known
that carotenoids are antioxidant obtained from diet and that
they are stored in lipid tissue.71,72 The importance of this nding
arise in the possibility that its release to the blood plasma it is
related with protection against the oxidative effect of smoke
cigarette.73 A new peak (at 1195 cm�1) appears in smoker's
blood plasma spectra as a deformation of peak at 1210 cm�1

that is associated to C–C6H5 stretching mode in tyrosine and
phenylalanine74 and n18 (d: CmH).73,75 The intensity relation
between peaks 1210 cm�1 and 1195 cm�1 was signicantly (p <
0.05) modied in smokers (Fig. 3). The mean relation intensity
and standard deviations were found as follow: non-smokers
(2.32 � 0.33), smokers <5 (1.14 � 0.13), smokers 5–9 (1.21 �
0.38), smokers >10 (0.99 � 0.16). This result indicates that peak
1210 cm�1 is being deformed by smoke cigarette. The band
1664 cm�1 was decreased only in smokers 5–9 and smokers >10
compared with non-smokers and smokers <5. The band
1664 cm�1 is named amide I and corresponds to the sum of
coupled modes of the polypeptide backbone, the major contri-
bution to the amide I modes comes from the C]O stretching of
the peptide carbonyl groups.76,77

Principal Component Analysis (PCA) is useful to reduce the
dimensionality of the original data matrix retaining the
maximum amount of variability. Besides, PCA allows samples
visualization in a two dimensional space identifying the direc-
tions in which most of the information is retained. Then, it is
possible to explain the differences among samples by means of
factors from data sets and, at the same time, to determine
which variables contribute the most for such differences.78 We
examined the scores and loadings for the most important PCs,
as determined from percentage variance plots, were used to
Fig. 4 Score plot PC1 vs. PC2 for blood plasma. Ellipses are confidant a
triangles are smokers 5–9; magenta inverted triangles are smokers >10.

This journal is © The Royal Society of Chemistry 2020
investigate changes in the spectral features of Raman data.
First, a multivariate analysis of variance was carried out nding
signicant difference among groups (Wilks¼ 0.0367, F¼ 6.82 p-
value ¼ 0.00, Lawley–Hotelling ¼ 7.06, F ¼ 10.45, p-value ¼
0.00). Next, the rst derivative of the variance of Raman spectra
bands was calculated to identify the signals with maximum
variance among groups. We found that the bands with major
variance were those between 1100 cm�1 to 1600 cm�1. Once the
major variance bands were selected, the PC analysis was per-
formed and based on correlation matrix. Examination of the
cumulative variance revealed that two components reected
92.7% (PC1 and PC2) of the variance of the system. The coeffi-
cient that denes the weight of the original variable in the PC's
can be investigated to understand which bands are responsible
for the ranking of samples. P1135 (�0.6974), P1156 (�0.9247),
P1328 (0.2131), P1346 (0.6107), P1452 (0.9054), and P1664
(0.9713) were highly loaded on the rst PC. While, P1135
(0.6276), P1156 (0.2999), P1328 (0.8549), P1346 (0.6642), P1452
(0.1387), and P1664 (0.0017) were loaded on the second PC
explaining most of the variability. The Fig. 4 shows the plot of
the rst PC versus the second PC of the blood plasma Raman
spectra for smoker and non-smoker volunteers. No differences
were found between smokers <5 and non-smokers. Although,
not obvious clusters were observed, separated plots of smokers
>10, including one volunteer of smokers 5–9 were identied. We
consider that this lack of clustering can be due to complexity of
the sample and small sample. However, the separation of four
of the six smokers 5–9 and smokers >10 (moderate smokers)
from the non-smokers (controls) and smokers <5 (light
smokers) is indicator that some changes in components of
blood plasma are occurring. It could be interesting to prove if
rea. Black circles are non-smokers; red squares are smokers <5; blue

RSC Adv., 2020, 10, 11971–11981 | 11975
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SERS amplify the spectrum and discriminate more efficiently
between smokers and non-smokers, since it have been reported
that blood plasma spectrum is signicantly improve using this
procedure.66,79–81 The main contribution to PC was due to peaks
1135 cm�1, 1156 cm�1, and 1452 cm�1. Researchers have been
used the intensity of band 1135 cm�1 (due to the C–O stretching
mode) to estimate glucose concentration articially added to
serum blood.82 Our data show an increase of intensity of this
band indicating that glucose is increased in smoker group
compared with our non-smoker volunteers. This fact was re-
ported previously by Bornemisza P. and Suciu I., 198083 who
determined that glucose concentration increase in smokers.
The band 1156 cm�1 is associated to n(C–N), proteins (protein
assignment) and n(C–C), carotenoid.84,85 The band 1452 cm�1

associated to CH2CH3 deformation and proteins. While, the
band 1664 cm�1 have been associated with amide I in cell
samples.77 A study showed that cigarette smoke extract causes
conformational changes in protein.86 Specic components of
smoke cigarette have been also analysed observing that they are
capable to interrupt the protein-receptor interaction.87 Proteins
are also target of reactive oxygen species altering the structure
and function.88 Previous reports showed that smoke cigarette
induces changes in the prole of proteins of sperm and
epididymis and fraction proteins in serum.89–91 Changes in
peaks associated to proteins in our experiments may indicate
that cigarette consumption is affecting the compounds of blood
plasma including proteins in it, although as it was reported, the
susceptibility of compounds is differentially affected,92,93 and
further investigation is needed to determine if SERS procedure
Fig. 5 Analysis of Raman spectroscopy of erythrocytes. Black line rep
represents the average of smokers <5 (n ¼ 80), blue line represents th
average of smokers >10 (n ¼ 60).

11976 | RSC Adv., 2020, 10, 11971–11981
improve the spectra in blood plasma analysis between smokers
and non-smokers and which components have been specically
affected.
3.4. Raman spectroscopy of smokers' RBC

We examined the potential structural changes and oxygenation
states in haemoglobin (Hb) associated with different vibration
mode in smoke cigarette volunteers by Raman Spectroscopy.
Our results are in agreement with other studies about Raman
spectrum of single blood cells reported with similar results to
ours.94–97 This technique has been used to study changes in Hb
structure associated to functionality.98,99 The Hb spectrum was
analysed from 600 cm�1 to 1800 cm�1 region looking for
displacements peak, peak intensity changes and the compar-
ison of haemoglobin derivatives such as oxygenated and deox-
ygenated states. Fig. 5a shows the mean values of typical Hb
Raman spectra from RBC obtained with a laser excitation of
532 nm. We present the most important differences in the
Raman spectrum of erythrocyte proles between non-smokers
and smokers. Signicant changes were observed in the region
of 1000 cm�1 to 1800 cm�1. As we observed in blood plasma,
smoke cigarettes affects some Hb molecule structures depend-
ing on consumption. We observed a displacement of the band
1120 cm�1 to 1130 cm�1 in smokers >10 compared with non-
smokers (Fig. 5b). This band is associated to asymmetric
pyrrole half-ring stretching vibrations corresponding to vibra-
tion n22.97 In Fig. 5c, we present the increase in the peak at
1150 cm�1 associated to n(Pyr half-ringasym) in the smokers 5–9
and smokers >10. This change was accompanied with the
resents the average of non-smokers participants (n ¼ 120). Red line
e average of smokers 5–9 (n ¼ 80). The magenta line represents the

This journal is © The Royal Society of Chemistry 2020
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formation of a new peak at 1145 cm�1 (unassigned peak) in
smoker >10. In contrast, a decrease was observed at the region
of 1400–1300 cm�1 (Fig. 5d) associated with vibration modes of
pyrrolic ring stretching, the comparison of the non-smokers
with smokers >10 shows a diminishing in the intensity and
a shape change in peak at 1365 cm�1. Additionally, a signicant
diminishing was observed in the intensities of peaks at
1336 cm�1, 1357 cm�1 associated with vibrations n41 and n4d(Pyr
half-ringsym), respectively. While in region of the spin state of Fe
in the protoporphyrin, the peak 1547 cm�1 and 1605 cm�1

associated with vibrations n11(CbCb)67 and n19, respectively
(Fig. 5e). No changes were observed between non-smokers and
smoker <5, indicating that exposure it is important to modify
the Hb spectrum. Previous reports measured the haemoglobin
oxygen saturation showing that peaks of 1375 cm�1, 1590 cm�1,
1640 cm�1 would increase with high O2 saturation.96,100,101 We
also monitored the oxygenation states, which are associated
with different mode vibrations in the Raman spectra using the
bands n4, n10 and n13. These bands are present in the oxygena-
tion state of Hb.49 In our experiment, no changes associated
with oxygenation states of Hb were observed. We hypothesize
that the amount of cigarettes consumed by our volunteers is not
enough to make changes the capacity of the function of Hb, and
as reported before, these peaks did not appear increased
because the O2 saturation of the blood is too low.100

The principal component analysis (PCA) was used to
successfully differentiate between smoker and non-smoker
volunteers. The same strategy was follow for haemoglobin as
blood plasma Raman spectra data. The multivariate analysis of
variance shows signicant difference among groups (Wilks ¼
0.00285, F ¼ 6.275, p-value ¼ 0.00, Lawley–Hotelling ¼
12.99779, F ¼ 10.688, p-value ¼ 0.00). Then, the rst derivative
of the variance of Raman spectra bands was calculated to
Fig. 6 Score plot PC1 vs. PC2 for haemoglobin. Ellipses are confidant are
blue triangles are smokers 5–9; magenta inverted triangles are smokers

This journal is © The Royal Society of Chemistry 2020
identify the signals with maximum variance among groups. We
found that the bands with major variance were those between
1300 cm�1 to 1606 cm�1 (not showed). In this case, the PC
analysis and cumulative variance revealed that PC1 and PC2
reected 91.8% of the variance of the system. The coefficient
that denes the weight of the original variable in the PC's can be
investigated to understand which bands are responsible for the
ranking of samples. P1338 (0.8354), P1357 (0.9188), P1549
(0.9501) and P1606 (0.8951) were highly loaded on the rst PC.
While, P1338 (0.5511), P1357 (�0.0708), P1549 (�0.1010) and
P1606 (�0.3283) were loaded on the second PC explaining most
of the variability. The Fig. 6 shows the plot of the rst PC versus
the second PC of the Raman spectra of Hb from smokers and
non-smokers. As we observed for blood plasma the non-
smokers and smokers <5 were found together in the rst
quadrant, but in this case, two of four smokers 5–9 and all
smokers >10 were found separated and clustered in the third
quadrant. These results indicate that non-smokers and smokers
<5 have more intense bands than smokers 5–9 and smokers >10
and that selected band for PCA are good indicators for moderate
exposure to smoke cigarette by haemoglobin analysis. The non-
smokers and smokers <5 have positive value of PC2, while
smokers 5–9 and smokers >10 have negative values (Fig. 6). The
rst component (PC1) is a weighted sum of the bands corre-
sponding to the core size and three principal modes assigned to
pyrrole ring stretching vibrations (1300 cm�1 to 1650 cm�1).97

The second component (PC2) contrasts the bands in the core
size (or spin state marker) with the principal modes assigned to
pyrrole ring stretching vibrations. Taking into account the
coefficients of the variables in PC2, it can assume that the non-
smokers and smokers <5 have a greater amplitude into pyrrole
ring stretching modes than smokers 5–9 and smokers >10. We
infer that, haemoglobin structure from smokers 5–9 and
a. Black circles are non-smokers controls; red squares are smokers <5;
>10.
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Table 1 AFM and Raman spectrum profiles of smoker volunteers

Analysis Parameters Non-smokers

Smokers (cigarettes consumption)

<5 5–9 >10

AFM parameter Nano-vesicles Increased
RBC diameter Diminished Diminished

RBC fragility Haemolysis (%) Increased Increased
Raman blood plasma peaks (cm�1) I1210/1195 Diminished Diminished Diminished

1135 Increased Increased
1156 Increased
1328 Increased
1346 Increased
1452 Increased
1664 Diminished Diminished

Raman Hb peaks (cm�1) 1120–1130 Displacement Displacement
1145 Absent Absent Absent Present
1150 Increased Increased
1302 Diminished/shape change
1336 Diminished
1357 Diminished
1365 Diminished/shape change
1547 Diminished
1605 Diminished

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
2:

50
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
smokers >10 are different compared with non-smokers and
smokers <5. By taking advantage of PCA, we can see the most
signicant differences in the Raman spectra of the smokers 5–9
and smokers >10 (moderate smokers) compared with non-
smokers, thus providing strong support for the establishment
of the standard method of exposure differentiation based on
haemoglobin quality analysis.

Biological markers for the assessment of exposure to
a variety of environmental carcinogens have been widely used in
both basic and clinical research. There is a need to nd new
markers to understand the molecular determinants of diseases
or stress process.102,103 The exposure to tobacco smoke presents
an ideal environment to nd, characterize, and rene biological
markers, especially for those carcinogens found in
tobacco.29,30,93 Changes in secondary and tertiary structures of
Hb in cigarette smokers and impaired function have been
described previously104 Additionally, the nding subtle changes
in proteins as amino acid residues moved toward or behind
more hydrophobic region in biomarkers, in addition to
impaired amino acid interaction with each other and their
environment, could be a sign of an increased susceptibility to
disease or risk. In the preventive medicine, to nd this kind of
biomarkers is mandatory. Table 1 summarize the proles of
AFM and Raman spectrum of smoker volunteers. As we have
shown, it is possible to identify changes in the membrane and
Hb structure of RBC, and in blood plasma spectra, using AFM
and Raman spectroscopy. Tobacco smoke is altering the
concentrations of some components of the blood plasma, as
observed by increase in the intensity of specic peaks associ-
ated to previous indicator as glucose. In addition, we observed
that there are changes in the structure of some of the
compounds (mainly proteins, by the vibrational modes
observed). We also identied changes in the shape of the peaks
associated with these components in the blood plasma, coupled
11978 | RSC Adv., 2020, 10, 11971–11981
with the change in the structure of haemoglobin by changes,
not only in the peaks of the haem group, but also on the pyrrole
structure. These results indicate that tobacco smoke exposure
could be monitored even at low consumption cigarette doses
and that blood plasma and RBC are good indicators of this
exposure. Our work could be used as basis for future analyses in
order to identify the possible biomarkers associated with
tobacco consumption and in some way associate them with the
particular risk of each exposed person.
4. Conclusions

As we can see in our results, AFM and Raman spectroscopy are
very good techniques that require little sample preparation for
the analysis. We present the changes in RBC membrane as
diminishing RBC diameter and increasing formation of nano-
vesicles, and RBC fragility. These results conrm previous
evidence of structural damage in RBC induced by smoke ciga-
rette analysed by AFM. Additionally, and for the rst time, we
report the changes in Raman spectra prole of blood plasma
and Hb RBC, which can be associated with composition and
structural changes in blood plasma compounds and haemo-
globin of young healthy smokers. The chemical changes were
found specically on peaks 1135 cm�1, 1156 cm�1, 1452 cm�1

and relation of peak 1195 cm�1 and 1210 cm�1 of blood plasma
and by change of peaks 1338 cm�1, 1357 cm�1, 1549 cm�1 and
1605 cm�1 associated to pyrrole ring of Hb and allows differ-
entiate between non-smokers and moderate smokers cigarette
exposure by Raman spectroscopy. This imply that both tech-
niques can be used to monitoring early damage in red blood
cells induced by tobacco smoke at moderate exposure in
asymptomatic volunteers using suitable parameters as biolog-
ical markers.
This journal is © The Royal Society of Chemistry 2020
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