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Abstract Confocal micro-Raman spectroscopy is
employed to monitor the damage to haemoglobin from
mid-ultraviolet (UVB) radiation. We obtained the Raman
spectra of an erythrocyte, which indicated that a peroxi-
dation reaction occurs after UVB radiation. Further, the
surface enhanced Raman scattering (SERS) spectra of iso-
lated haemoglobin show that the intensities of the 1375 and
1399 cm™! bands, which are markers of haem aggregation,
obviously increase with prolonged UVB irradiation. This
increase reveals that haem aggregation occurs in the peroxi-
dation of erythrocytes. The UV—Vis spectra of isolated hae-
moglobin indicate that the Soret band, which is indicative of
excitonic interactions in the aggregated haems, has a redshift
(~12 nm) after 30 min of UVB irradiation of erythrocytes.
It can be deduced that an excitonic interaction occurs in the
aggregated haems, which is caused by haemoglobin dena-
turation following UVB irradiation. In addition, the changes
of the Raman marker bands during aggregation primarily
originate from excitonic interactions. Throughout the pro-
cess, a higher UVB radiation dose causes greater damage
to haemoglobin.
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1 Introduction

The ultraviolet (UV) region of solar radiation is a critical
factor in the initiation and development of several tissue and
blood diseases [1]. UV radiation damages not only the skin
that is directly exposed to the sunlight but also “non-skin”
tissues. With the depletion of ozone in recent years, more
and more ultraviolet radiation has reached the ground. Early
reports have indicated that, after UVB exposure, the concen-
trations of reactive oxygen species (ROS) (free radicals that
contained the oxygen atom) and hydrogen peroxide (H,0,)
could increase dramatically within cells, which would signif-
icantly affect cell structures [2]. More recently, the damage
from UV irradiation of platelets [3], lymphocytes [4] and
erythrocytes [5] has been studied. However, none of these
studies investigated the damage done to haemoglobin, which
is very important to erythrocytes. Erythrocyte plays a crucial
role in the human body due to its ability to transport oxygen
and carbon dioxide to different tissues. To perform such an
important function, its intracellular haemoglobin should be
properly oxygenated [6]. An important question that can be
addressed is whether the haemoglobin experiences structural
changes in the oxidative stresses of erythrocytes when they
are subject to excessive UVB radiation.

Raman spectroscopy, an ideal tool for detecting the haem
groups within single cell, has been used extensively to moni-
tor the molecular dynamics of the conformational changes
in haemoglobins. In contrast with other technologies [7-9],
this investigative tool is non-destructive and free from water
interference, providing molecular structure information for
in vivo studies [10]. Reports have demonstrated the sensitiv-
ity of this technique in the detection of haem perturbations
resulting from Fe displacements on the porphyrin plane
[11, 12]. Further, Bayden R. Wood and Larissa Hammer
found that the exposure of erythrocytes to high temperatures
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(>42 °C) or a prolonged laser treatment would result in a
general increase in the signal-to-noise ratio as well as an
enhancement of several bands [13]. In another study, the
spectra of erythrocytes orientated either horizontally or
vertically with respect to the plane of the Petri dish were
recorded using both parallel and perpendicularly scattered
light [14]. Moreover, surface enhanced Raman scattering
(SERS), an effective method used to increase the Raman
cross section of the small aromatic molecules, has also been
used to detect isolated haemoglobins and get optimized
measurements [15-17].

In this study, in order to investigate the damage to hae-
moglobin from UVB radiation, we built an oxidative stress
erythrocytes model forced by UVB radiation. Confocal
micro-Raman spectroscopy is employed to obtain the spectra
of the erythrocytes. Then, in order to eliminate the impact of
the erythrocytic membrane and directly investigate the dam-
age done by UVB irradiation of haemoglobin, SERS is per-
formed to find the spectra of the isolated haemoglobin solu-
tion, which is extracted from the corresponding irradiated
erythrocyte specimens. We hypothesise that an excitonic
interaction occurs in the aggregated haem, which is caused
by haemoglobin denaturation after UVB radiation; UV-Vis
spectroscopy is then employed to verify this hypothesis.

2 Materials and methods
2.1 Sample preparation

Fresh blood (5 mL) is obtained by venepuncture of healthy
adults and is placed in glass tubes, which contain acid cit-
rate dextrose, which serves as an anticoagulant. The blood
is centrifuged (at 3000 rpm, 5 min, 4 °C) to produce a buffy
coat. Then, the erythrocytes are found at the bottom of the
tube and are washed with an isotonic phosphate-buffered
saline (PBS) three times.

The erythrocytes are placed in a culture dish with a 3 cm
diameter. The thickness of the erythrocyte specimens in
the culture dish is approximately 2 mm, and the distance
between the UVB lamp and specimen is adjusted to 16.3 cm,
at which distance the UVB radiation dose rate is 8.27 x 10~*
W cm™2. The UVB lamp in this study was purchased from
the PHILIPS Company and was a PL-S 9 W/12 type lamp
with a voltage of 60 V. Different radiation dose rates are
obtained by adjusting the distance between the specimen
and UVB lamp or by prolonging the exposure time. The
specimens are irradiated for 10, 20 and 30 min to make
sure the UVB radiation doses reach 0.4962, 0.9924 and
1.4886 J cm™2, respectively. In the process of irradiating
human skin, approximately 90% of the UVB light was
absorbed by the skin, while 10% penetrated the skin and
affected the erythrocytes into the subcutaneous tissue. In
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southern China, the average UVB radiation dose in the sum-
mer is approximately 11.484 J cm™2 from an exposure to
sunlight of 1-2 h [18, 19]; as such, the UVB radiation dose
in this study is selected as described above. The irradiated
erythrocytes are divided into two groups: one is used for
Raman detection, and the other is used for extracting the
isolated haemoglobin.

The isolated haemoglobin in this study is prepared by
adding the irradiated erythrocytes into double distilled water
for a volume ratio of 1:1; the haemolytic erythrocytes are
then centrifuged for 30 min (3000 rpm, 4 °C), which brings
isolated haemoglobin to the top of the tube for SERS detect-
ing. For all the experiments mentioned above, we obtained
the approval of an ethics committee.

AgNPs are synthesized for SERS detection based on
a previously published method [20]. In short, 0.53 mL of
0.1 M AgNO; is added to double distilled water (50 mL) at
45 °C and is heated rapidly until it boils. Then, 1 mL of 1%
sodium citrate dihydrate is injected while vigorously stir-
ring, and the resulting solution is held at boiling for 45 min.

2.2 Spectroscopy measurements and data
pre-processing

The Raman spectra in this study are recorded using a Ren-
ishaw system (inVia, New Mills, UK) with a spectrum reso-
lution of 1 cm™!; this system is equipped with a 514.5 nm
laser. The iron porphyrins in the haemoglobin have strong
electronic transitions; using the aforementioned laser as the
excitation source allowed a selective probing, which could
avoid interference from other substances in the haemoglobin
[21]. The spectra are collected in a back-scattered geom-
etry using a Leica DM2500 microscope, which was pro-
duced in Germany. The laser beam is focused on the sample
surface (~0.15 mW) with a 50 X objective (NA = 0.75).
Each spectrum is collected with at a 3 s exposure time and
using 5 accumulations, with a recording range from 500 to
1800 cm™!. To conduct the statistical analysis, five spectra
are recorded at random in each erythrocyte. The peak fre-
quencies are calibrated with silicon at 520 cm~! [22]. All the
data are collected under the same conditions.

The SERS spectra of the isolated haemoglobin are also
collected with the same system mentioned above but with
a 20 x objective (NA = 0.4). Before SERS scanning, each
extracted isolated haemoglobin specimen is incubated with
AgNPs for approximately 1 h to ensure an efficient adsorp-
tion. The volume ratio of [AgNPs]:[Hb] is 2:3. After incu-
bating, the haemoglobin is placed in a glass capillary tube
for the SERS experiment. The measurement parameters for
the SERS are identical to the Raman spectra of erythrocytes.

To gain further information about the changes of the
haemoglobin conformation, UV—-Vis spectroscopy (Nan-
oDrop, ND-1000) is also performed to detect the excitonic
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interactions of the isolated haemoglobin within the range of
500-700 nm.

The Raman and SERS spectra are baseline corrected
using the software R 2.8.1, which is provided by Renishaw,
and are smoothed, normalized and averaged using Origin
Pro 8.0 (OriginLab Corporation, Northampton, MA, USA).
The UV-Vis Spectra are baseline adjusted and vector nor-
malized by ND-1000 spectroscopic software, which is pro-
vided by NanoDrop.

3 Results
3.1 Raman spectra of living erythrocytes

The erythrocytes are placed in a culture dish with a thick-
ness of 2 mm for the Raman detection experiments. Fig-
ure 1 shows the averaged spectrum of the control and
irradiated erythrocytes, along with the calculated stand-
ard deviation (SD) spectrum for the Raman peaks. Raman
peak at 676 cm™! (v;) is used to normalize all the Raman

spectra because its intensity remains the same in both
oxygenated and deoxygenated states in living cells. The
precise Raman bands identified based on the control eryth-
rocytes are shown in Table 1 [23, 24].

Compared with those of the controlled erythrocytes,
the spectra of the irradiated erythrocytes are significantly
different. The Raman bands that were enhanced after
irradiation include those at 1223, 1586 and 1639 cm™',
which are indicative of oxygenated erythrocytes, while
the bands at 1210 and 1605 cm™', which are indicative
of deoxygenated erythrocytes, tended to decrease [21].
The bands at 1586, 1605 and 1639 cm™' are associated
with the C-C vibrations in the porphyrin skeleton; the
bands at 1210 and 1223 cm™' are associated with meth-
ane deformation modes. For erythrocytes, the dramatical
enhancements of the 1639, 1586 and 1223 cm™~! bands are
indicative of the appearance of oxygenated erythrocytes.
The 1639 cm™! band, which belongs to v,,, is especially
linked to the O, concentration marker in erythrocytes. In
addition, the decreasing trends of the Raman peaks at 1210
and 1605 cm™! are related to the decrease in deoxygenated
erythrocytes [21, 23, 24].
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Fig. 1 Raman spectra of the control and irradiated erythrocytes

@ Springer



237 Page4 of 7

Y. Y. Huang et al.

Table 1 Precise identification of Raman bands in living erythrocytes

Raman band Mode Local coordinate Symmetry
676 vy 8(pyr deform),, Ay,

756 Vis v(pyr breathing) By,

1003 Phenylanaline

1125 Vo v(pyr half-ring),¢r, Ay,

1172 V30 v(pyr half-ring),i ., By

1210 Vs + Vg 8(C,H) B, or E,
1303 Vai B5ym(CrH) Ay,

1358 Vy v(pyr half-ring),,, Ay,

1377 Vy v(pyr half-ring),,,, Ay,

1398 Vo v(pyr quater-ring) Ay,

1429 Vog V(CoCrsym By,

1545 Vit v(CeCp) By,
1586 V37 V(CoCriasym E,

1605 Vig V(CoCrasym Ay,

1639 Vio V(CoCriasym By,

v Stretching vibration, & in-plane deformation, y out-of-plane defor-
mation, sym symmetric, asym asymmetric, pyr pyrrole, deform defor-
mation

3.2 SERS spectra of isolated haemoglobin

To eliminate the impact of the erythrocyte membrane and
directly investigate the UVB radiation damage to the hae-
moglobin, the isolated haemoglobin was extracted from the
corresponding irradiated erythrocytes specimens for high-
quality SERS detecting. The SERS spectra of the control
haemoglobin (CH) and irradiated haemoglobin (RH) are
shown in Fig. 2, which indicates an extreme ordering of
the haems within the cells. Figure 2 shows that there is an
obvious enhancement of the Raman bands at 1375 (v,), 1586

Intensity (a.u.)

1500 1600
Raman Shift (cm'l)

1200 1800

Fig. 2 SERS spectra of the control and irradiated haemoglobins
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(v37) and 1639 cm™! (v,o) after UVB irradiation. However,
the bands at 1358(v,), 1538 (v;;) and 1604 cm™! (vo) are
diminished with a prolonged radiation time. Meanwhile,
there is a slight blueshift (~2 nm) in the RH spectra. It is
important to note that the bands at 1538 and 1604 cm™! are
enhanced in deoxygenated haemoglobin, while the bands at
1586 and 1639 cm™' are increased in oxygenated haemo-
globin; these results are consistent with the previous stud-
ies [25]. However, the band at 1358 cm™!, which remains
the same in the living cells in the previous reports [21], is
dramatically reduced in our experiment. In addition to the
obvious changes in these peaks, the Raman spectra intensity
at 1399 cm™! has also slightly increased.

4 Discussion

Raman and SERS provide precise “finger” spectra of the
erythrocytes after UV radiation. In this section, we analyse
the peroxidation reaction of the erythrocytes caused by UV
radiation, quantitatively depict the aggregation state of the
haem, and then discuss the reasons for these changes.

First, 1,439 is a marker of oxy-erythrocyte and the increase
in the intensity of this peak indicates a higher amount of
oxygenated erythrocytes. Meanwhile, 7,45 is regarded as
a marker of deoxygenated erythrocyte [13, 21]. I,439/1605
is used for the quantitative analysis of the relative Raman
intensity ratio between the controlled and irradiated erythro-
cytes, and the result is shown in Fig. 3. After 30 min of UVB
radiation, the band at 1605 cm™!, which is a deoxygenation
marker, disappeared. With prolonged UVB radiation expo-
sure time, the ratio of I,43¢/1,¢05 1s dramatically enhanced,
which indicates that the erythrocytes have a peroxidation
reaction after UVB irradiation and a higher UVB radiation
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Fig. 3 Quantitative analysis of the intensity ratio (/,g39/l;495) Of
erythrocytes
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Fig. 4 Quantitative analysis of a Raman band (1399 em™") of hae-
moglobin

dose causes a higher peroxidation level in erythrocytes. It
also suggests that our radiation model was successful.

Second, we quantitatively depicted the aggregation state
of the haem. The intensity change of the Raman band at
1399 cm™! (v,), which is one of the markers of haem aggre-
gation, is shown in Fig. 4. In addition, as noted before, the
other haem aggregation marker band, at 1375 cm™", is obvi-
ously enhanced. We hypothesize that the enhancement of
these two bands in the RH spectra results from the strong
excitonic interactions in the aggregated haem moieties [13,
21], which are the result of haemoglobin denaturation after
UVB irradiation. We also suggest that the bands at 1375
and 1399 cm™! are markers of haem aggregation with pro-
longed UVB radiation exposure time. To test this hypoth-
esis, UV—Vis spectroscopic analysis is performed on the CH
and RH (30 min). Both the CH and RH UV-Vis spectra are
shown in Fig. 5. The spectral changes in this figure tell us
there is a redshift (~12 nm) of the Soret band (510-580 nm)
in the RH spectrum. Such a shift had been considered as
indicative of the excitonic interactions resulting from por-
phyrin aggregation, as has been interpreted in previous stud-
ies [21, 26].

We know that haemoglobin catalyses a variety of
vital redox reactions in biological systems. This reaction
largely depends on the iron centre, which can take on a
variety of oxidation and spin states [27]. The structure
of haemoglobin consists of a porphyrin macrocycle with
an extended & conjugation. This porphyrin is surrounded
by an iron atom, which is connected with four nitrogen
atoms. In a deoxygenated state, the ferrous ion combines
with a H,O molecule below the porphyrin plane. How-
ever, in an oxygenated state, O, replaces the H,O mol-
ecule, and the ferrous ion transforms to ferric ion. In this

ABS

400 500 600
Wavelength (nm)

Fig. 5 UV-Vis spectra of control and irradiated haemoglobins

study, the Raman spectra of a single erythrocyte clearly
present the transition from a deoxygenated to oxygenated
state [28]. Figure 3 suggests that a peroxidation reaction
occurs in erythrocytes after UVB irradiation. ROS, H,0,
and hydroxyl radicals are produced during the peroxida-
tion process. These oxidization products will attack the
haemoglobin bonds; as a result, a denaturation reaction
occurs in the haemoglobin. The intermolecular distances
between the haem groups dramatically decrease because
of the denatured haemoglobin, which facilitates energy
migration in the form of electron transitions through the
porphyrin network [13]. Previous studies have demon-
strated that the aggregation of molecules enhances Raman
scattering [29, 30]. We deduce that the enhancement of the
1375 and 1399 cm™' bands, which are the haem aggrega-
tion markers, is primarily derived from the excitonic inter-
actions in the haem groups. The band at 1358 cm™! (v,),
which decreased, also confirms the electronic transition
theory. The Raman intensity at v, is correlated with the
number of electrons on the ©* orbitals, which lie within
the porphyrin ring. This is supported by the Weiss model
[31]. In the process of an interaction between an oxygen
molecule and ferrous ion, the former binds to a deoxygen-
ated haemoglobin and is converted to superoxide (O,7)
[32]. The latter loses an electron and is converted to a low
spin ferric ion. As to the theory of electron transition, our
results could depict that the & orbital ferrous ion, which
lies within the porphyrin ring, radiates electrons in a back-
scattered geometry, and the number of electrons in the n*
orbital increases, which caused changes at the 1358 cm™!
peak [25].
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5 Conclusions

In this study, Micro-Raman spectroscopy provides a highly
sensitive way to characterize the changes of erythrocytes
and haemoglobin after UVB irradiation. Our results confirm
that (I) a peroxidation reaction occurs in erythrocytes after
UVB irradiation, which is marked by the increased Raman
bands at 1639, 1586 and 1223 cm™'; (II) more and more
high oxidation products are produced with the prolonging
of the UVB irradiation time; haemoglobin is attacked and
deformed by these products and as a result of haem aggre-
gation, which can be indicated by the 1375 and 1399 cm™!
Raman bands. Meanwhile, a n—r* electron transition occurs
during the process of haem aggregation, which causes a
decrease of the 1358 cm™! band. Finally, (IIT) during the
whole process, increased UVB radiation doses cause greater
damage to erythrocytes and haemoglobin. This experiment
may be useful to help understand the basic mechanisms of
haemoglobin alterations at a molecular level.
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