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In a large-scale radiological catastrophe, it is expected that hundreds and thousands of people could be
exposed to radiation. A rapid method is required for triage of casualties to determine proper medical
treatment. In this article, mice were exposed to different radiation doses and sera of mice were
investigated by surface-enhanced Raman spectroscopy (SERS) and orthogonal projections to latent
structure discriminant analysis (OPLS-DA) after total body irradiation (TBI). The results of the present
study indicated that differences have widened over time. The different radiation groups showed a slight
overlap at 24 h and 72 h but were completely distinct at the 10th day after TBI. The SERS spectrum
between the normal group and the irradiated group showed a significant difference at 24 hours. The
same trend was depicted in scatting score plots. Significant differences in Raman peaks were found,
such as 744 and 1495 cm™* corresponding to riboflavin and 593 and 1204 cm™ corresponding to L-
tryptophan. The lack of riboflavin and L-tryptophan will influence metabolism levels. Above all, these
results bear potential in the development of label-free and rapid tools for on-site detection and

rsc.li/rsc-advances screening of irradiation injuries.

Introduction

During a large-scale radiological event, hundreds of thousands
of individuals may be exposed to radiation and need emergency
treatment, so a rapid biodosimetric method is required for
triage of casualties to determine proper medical treatment.
Classical biodosimetric methods, including chromosomal
dicentrics (ring) or micronuclei, require at least 48 h for
lymphocyte culture and experienced researchers, who must be
trained for long periods for credible results."” Electron para-
magnetic resonance spectroscopy, which detects radiation-
induced radicals in teeth and fingernails, requires large
devices which are difficult to move.? Thus, a more convenient
and rapid method is necessary for triage of casualties in a large
scale radiation event.

Surface-enhanced Raman spectra (SERS) was widely
employed in biological medical research.* Because of its
“fingerprint” characteristic, Raman spectroscopy can provide
information on structure and conformation of macromolecules,
such as proteins, nucleic acids, and lipids. In recent years, label-

“Anhui Medical University, Anhui, 230032, P R China. E-mail: wangzhidong1977@
126.com; sqwang1962@bmi.com; fuhj75@126.com

*Department of Radiation Toxicology and Oncology, Beijing Key Laboratory for
Radiobiology, Beijing Institute of Radiation Medicine, Beijing 100850, P R China
‘Key Laboratory of New Molecular Diagnosis Techniques for Infectious Diseases,
Beijing Institute of Radiation Medicine, Beijing 100850, P R China

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra12238a

This journal is © The Royal Society of Chemistry 2018

free SERS detection was widely used in different serum
studies.*” Patients were separated from normal individuals
using statistical formulas. And variations of components posing
significant effects on diseases®® were also detected by using this
method.

Ag (Au) NPs has been reported as an optimum nanoparticles
material in antibacterial.’® Ag NPs could interact with peptido-
glycan and lipopolysaccharide (LPS) to damage bacterial cell
wall and membrane in various bacterial cell models."* Zheng K.
et al. reported that chemically integrated daptomycin-AgNCs
showed improved bacterial killing efficiency over the physically
mixed daptomycin and Ag nanocluster (Ag NCs)."> Ultra small
Au nanoclusters (Au NCs) could interact with bacteria and
induce metabolic imbalance to kill Gram-positive and Gram-
negative bacteria.” There were also reports on Au NPs/NCs as
promising radiosensitizer for cancer radiotherapy.* Hainfeld J.
F. et al reported that mice bearing subcutaneous EMT-6
mammary carcinomas showed one-year survival of 86% versus
20% with X-rays alone and 0% with gold alone after receiving Au
NPs injection and X-ray therapy.'* Ag (Au) in SERS has been used
in gastric cancer detection based on blood plasma and circu-
lation miRNA detection in human serum.***

Structural changes induced by radiation in cell membranes
have been studied by Raman spectroscopy to illustrate lipid and
protein changes on stretching regions.”” Brain and tissue of
mice irradiated have been studied to identify the biochemical
changes occurring as a result of radiation injury.>® Moreover,
SERS detection method for DNA has been carried out to achieve
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various goals. DNA damage after X-ray have been analyzed using
SERS technique to provide information for radiation-induced
the DNA damage at the molecular level.*

In this paper, SERS was introduced to detect the sera of mice
exposed to different dose y-ray. The results revealed that the
normal, sub lethal, and lethal groups could be separated much
clearly with time. Significant difference in SERS spectrum
between normal group and radiation groups emerged at 24 h.
And same results were depicted in scattering score plots.
Furthermore, significant differences in Raman peaks were
found, such as 744 and 1495 cm ™" corresponding to riboflavin
and 593 and 1204 cm ! corresponding to L-tryptophan. The lack
of them will influence level of metabolism. Results also indi-
cated that SERS detection maybe a useful tool for triage casu-
alties of radiation accidents.

Material and methods

Mice, total body irradiation (TBI) radiation, and serum
collection

C57BL/6] male mice (6-8 weeks old) were obtained from and
bred in the Academy of Military Medical Sciences (Beijing,
China). Mice were irradiated in 0, 2, 5.5, 7, and 8 Gy (or 9 Gy) by

using ®°Co source with a dose rate of 101.90 or 91.11 ¢cGy min ™.
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Eight mice were included in each dose group, with 352 animals
in total. For blood counts, 20 pL blood was obtained from the
tail vein at 6 h and at 1, 3, 7, 11, 15, 20, 25, and 30 days after
radiation. NIHON KOHDEN MEK-722K peripheral blood-cell
analyzer was used for analysis. Mice body weights were
measured at1, 3,7, 11, 15, 20, 25, and 30 days. Mice survival was
observed and recorded. Blood of mice were collected by
removing the eye at different time after radiation and incubated
at room temperature (RT) for 1 h to allow clotting. Blood
samples were then centrifuged at 3000 rpm for 5 min at RT.
Supernatant was collected and re-spun at the above conditions
to remove any remaining cellular contaminants. The resulting
supernatant (serum) was stored in aliquots at —80 °C. The
animal care and handling were performed in accordance with
‘Guide for the Care and Use of Laboratory Animal of AMMS in
China’ and all animal experiments were approved by Animal
Care and Use Committee of Beijing Institute of Radiation
Medicine (Beijing, China).

Preparation of silver colloids and SERS measurement

Silver (Ag) colloids were prepared using a standard citrate
reduction procedure.”* Fig. 1a shows the procedure for SERS-
based diagnosis. The first step is preparation of Ag NPs. The
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(@) Schematic illustration of the procedure for SERS-based diagnosis; (b) transmission electron microscopy (TEM) image of Ag nano-

particles (NPs) of silver colloid; (c) UV/visible absorption spectrum of Ag NPs.
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second step involved mixture of serum and Ag colloid at 1: 2
ratio. Then, 2.5 pL mixtures was dropped onto a silicon wafer
and aired for further measurements.

SERS spectra were recorded using a portable Raman system
B&W Teki-Raman Plus BWS465-785H spectrometer equipped
with a back-illuminated CCD detector cooled at —2 °C. The
spectrum was measured at the range of 550-1750 cm™ ' under
a 785 nm laser excitation with a power 25 mW. And SERS
spectra were obtained through a microscope with a 20x
objective with 10 s integration time. The spectrum of each
sample was obtained from the average of three spectra
measured at random spots.

Statistical analysis

Origing8.5 software was used to generate line charts of animal
models and mean spectrum of each radiation group at 550-
1750 cm™ ' spectral range after background subtraction and
spectral smoothing. SIMCA14.1 software was applied to create
orthogonal projections to latent structure discriminant analysis
(OPLS-DA) score plots using normalized data and goodness of
fit (R*Y) and predictive ability (Q*)**** were obtained. Significant
differences in SERS peaks were analyzed by SIMCA14.1 software
for variable importance plot (VIP), and SPSS 16.0 was used for
analysis of variance (ANOVA).
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Results
Quality of silver (Ag) colloids

Fig. 1b displays results of Ag nanoparticles (NPs) and trans-
mission electron microscopy (TEM) micrograph with 100 nm
bar. The quality of these Ag NPs was shown through the UV
absorption spectrum (Fig. 1¢), with maximum absorption peak
at 415 nm. The quality of Ag NPs in this measurement was
high‘10,26

Mice model of acute radiation injury

To establish mice models induced by radiation, mice were
divided into five groups and exposed to 0, 2, 5.5, 7, or 8 Gy.
Survival, body weight, and blood counts were obtained after
radiation, as shown in Fig. 2. Lymphocytes decreased dramati-
cally at 6 h in all mice exposed to different doses of radiation
compared with the lymphocytes number of 8.8 x 10° L™* of 0 Gy
group mice. And 8 Gy group presented the lowest count at
2.25 x 10° L™". On the first day after TBI, lymphocyte counts of
2, 5.5, 7, and 8 Gy groups decreased to 3.3, 0.6, 0.5, and 0.4 x 10°
L™, respectively. Thirty days after TBI, lymphocyte counts of 2, 5.5,
and 7 Gy groups recovered and reached 3.7,1.7,and 0.6 x 10° L™,
respectively. Lymphocyte count of 8 Gy group decreased to
0.3 x 10° L™ in two days after TBI until all mice died. The data
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Fig. 2 Model of laboratory animal, C57BL/6J, included normal control (n = 8) and total body irradiation (TBI) with four different doses (each
group n = 8). (a) Comparison of survival numbers from 0 day to 30 days; (b) comparison of body weights from 0 day to 30 days; (c) comparison of

lymphocyte counts from 0 day to 30 days.
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Fig.3 Comparison of mean SERS spectra for relative intensities of normal serum (black line, n = 8) versus those under different irradiation doses
and time points. Bars represent color of each curve. Comparison of relative intensities under five irradiation doses at (a) 6 h, (b) 24 h, and (c) 72 h
after TBI. Comparison of relative intensities under three irradiation doses at (d) 7 days and (e) 10 days after TBI.

indicate that sera from mice exposed to 2, 5.5, 7, and 8 Gy can be
used in the following experiments.

SERS detection spectrum for different mice sera with different
irradiation doses

All spectra shown in Fig. 3a-c were measured under the same
instrumentation set-up. Fluorescence background of original

5122 | RSC Adv., 2018, 8, 5119-5126

SERS data was deducted prior to page creation. Fig. 3a-c display
SERS spectra of normal control (0 Gy) versus other dose groups
(2, 5.5, 7 and 8 Gy) at 6, 24, and 72 h, respectively, after TBI. All
of Raman spectra featured similar spectral shapes, whereas
peaks were observed at 593, 638, 725, 744, 767, 810, 886, 1006,
1071, 1134, 1204, 1334, 1408, 1495, 1580, and 1654 cm ..
Different doses groups cannot be distinguished at 6 h after TBI

This journal is © The Royal Society of Chemistry 2018
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Table 1 SERS peak positions and vibrational mode assignments.®27-3°

Peak position Vibrational

(em™) mode Major assignments

593 L-Tryptophan

638 »(C-S) L-Tyrosine, lactose, acetoacetate

725 C-H Adenine, acetyl coenzyme A

744 Riboflavin

767 Thymine

810 L-Serine

886 4(C-0O-H) p-(C)-galactosamine, glutathione

955 ¥(C-C) a-Helix, proline

1006 v4(C-C) t-Phenylalanine, t-tryptophan,
acetoacetate

1071 B-p-glucose, lactose

1134 »(C-N) L-Arginine, p-mannose

1204 L-Tryptophan

1334 v(C-H) Nucleic acid bases

1408 t-Histidine, r-alanine, coenzyme A

1495-1500 Glycine, riboflavin

1580 4(C=C) Acetoacetate

1654 ¥(C=0) a-Helix, collagen, triolein

View Article Online
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in Fig. 3a. Normal group and 8 Gy group were distinctly sepa-
rated to other doses (2, 5.5 and 7 Gy) groups, respectively, at 24 h
in Fig. 3b. And the doses groups of 2, 5.5 and 7 Gy cannot be
distinguished to each other at 24 h. Normal group, 2 Gy and 5.5
Gy dose group was distinguished to half lethal (7 Gy) and lethal
groups (8 Gy), respectively, at 72 h in Fig. 3c. But the half lethal
(7 Gy) and lethal groups (8 Gy) cannot be separated clearly in
SERS spectrum at 72 h. Thus, other experiments were necessary
to determine time points for recognizing half lethal and lethal
doses. Another model was divided into the normal control, half
lethal and lethal group and exposed to 0, 7, and 9 Gy, respec-
tively. As shown in ESI Fig. S1,} results for body weight and
survival were similar to previous findings. Fig. 3d and e are SERS
spectra of mice sera collected at days 7 and 10 after TBI. Fig. 3d
revealed that higher dose presented lower intensity, whereas
Fig. 3e showed more distinction on differences. And the results
of SERS spectrums indicated that different doses of radiation
were distinguished more clearly by the Raman spectrum with
increasing time.
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Fig. 4 Scatter plots for OPLS-DA scores of mice irradiated under different doses after normalizing at different time points. Scatter plots for OPLS-DA
scores of different radiation doses at (a) 6 h (R?Y = 0.225; Q% = 0.111), (b) 24 h (R?Y = 0.473, Q%> = 0.302), and (c) 72 h (R?Y = 0.602; Q2 = 0.258); scatter
plots for OPLS-DA scores for different radiation doses at (d) 7th days (R?Y = 0.624, Q% = 0.413) and (e) 10th days (R*Y = 0.844, Q° = 0.644).
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Peaks were labeled in Fig. 3a and b. Table 1 shows SERS peak
positions and vibrational mode assignments. Analysis of VIP
and SPSS ANOVA were used to determine significant difference
in SERS peaks in different exposure dose groups. In metabo-
nomics, VIPs > 1 possibly represent between-group variance of
metabolin. Significant differences in peaks were defined by
SPSS ANOVA. Given these results, peaks at 593, 744, 767, 810,
886, 955, 1006, 1071, 1134, 1204, 1334, 1408, and 1495 cm ™"
showed significant differences (P < 0.05).

OPLS-DA score plot for different irradiation doses in mice

OPLS-DA serves as good strategy for distinguishing and
discerning individual differences, whereas score plots can
intuitively reflect effects of classification. OPLS-DA could be
applied to obtain better discrimination among normal control
group (0 Gy) and other radiation dose groups (2, 5.5, 7, 8 or 9 Gy)
with increasing time (6, 24, and 72 h and 7 and 10 days), as
indicated in Fig. 4. As shown in Fig. 4a, at 6 h, all groups
overlapped with one another and yielded R*Y = 0.225; Q*> =
0.111. Fig. 4b (24 h) and 4c (72 h) showed that the normal
control group (0 Gy) was completely divided from radiation
groups (2, 5.5, 7, and 8 Gy). Fig. 4b and c presented R*Y = 0.473
and Q* = 0.302; R*Y = 0.602 and Q* = 0.258, respectively, at
indicated times. As shown in Fig. 4b, at 24 h, each group was
preliminarily concentrated and different radiation dose groups
started separating.

Different irradiation dose groups showed better central
tendency, as shown in Fig. 4c (72 h). As depicted in Fig. 4d, 7th
day, 7 and 9 Gy groups still presented a slight overlap but
separated more, yielding values of R’Y = 0.624 and Q” = 0.413.
Separation was more remarkable at the 10th day. Fig. 4e (10th
days) showed complete difference between half lethal (7 Gy) and
lethal (9 Gy) groups, whereas it yielded R*Y = 0.844 and Q> =
0.644. As presented in Fig. 4a—e, after TBI, half lethal and lethal
groups separated more clearly as time progressed. Dispersion
degrees of each spot accord with results in Fig. 3. These findings
show much clear distinction among different irradiated groups
with increasing time and radiation dose.

Discussion

Radiation/nuclear accidents, such as nuclear leakage events in
Chernobyl and Fukushima threatened hundreds of thousands
of people. Existing radiation biodosimeter has disadvantages,
such as time consumption and professional limitations, and
cannot rapidly detect huge numbers of exposed population. It is
necessary to develop rapid and effective biodosimetric methods
for estimating unexpected and accidental
radiation.*

Radiation causes serious and potentially lethal lesions of
nuclear DNA,** potential anomalies in mitochondrial
membrane, DNA damage in mitochondria,® and changes in
enzyme activity. Damage in mitochondria particularly leads to
oxidation and reduction imbalance.*® Radiation also generates
multiple variations, such as reactive oxygen, cytokines, and
intercellular communication.** Finally, all submicroscopic

exposure to

33
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changes lead to metabolic disorders and nutrient scarcity in
organisms.*® In this experiment, all mice featured bone marrow
type of ARS.

Fig. 2a-c and S1a and bt showed all mice models after TBI.
The models had differences at lethal dose level. Fig. S1a and b,}
the later model, featured high dose of 9 Gy, whereas lethal dose
for the previous one measured 8 Gy because of declining rate of
®Co vy source. Fig. 2c revealed injury in mice hematopoietic
system based on lymphocyte counts. Lymphocyte is one of the
most radiation-sensitive cells. Sensitive cells include hemato-
poietic, germ (especially spermatogenic and follicular cells),
intestinal nest cells (especially those of small intestine), and
lymphocytes.** Compared with other radiation-sensitive cells,
lymphocytes in peripheral blood are collected and detected
much easily than the others. Thus, lymphocyte counts were
used to estimate injury after radiation exposure.

Raman shift of SERS peaks of serum reflected vibration of
various biomolecules, such as amino acid, lipids, and nucleic
acids.” Variations of the molecular in serum reveal that
metabolism of immune, biochemistry, signal communication
and nutriment have been changed.’” Table 1 lists tentative
assignments for the observed SERS bands according to litera-
ture.>*”*° Spectra indicated that SERS intensity decreased with
increasing time and stimulated radiation dose. According to the
Raman peaks shown in Table 1, riboflavin, carbohydrates,
amino acids, and nucleic acids in sera declined after TBI.
Radiation will cause redox and energy metabolism disorder in
cell to impact the organism.** SERS peaks at 744 and 1495 cm ™"
correspond to riboflavin, which participates in oxidation and
energy metabolism in organisms. This observation is related to
metabolism of carbohydrates, proteins, nucleic acids, and
lipids. Lack of riboflavin may cause metabolic disorders.****
SERS peak at 1071 cm ' corresponds to glucose, lactose, and
fructose.*® These sugars are closely related to energy metabo-
lism, and their reduction indicated lack of nutrition in body of
mice. SERS peaks at 593 and 1204 cm ™" correspond to L-tryp-
tophan, whereas that at 1495 em™" corresponds to glycine. Lack
of tryptophan leads to weight loss, growth retardation, and
reduction of fat accumulation.” Both glycine and tryptophan
are related to the immune system. Deficiencies in these amino
acids result in decline in humoral immunity. Compared with
mice models in Fig. 2, results of SERS detection agree with
weight loss, sharp decline in lymphocytes, and reduced
immune ability after TBI.

Multivariate statistical analysis method which combined
with SERS spectral data analysis is used much frequently in
detection of cancer serum, environmental microorganisms, and
viruses.***** OPLS-DA obtains principal components by trans-
formation of independent and dependent variables to generate
score plots.>** Fig. 4 shows goodness of fit (R*Y) and predictive
ability (Q®) at different time points. R*Y and Q” all increased at
considered time ranges.** Results indicated enhanced predic-
tive ability and recognition effect of OPLS-DA classification after
TBI.

Total body irradiation impacts the whole body organ and
system, and damages serum nucleic acids and proteins. Score
plots in Fig. 4 display better separation between normal control

n
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and radiation groups; especially under severe radiation at 24 h
and 72 h. And the results indicated that exposed mice can be
easily distinguished from the normal population at 24 h, and
different irradiated groups were preliminarily recognized before
72 h. When normal control was considered in classification,
complete separation of half lethal and lethal groups was
recognized 10 days after TBI. Thus, SERS detection technology
is an appropriate rapid method for screening exposure at early
time periods. OPLS-DA results revealed potential of label-free
SERS detection technology for rapid diagnosis of radiation
injury. With increasing time and dosage, detection and diag-
nostic abilities were enhanced.

Our study suggested that normal group was separated from
radiation groups at 24 h. Furthermore, we applied label-free
SERS detection technology combined with OPLS-DA multivar-
iate statistical analysis method to screening for different expo-
sure doses of mice sera. Our findings also demonstrate that
SERS bears potential as a technique for label-free, non-invasive
detection, and diagnosis of radiation. All results provide
possibility for development of a rapid and on-site detection
technology.

Conclusion

In recent years, many studies focused on rapid diagnosis of
diseases, such as cancer, for early detection and treatment. ARS
is an event requiring rapid diagnosis and treatment. A rapid on-
site detection technology for ARS will distinguish high- or non-
exposed individuals and subject them to appropriate treat-
ments, thus saving people's lives.

This paper applied label-free SERS detection technology
combined with OPLS-DA multivariate statistical analysis
method to realize rapid on-site detection and screening for
different exposure doses of mice sera. At 24 h after TBI,
concentrated tendency in each dose group and separated
between groups started to emerge. Separation effect became
more prominent and improved with increasing time between
different irradiated groups.

This detection method features fast speed, obtaining results
30 min after sample preparation. Thus, this method may be
effective for on-site screening in large-scale radiological events.
In conclusion, for the first time, this study reveals that SERS
bears potential as a label-free, non-invasive detection and
diagnosis technique for radiation biodosimeter.
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