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Ultra-weak photon emission (UPE) has attracted significant scientific attention for its potential to monitor the
physiological and pathological characteristics of living systems. In this study, we investigated the strength of
spontaneous photon emission (SPE) from the right (R) and left (L) side of body surface of human breast
cancer-bearing nude mice models, considering the entire breast cancer growth process, and healthy controls
using a photon detector. And then we calculated the ratio of the average SPE strength (ratio (R/L)) between
the right and left side of each mouse. Cluster analysis was used to evaluate the accuracy rates of strength-R,
strength-L, ratio (R/L) and their combination to identify tumor mice from the controls. Our results revealed
that the discriminating powers of different parameters were different in different growth stages of tumor: in
tumor incubation period, the accuracy rates of strength-R, strength-L, ratio (R/L) and their combination to iden-
tify tumor mice from control mice were 63.6%, 40.9%, 81.8% and 86.4%, respectively; For nude mice with tumor
diameter b0.5 cm, the accuracies were 72.7%, 45.5%, 86.4% and 90.9%; and for nude mice with tumor diameters
larger than 1.5 cm, the accuracies were 86.4%, 77.3%, 95.5% and 100%, respectively. These results indicated that
the SPE from the body surface of the lesion site could significantly distinguish tumor mice from the controls
when tumors were obvious or when there were no obvious morphological changes, although the accuracy was
relatively low. The results suggest that SPE, as a sensitive and promising optical method, may contribute to the
preliminary screening of breast cancer, especially for early diagnosis, and it may play a critical role in curtailing
the effects of breast cancer and improving the survival of patients in the future.

© 2016 Published by Elsevier B.V.
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1. Introduction

All living things spontaneously emit ultra-weak photon emission
(UPE), often called biophotons, mainly in the visible region [1]. Sponta-
neous ultra-weak photon emission (SPE) is an intrinsic attribute of bio-
logical systems originating from the relaxation of electronically excited
species formed in biological systems during normal or abnormal oxida-
tive metabolic processes [2,3]. Oxidative metabolic processes are the
fundamental chemical reactions that sustain life in biological systems,
and small changes in living organisms cause changes in metabolism,
leading to changes in SPE. Therefore, SPE has many unusual features.
It can reflect the overall physiological and pathological conditions of liv-
ing organisms. As a result, the measurement of SPE as a novel and non-
invasive method has attracted considerable attention in monitoring the

state of living organism and has been used in many fields, such as agri-
culture [4,5], detection of food quality [6], evaluation of medicinal prop-
erties of herbs [7], assessment of cancer cells or tissues [8–11] and some
other health problems [12–16].

Breast cancer is the most common type of cancer in women world-
wide and presents the greatest health care challenge in today's world.
Despite the vast knowledge of the disease, its incidence has never
shown a declining trend. If it can be detected and diagnosed in a nearly
stage, breast cancer is one of the most treatable forms of cancer. Thus,
early detection and diagnosis is the best way to curtail the effects of
this disease and to improve patient survival. Currently, the imaging
methods under development for the early diagnosis of breast cancer in-
clude ultrasound, X-ray mammography and magnetic resonance imag-
ing. Although the three techniques can provide high spatial resolution,
relatively little information about the molecular-level changes of the
breast tissue is provided [17–19]. In addition, it is difficult to detect ab-
normal lesions beforemorphological characteristics are obvious. For ex-
ample, according to the National Cancer Institute, up to 10% of all breast
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cancers, approximately 20,000 cases per year in the United States, fail to
be discovered by X-ray mammography [20]. Additionally, X-ray mam-
mography uses ionizing radiation, which has a killing effect on normal
somatic cells. Therefore, X-ray mammography should not be used in
early medical screening for normal people b35 years old, and X-
raymammography should not be performed N1 time per year. Accord-
ingly, it is of great significance to develop a novel detection method as
an aid and supplementary diagnostic tool for preliminary screening
that is not only non-invasive but also is of sufficient sensitivity and pro-
vides somemetabolism information about the physiological and patho-
logical conditions of the breast tissue. It is in this setting of the
diagnostic dilemma of breast diseases that SPE may have potential.

There are many reports on the relationship between biophoton
emission and human cancer. For example, by measuring SPE during
human carcinoma cell culture proliferation, Motohiro Takeda et al.
found that the intensity of SPEmainly depended on the cell population,
and they suggested that SPE had a potential role in cancer diagnosis
[21]. Hwan-Wook Kim et al. measured biophoton emission from
human cancerous lung tissue and adjacent normal lung tissue and
found that biophoton emission could be used to differentiate the
tumor from adjacent normal tissue and also showed a salient difference
between squamous cell carcinoma and adenocarcinoma [9]. Serum
samples were successfully used by Chen et al. to distinguish patients
with acute lymphoblastic leukemia from healthy volunteers [12]. In ad-
dition, a comparison was performed by Jungdae Kim et al. in 2006 be-
tween the intensities of biophoton emission from tumor-bearing mice
transplanted with ovarian cancer cells and control mice, and the differ-
ence was significant [22]. These studies demonstrated that the mea-
surement of SPE could be considered as a novel and promising optical
method for the diagnosis of cancer.

However, most studies focused on tumor cells, tissues or sera and
few studies investigated the changes in biophoton emission from the
surface of subjects with cancer compared to healthy subjects. In addi-
tion, there are no reports on the characteristics of biophoton emission
from the body surface of abnormal lesions beforemorphological charac-
teristics were obvious. Therefore, we conducted research based on pre-
vious reports to investigate on the characteristics of SPE from the body

of a human breast cancer-bearing nude mouse model, considering the
overall growth process (from transplantation into nude mice to growth
into a large tumor) of breast cancer using a sensitive photomultiplier
tube (PMT). By comparing and analyzing the data, an interesting and
meaningful result was found: SPE not only was used to distinguish
tumor mice from the health ones but also could be used to predict the
occurrence of tumors, even without an obvious morphological change.
These results indicated that SPE measurement may play a critical role
in preliminary breast cancer screening or at least be a novel, non-
invasive, supplementary method for the early diagnosis.

2. Materials and Methods

2.1. SPE-Detection System

The schematic representation of the SPE-detection system used in
our study is shown in Fig. 1. The main components of this system in-
clude a PMT, PMT housing for cooling, high voltage power supply, shut-
ter system, photon-counting unit, sample stage, moveable frame,
control box and a computerwith photon-counting software. The control
box and computer are placed in the operation room to facilitate tester
operation, and the remaining parts of the system are placed in a special
darkroom to ensure magnetic and light shielding. As the core compo-
nent of the detection system, the PMT (ET Enterprises, Britain,
9235QA) is installed on a moveable frame. In this way we can conve-
niently adjust the detection position of the nude mice and ensure the
distance between the detection site and the PMT window is the same
for all measurements. A shutter system is placed in front of the PMT to
eliminate the disturbance of external light.

SPE from the nude mice was detected by the highly sensitive and
low-noise PMT in single-photon-counting mode with a spectral re-
sponse ranging from 290 nm to 630 nm. The photons were processed
by the photon-counting unit and fed into the computer with photon-
counting software. To increase the sensitivity and decrease the dark cur-
rent, the PMTwas cooled to−23 °C using FACT50 PMT cooling housing
(ET Enterprises, Britain). A sample holderwas placed in the darkroom to

Fig. 1. The schematic representation of the biophoton detection system used in this study.

233X. Zhao et al. / Journal of Photochemistry & Photobiology, B: Biology 166 (2017) 232–238



position the mice. During the measurement period, the temperature in
the darkroom was controlled to 25 ± 1 °C.

2.2. Cell Culture

Human breast cancer cell lineMDA-MB-231was purchased from the
cell bank of Shanghai Institute of Cell Biology, Chinese Academy of Sci-
ences and was maintained in DMEM supplemented with 10% FBS, 1%
penicillin (100 U/mL)/streptomycin (100 μg/mL). Cells were incubated
at 37 °C in a humidified atmosphere of 5% CO2 in air as amonolayer cul-
ture in plastic culture plates (100 mm diameter) and routinely
subcultured when 80% confluence was reached.

2.3. Athymic Nude Mice

Fifty healthy BALB/C female nude mice (5weeks old) were acquired
from Beijing HFK Bioscience Company. These mice were divided into
three groups: experiment group (n = 30), control group (n = 10) and
normal group (n=10). All animal treatmentswere performed in accor-
dance with international ethical guidelines and the National Institutes
of Health Guide concerning the Care and Use of Laboratory Animals.

2.4. Subcutaneous Xenograft Transplantation

Before transplantation,MDA-MB-231 cellsweremaintained in a cul-
ture incubator as described above. The cells were trypsinized and
suspended in physiological saline, and 5 × 106 cells in 0.15 mL physio-
logical saline were injected subcutaneously into the right axillary of
each nudemice (after being acclimated for 1week) in the experimental
group. For the control group, the right side of themicewas injectedwith
0.15 mL physiological saline. Following injection, the mice were main-
tained with a 12:12 h light:dark cycle with food and water available
ad libitum.

2.5. Measurement Protocol

Each testwas conducted between 2 p.m. and 4 p.m. to reduce the in-
fluence of diurnal rhythms. The following measurement protocol was
used. a): The mice under test were placed on an ultraclean workbench
with weak light and were weighed and anesthetized using 70% pento-
barbital sodium (70 mg/kg). Following the injection, the mice were
held in a cage for 5 min; then, each mouse was placed in a completely
dark room with controlled temperature (25 ± 1 °C) and humidity
(50%) for 20 min before measurement to eliminate delayed lumines-
cence. b): The dark current (background noise) and standard light
source (C14) were measured to ensure the detection performance of
the SPE-detection system and for follow-up data analysis. c): Subse-
quently, mice were placed on the sample holder with their limbs se-
cured using black paper tape, and the SPE from the tumor
transplantation site on the right side of the mouse and the same site
on the left side were sequentially recorded. In each measurement pro-
cess, the duration was10 min with agate time (interval time) of 0.05 s,
and a total of 12,000 points were recorded. Each measurement took
slightly N20 min. The next measurement was performed immediately
after. d): Finally, the dark current and standard light source (C14) were
measured again.

The SPE measurement of the tumor transplantation sites started
when the breast cancer cells were in the incubation period, and mea-
surements were performed twice per week until tumors were obvious
(as shown in Fig. 3).

2.6. Data Analysis

The statistical analysis of the SPE data was performed using SPSS
18.0 (SPSS, USA), and the data calculations and graphing were per-
formed using Origin 9.1 and graphPad Prism 6.01. Cluster analysis was

used to evaluate the discriminating power of the parameters and pa-
rameter combinations.

3. Results

3.1. The Performance of the Measurement System

Fig. 2 depicts the background (BG) signals and standard light source
(C14) at the same time (2:00 p.m.) on different days. It illustrated that
the performance of the measurement system used in this study was
stable.

3.2. The SPE Strength From the Body Surface of Mice in Each Group
Throughout the Entire Growth Process of Breast Cancer

Fifty nude mice were used in this study: thirty in the experiment
group, ten in the control group and ten in the normal group. In order
to analyze the SPE from the body surface ofmice in each group through-
out the entire breast cancer growth process, SPE was initially measured
when the breast cancer cells were in the incubation period and then
twice per week until tumors were obvious. Fig. 3 displayed the growth
stages of a mouse whose right axillary was injected with breast cancer
cells. The detailed measurement protocol has been described in
Section 2.5.

Among the thirty mice in the experimental group, twenty-two mice
grew tumors (tumor mice group), while the other eight mice did not
(tumor-free mice group). The SPE data from the three groups in the dif-
ferent growth stages of tumor xenograft (as shown in Fig. 3) were re-
corded, and the average strength (K) of the SPE was recorded as the
mean ± variance. The results are presented in the Fig. 4 and these
data has been corrected for their BG signals.

Fig. 4 showed that the SPE from the right and left sidewas equivalent
in the normal (p = 0.894), control (p = 0.373) and tumor-free groups
(p = 0.572), while a distinct difference was observed in the tumor
group, nomatter the diameter (r) of the tumors was b0.5 cm or greater
than1.5 cm (r b 0.5 cm: p = 0.021; 1 cm b r b 1.5 cm: p = 0.001 and
r N 1.5 cm: p b 0.001). In addition, SPE strength from both sides of the
experimental group mice had a tendency to increase with increasing
tumor size. The data in Fig. 4 suggested that physiological saline had
no effect on SPE, but the in vivo growth of cancer cells did affect SPE.
Fig. 4 also indicated that the SPE from the tumor transplantation sites
tended to increase during the incubation period (before visiblemorpho-
logical changes) in the tumormice group; however, because of the high
variance of the average intensity, this changewas not significant. In con-
trast, this phenomenon was not observed in the tumor-free mice.

3.3. The Ratio of SPE Strength Between the Right and Left Side of Mice in
Each Group

To eliminate individual differences in SPE intensity and to further ex-
plore the characteristics of SPE during the tumor growth process, we
calculated the ratio of the average SPE strength ((KR − KL) / (KR + KL))
between the right (R) and left side (L) of themice from eachmouse. The
results are presented in Fig. 5.

As shown in Fig. 5, using the ratio of SPE between the right and left
sides of the mice reduced the individual differences in the same group
and increased the difference between groups. Compared with the SPE
strength analysis, the ratios of SPE between the right and left sides of
the tumor mice were significantly higher than those from the tumor-
free mice in the experiment group in the incubation period
(p b 0.001). In addition, the SPE ratios ofmicewhose cancerwas obvious
were higher than those from tumor-free mice. However, the difference
in ratios among the three cancer growth stages was small. The ratiowas
not clearly different among the normal group, control group and tumor-
free mice in the experiment group. These indicated that the SPE ratios
between the right side (tumor transplantation side) and left side
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(normal side) of the mice could distinguish tumor mice from control
mice in different tumor growth stages and could discriminate tumor
mice from tumor-free mice before tumors were obvious, although tu-
mors had been transplanted into all the mice.

3.4. Clustering Analysis to Evaluate the Discriminating Power of the Param-
eters Mentioned Above

Cluster analysis is a pattern recognition technique that is character-
ized by the use of resemblance or dissemblance measures between ob-
jects, that is to say, it can divide members into clusters sharing similar
properties. Clustering analysis was introduced in this study to evaluate
the power of the different parameters and parameter combinations
mentioned above to distinguish tumor mice from the tumor-free mice,
regardless of whether morphological characteristics were obvious. Be-
cause of the similarity characteristic of SPE between the normal and
control mice, the parameters from control mice are used in this section.

Table 1 depicted the power of the parameters and parameter combi-
nations to identify tumor mice from others in three tumor growth
stages (incubation period, tumor diameter b0.5 cm and tumor diameter
N1.5 cm), respectively. The clusters results were determined based on
the parameter and parameter combination values at two sites of each
subject. The clusters were identified by uppercase Roman numerals in
brackets. The numbers of mice belonging to each group in the clusters
were specified in Arabic numerals. The accuracy rates of strength-R,
strength-L, ratio (R/L) and their combination to identify tumor mice
from control mice in three different growth stages of tumor were
displayed in Fig. 6.

The r represents the diameter of the tumor, L represents the left side,
R represents the right side.

Data in Table 1 indicated that all the parameters from tumor-free
micewere similar to those from control mice, and it was difficult to dis-
tinguish tumor-free and control mice in the tumor incubation period.
However, there was a significant difference between the tumor mice
and tumor-free mice or control mice, regardless of whether the tumor
morphological characteristics were obvious. Although the signal
strength from the right side (tumor transplantation side) of mice only
had a 63.6% accuracy rate to identify tumor mice from tumor-free
mice and control mice in the incubation period as shown in Fig. 6, the
ratio(R/L) correctly identified 18 subjects in the tumor mice group,
and the accuracy was 81.8%. This result proved that the ratio of the sig-
nal strength fromboth sides of nudemice could eliminate the individual
differences in SPE intensity to a certain degree and could better respond
to changes in biological information than the signal strength. To further
increase the accuracy of the identification, we analyzed the parameter
combination of signal strength-R, signal strength-L and ratio (R/L). As
a result, three tumor mice were incorrectly identified, and the accuracy
rate was 86.4% in the incubation period.

For nudemicewith tumor diameter b0.5 cm, the accuracies of signal
strength-R and ratio (R/L)were 72.7%, and 86.4%, respectively,while the
accuracies of signal strength-Lwas36.4%. Theparameter combination of
signal strength-R, signal strength-L and ratio (R/L) correctly identified
20 subjects in the tumor mice group (90.9%) and 8 subjects in the con-
trol mice group. These results were similar to the results in the tumor
incubation period: the parameters from the tumor transplantation
side of nude mice contained significant biological information that
could be used to distinguish tumor mice from control mice, while the

Fig. 2. The background signals and the standard light source at the same time (2:00 p.m.) on different days. BG, background; C14, standard light source.

Fig. 3. The different growth stages of onemousewhose right axillarywas injectedwith breast cancer cells. A: The incubation period of breast cancer; B: Tumor diameter b0.5 cm; C: Tumor
diameter N1 cm and b1.5 cm; D: Tumor diameter N1.5 cm.
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parameters from the left side (without any operation) of nude mice
could not. The parameter combination, which contained complementa-
ry information, had a higher accuracy than single parameters for
correctly identifying tumormice, regardless of whether themorpholog-
ical characteristics were obvious.

For nude mice with tumor diameters larger than 1.5 cm, the accura-
cies of the signal strength-R and ratio (R/L) were 86.4% and 95.5%, re-
spectively. In contrast to the two growth stages of tumors discussed
above, the accuracies of the signal strength from the left side (without
operation) of nude mice was 77.3%, which illustrated that with the in-
crease of tumor volume, the SPE from the healthy side of tumor mice
also changed and could be used as an indicator to distinguish tumor
and control mice. The parameter combination of signal strength-R, sig-
nal strength-L and ratio (R/L) correctly identified all subjects in the
tumor mice group (100%) and 9 subjects in control mice group (90%)
in this growth stage.

4. Discussion and Conclusion

SPE is an intrinsic attribute of biological systems, and studies have
suggested that it is related to the oxidative metabolic processes of bio-
logical molecules [2,3,23,24]. The production of reactive oxygen species
(ROS: O2

∙−, HO∙, H2O2, 1O2) inmetabolic processes plays a key role in SPE
[24,25]. In animal cells, the generation of ROS is related to enzymatic re-
actions in mitochondria, the cytoplasm and peroxisomes, and cellular
respiration in mitochondria is a main source [26–29]. ROS with high
positive redox potential can oxidize a wide variety of cellular biomole-
cules, such as proteins, lipids, carbohydrate and nucleic acids, and initi-
ate cascade reactions that are accompanied by the generation of
electronically excited species, such as triplet-excited carbonyls (3R =
O∗), excited pigment (P∗) and singlet oxygen (1O2), resulting in photon
emission [30–33]. Therefore, biophoton emission can be used to reflect
the underlying metabolic processes in cells and indicate the physiolog-
ical and pathological conditions of biological systems from an optical
and non-invasive perspective.

In contrast to normal cells that primarily use oxidative phosphoryla-
tion for the production of energy under aerobic conditions and rely on
glycolysis only when their oxygen supply is limited, cancer cell metab-
olism is often shifted from oxidative phosphorylation to glycolysis,
even in the presence of sufficient amounts of oxygen as the primary
generator of energy [34–38]. This switch of cellular metabolism, as
well as a series of related biochemical reactions, may result in the
changes in the levels of ROS in cancer cells. Indeed, many studies have
reported that cancer cells show increased production of ROS compared
with normal cells [39–42], and breast cancer is no exception. Several ex-
perimental investigations demonstrated that the rate of O2

∙− and H2O2

production was significantly higher in breast cancer patients than the
controls [43,44]. Considering the close relationship between SPE and
ROSdescribed above, the SPE from cancer cells or bodiesmay benotably
different from that of the controls. Accordingly, the SPE associated with
the cellular metabolism may be a powerful biophysical indicator for
tumor analysis [45]. The difference in biophoton emission between can-
cer cells and normal cells associated with the level of ROS has been con-
firmed by researchers [9,10,46,47]. However, the characteristics of
biophoton emission from the surface of a tumor body has not been thor-
oughly studied.

Fig. 4. SPE data from the two sides of mice in three groups. L, left side of mice; R, right side of mice; r, breast cancer tumor diameter.

Fig. 5. The ratio of SPE ((KR − KL) / (KR + KL)) between the right and left side of the mice
from each group in the incubation period and different breast cancer growth stages in the
tumor group. The r represents the diameter of the tumor. *p b 0.05 and **p b 0.01.
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In the present study, we investigated the characteristics of SPE from
the body surface of a human breast cancer-bearing nude mouse model
during the entire breast cancer growth process to prove that SPE from
the body surface could be used as a biophysical indicator for tumor anal-
ysis that is not limited to cancer cells or tissues. This point was verified
by our data. SPE from the body surface could significantly distinguish
tumor mice from the controls when tumors were obvious and when
there were no obvious morphological changes, although the accuracy
was relatively low. These experimental results indicated that the SPE
from the body surface was sensitive to changes in physiological and
pathological conditions in vivo and could be used as a meaningful bio-
physical indicator for tumor analysis, at least for breast cancer, even
though the cancer was in its primary stage. Considering the disadvan-
tages of the current imaging diagnostic methods for the early screening
of breast cancer described in the introduction, this SPE detection meth-
od can be a non-invasive and powerful detectionmethod for the prelim-
inary screening of breast cancer or supplementary diagnostic aid for
early diagnosis.

Another discovery of this studywas that the discrepancies of the SPE
parameters between the tumor mice and the controls gradually in-
creased with the increase of tumor size. As breast cancer developed
(r N 1.5 cm in this paper), the SPE from the healthy side of tumor mice
also changed (as shown in Fig. 6: signal strength-L). Although the

precise mechanism was not clear, this phenomenon may be associated
with a complex oxidative metabolic process controlled by multiple
genes and proteins, involving a number of physiological and biochemi-
cal reactions and energy transition changes in the biological system.
This process will lead to differences in photon emission.

In conclusion, we reported the characteristics of SPE from the body
surface of a human breast cancer-bearing nude mouse model through-
out the entire growth process of breast cancer using a sensitive PMT.
Our data showed that the SPE from the body surface could significantly
distinguish tumormice fromhealthy controls, regardless ofwhether the
morphological change at the lesion site was obvious. Our data also illus-
trated that the SPE from the body surface of the lesion site was sensitive
to changes in tumor size. In addition, the parameters of signal strength-
R, signal strength-L and ratio (R/L) could be used to reflect the SPE char-
acteristics, and the discriminating power of these parameters and pa-
rameter combination could be evaluated by cluster analysis. Although
the precise mechanism of SPE from the body surface of nude mice has
not been elucidated fully, these results indicated that the SPE from the
body surface contained abundantmetabolic information andwas close-
ly related to the breast cancer growth. The SPE of many more subjects
and different types of breast diseases need to be studied, and further ac-
cumulation of data could lead to the construction of a multi-level data-
base to develop novel diagnostic tools for breast diseases.
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